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Introduction


The ene reaction of triazolinedione[1] (RTAD, R=methyl or
phenyl), one of the most reactive neutral enophiles, with al-
kenes that bear allylic hydrogen atoms, to form N-allylura-
zoles [Eq. (1)] apart from being synthetically useful,[2] has
attracted considerable mechanistic[3–9] and theoretical atten-
tion[10] for many years. A number of mechanisms and key


intermediates (Figure 1) have been proposed for this reac-
tion. Among these, the formation of a closed, three-mem-
bered aziridinium imide (AI) intermediate (Figure 1) was
the most popular, and initially found support in the results


of trapping experiments.[11,12] Subsequently, isotope effect
measurements on deuterium-labeled tetramethylethylenes
(TMEs)[3,4] and 2-butenes[5,6] also suggested the formation of
an AI intermediate in the rate-determining step of the reac-
tion. Thus, large intramolecular kinetic isotope effects
(KIEs) were found in the ene reactions of RTADs with the
cis-related methyl and deuteriomethyl groups in substrates 1
and 2 (H/D isotopic competition; Scheme 1), whereas only a
small isotope effect was observed with the trans-related
groups in compound 3 (no isotopic competition). AI inter-
mediates have also been observed spectroscopically in the
reactions of biadamantylidene,[13] trans-cycloheptene,[14] and
trans-cyclooctene[15] with RTADs. Furthermore, because all
of the methyl groups of TME are symmetry equivalent, sim-
ilar isotopic competition would have been expected for sub-
strates 1, 2, and 3 in a concerted mechanism; however, this
was found not to be the case. On this basis, a one-step mech-
anism was excluded.
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Nevertheless, the AI intermediate was challenged by Sin-
gleton and Hang on the basis of experimental and theoreti-
cally predicted KIEs, as well as transition-state energy pro-
files.[10] In their work, an open biradical key intermediate, in
rapid equilibrium with an AI, was proposed (Scheme 2).


Furthermore, its rotation about the initial alkene double
bond was calculated to be restricted. According to this
mechanism, H or D abstraction in biradical intermediates 1H


and 1D (Scheme 2) should not be competitive, and no pri-
mary KIE should be expected in the second, fast step of the
reaction. To rationalize the large primary KIEs previously
found for gem-[D6]TME (1; Scheme 1) and cis-2-[D3]butene,
fast equilibration of the biradical intermediates 1H and 1D


with an AI intermediate was proposed. Moreover, since ro-
tation about the C�N bond was also calculated and found to
be restricted, the biradical intermediate retains the stereo-
chemical integrity of the AI. Thus, the geminal methyl and
deuteriomethyl groups in cis-[D6]TME (3 ; Scheme 1)


become non-competitive in the corresponding biradicals, as
is observed. The above described biradical mechanism was
subsequently challenged by results derived from other ster-
eoisotopic and product studies on the ene reactions of
RTADs.[8,9,16–18]


More recently, photochemical formation of the two ste-
reoisomeric AI intermediates from the addition of PTAD to
cycloheptene has been reported.[19] These AI intermediates
rearrange to the corresponding ene products through their
dipolar biradical precursors. Since one of the two dipolar
biradical intermediates has the wrong conformation for H
abstraction, a 1808 rotation about the C�N bond is required
to form the biradical conformer suitably predisposed for H
abstraction. Although in this particular system the proposed
mechanism may well rationalize the obtained results, previ-
ous computational work[10] has shown the activation barrier
for rotation about the C�N bond in similar biradical inter-
mediates to be energetically unfavorable compared to that
of the H abstraction.
In the present study, we report for the first time signifi-


cant changes in the triazolinedione ene reaction energy pro-
file on going from non-protic to polar protic solvents. This
missing mechanistic information may complete the puzzle of
this otherwise very well studied reaction that has been a
topic of investigation for many years. In particular, we have
studied the triazolinedione ene reactions of gem-[D6]TME
(1), cis-[D6]TME (3), and 2,2,2-(trideuterio)methyl-7-
methyl-2,6-octadiene-1,1,1-[D3] ([D6]DMOD, 4), as well as
the intermolecular isotope effects in the reaction of
[D0]TME versus [D12]TME (5 ; Figure 2), in a variety of sol-


vents. Our new results triggered our long standing interest
in this reaction to discuss, along with the present results,
previous experimental and theoretical conclusions, and to
propose a “unified mechanism” for this classic ene reaction.


Results


The ene reaction of cis-[D6]TME (3) with PTAD was stud-
ied in a variety of solvents. As illustrated in Table 1, the pri-
mary intramolecular isotope effects in acetone and acetoni-
trile (entries 3 and 4) are negligible (kH/kD �1.1), as is also
the case in dichloromethane and chloroform (entries 1 and
2). On the contrary, unprecedented large intramolecular iso-
tope effects (kH/kD �2.0–4.0) were measured in EtOH,
MeOH, and MeOH/H2O (entries 6, 7, and 8). This clearly
indicates that solvent properties dictate the PTAD ene reac-
tion mechanism.


Scheme 1. Reported kinetic isotope effects for the ene reaction of
RTADs with deuterium-labeled tetramethylethylenes in CDCl3.


Scheme 2. Proposed biradical mechanism.


Figure 2. [D6]DMOD and [D12]TME.
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The large isotope effects measured in protic solvents (kH/
kD �2.0–4.0) require reversion of the intermediate(s) to the
starting materials and provide, for the first time, evidence
that H(D) abstraction occurs in the rate-determining step of
the reaction (vide infra). The substantial isotope effect ob-
served in the PTAD ene reaction of 3 carried out in DMSO
(entry 5) could be the result of a partial reversion of the in-
termediate(s) to the starting materials. In an earlier study
concerning the addition of MTAD to biadamantylidene
(Ad=Ad) to form the corresponding diazetidine, reversion
to the starting reagents was proposed.[20] This reaction pro-
ceeds through an AI intermediate, which is in equilibrium
with an open intermediate (OI) in a variety of solvents.
However, in this case, the reaction does not lead to ene
products. It also has to be kept in mind that the reaction of
PTAD with TME in MeOH affords two products, the ene
adduct A and the MeOH-trapped adduct B (Scheme 3).
This reaction has been thoroughly studied in earlier work.[21]


In seeking additional evidence for a solvent-dependent al-
teration in the mechanism of the alkene ene reaction of
RTADs, we studied the reaction between PTAD and
[D6]DMOD (4) in CH2Cl2 and MeOH. The reason for pre-
paring alkene 4 (Figure 2) is that, unlike 1, it bears two pairs
of geminal methyl and deuteriomethyl groups isolated from
each other by four carbon atoms. In the case of an irreversi-
ble pathway, these pairs of methyl groups would not be
competitive in the second H or D abstraction step, which
makes it possible to measure an intramolecular isotope
effect that actually simulates the intermolecular one. When
PTAD was added to a stirred solution of [D6]DMOD in
MeOH, besides the ene adducts, the MeOH-trapped adducts
were also isolated. The obtained KIEs are summarized in
Table 2. The insignificant primary isotope effect for the re-
action in CH2Cl2 (Table 2, entries 1 and 2) suggests that no
substantial C�H bond breaking was involved in the rate-de-


termining step of this reaction. In sharp contrast, in the case
of methanol as solvent (Table 2, entries 3–6), there is a dra-
matic increase in the isotope effect (e.g., from kH-ene/kD-ene


�1.10�0.03 to kH-ene/kD-ene=6.0�0.2 at 25 8C). Additionally,
as can also be seen in Table 2, the intramolecular primary
isotope effect strongly depends on the reaction temperature.


Table 1. Intramolecular kinetic isotope effects for the ene reaction of cis-
[D6]TME with PTAD.


Entry Solvent kH-ene/kD-ene
[a,b] Dielectric constant


1[c] CH2Cl2 1.08�0.1 9.1
2 CDCl3 1.14�0.03 4.8
3 acetone 1.13�0.03 21
4 CH3CN 1.13�0.03 37
5 DMSO 1.78�0.05 47
6 EtOH[e] 2.10�0.06 24
7 MeOH[e] 2.99�0.09 33
8[d] MeOH/H2O


[e] 3.96�0.12 N/A


[a] Determined by 1H NMR (500 MHz) spectroscopy. For accurate 1H in-
tegrations, a spin-lattice relaxation T1 of 5 s was used. [b] All isotope ef-
fects were measured at room temperature at 80% conversion.
[c] Ref. [4]. [d] MeOH/H2O, 4:1. [e] A product ratio of �60% ene/
�40% solvent-trapped adduct was formed.


Scheme 3. Trapping and ene adducts for the reaction of PTAD with TME
in MeOH.


Table 2. Intramolecular isotope effects in the reaction of [D6]DMOD
with PTAD.


Entry Solvent T [8C] kH-ene/kD-ene
[a,b] kH-trap/kD-trap


[a,b]


1 CH2Cl2 25 1.09�0.03 –
2 CH2Cl2 0 1.16�0.03 –
3 MeOH[c] 40 4.7�0.1 1.65�0.05
4 MeOH[c] 25 6.0�0.2 1.70�0.05
5 MeOH[c] 0 9.1�0.3 1.70�0.05
6 MeOH[c] �35 23.3�0.7 1.80�0.05


[a] Determined by 1H NMR (500 MHz) spectroscopy. For accurate 1H in-
tegrations, a spin-lattice relaxation T1 of 5 s was used. [b] Conversion
25%. [c] The percentage ratios of ene:trap in entries 3–6 are 45:55, 37:63,
25:75, and 18:82, respectively.
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For example, kH-ene/kD-ene is 4.7 at 40 8C, whereas at lower
temperatures (entries 4–6) the kH-ene/kD-ene ratio is abnormal-
ly large, reaching a value of 23.3 at �35 8C, which is more
than three times the magnitude of that at room temperature.
To a first approximation, the maximum isotope effect, corre-
sponding to the zero-point energy difference for the C�H
and C�D stretches in the transition state, is calculated to be
about 7.4 at room temperature.[22] In the present system,
however, the measured kH-ene/kD-ene values are substantially
larger than 7.4 at low temperatures, and they decrease
sharply with an increase in temperature. These results may
be attributed to extensive hydrogen tunneling along the re-
action coordinate. In our earlier work, we showed that a
similar hydrogen tunneling takes place in the ene reaction
of PTAD with gem-[D6]TME (1).[23]


To shed more light on the nature of the intermediate in
MeOH, we also studied the b-secondary KIEs in the addi-
tion reaction of MeOH and PTAD to [D6]DMOD (4). The
molar ratio of the two isomeric methanol adducts 7c and 7d
(Table 2, entries 3–6) was found to be proportional to the
isotopic ratio kH-trap/kD-trap.
Moreover, we studied the b-secondary KIEs in the addi-


tion reaction of MeOH and PTAD to gem-[D6]TME (1).
Compared to the b-secondary KIEs measured in the addi-
tion reaction of MeOH and PTAD to [D6]DMOD (4), the
isotope effects for gem-[D6]TME (1) were found to be
slightly smaller (kH-trap/kD-trap=1.60�0.05 and 1.64�0.05 at
25 and 0 8C, respectively).
We also examined the stereochemistry of the MeOH


adduct of PTAD and cis-[D6]TME (Scheme 4). The


1H NMR spectra of the methanol-trapping reactions of cis-
[D6]TME show only one methyl signal at d=1.26 ppm, at-
tributable to the methyl group adjacent to the oxygen atom
of diastereomer 8. As illustrated in Scheme 4, two methyl
resonances for the methyl group adjacent to the oxygen
atom (i.e. , one for the methyl group of 8 and one for that of
9) would have been expected in the case of top and bottom


MeOH attack on an open zwitterionic intermediate. Howev-
er, only the stereospecific adduct 8 was observed.
In this context, the intermolecular isotope effects for the


equimolar competition between [D12]TME and [D0]TME in
dichloromethane and MeOH (ene path) were also mea-
sured. As illustrated in Table 3, the primary intramolecular


isotope effects in dichloromethane (entries 1 and 2) are
again negligible (kH/kD �1.1). On the contrary, large intra-
molecular isotope effects (kH/kD �2.2–4.0) were measured
in MeOH (entries 3 and 4), signifying a change in the
energy profile of the reaction. It should also be noted that
besides the ene product (�60% at 25 8C) the known sol-
vent-trapped adduct (�40% at 25 8C) was formed in
MeOH.


Discussion


A mechanism that could account for the observed KIEs
when the PTAD ene reaction of cis-[D6]TME is carried out
in protic or non-protic solvents is presented in Scheme 5. In
aprotic solvents, the irreversible formation of the intermedi-
ates leads to ene products 6a and 6b without isotopic com-
petition. Also, in aprotic solvents, the previously proposed
equilibration of AI with an OI, biradical,[10] or polarized bir-
adical[19] cannot be excluded as a mechanistic possibility. In
this case, the requirement for restricted rotation about the
previous double bond or C�N bond of the OI must be
met.[10] However, the extent of AI equilibration with an OI,
as well as the lifetime of the OI, depend on the particular
system and the polarity of the aprotic solvent. Our previous
results[17] concerning the PTAD ene reaction in aprotic sol-
vents suggest a rather “tight” AI intermediate with minimal,
if any, equilibration with an open intermediate. In this
recent work,[17] the vinylcyclopropyl moiety, as in substrate
10, was used as a probe to test the nature of the PTAD–
alkene ene reaction intermediate (Scheme 6). In aprotic sol-


Scheme 4. Stereospecific addition of MeOH and PTAD to cis-[D6]TME
(3).


Table 3. Intermolecular kinetic isotope effects for the reaction of
[D0]TME/ ACHTUNGTRENNUNG[D12]TME with MTAD.


Entry Solvent T [8C] kH-ene/kD-ene
[a,b]


1 CH2Cl2 25 1.06�0.03
2 CH2Cl2 0 1.08�0.03
3 MeOH 25 2.25�0.07
4 MeOH 0 4.02�0.12


[a] Determined by 1H NMR (500 MHz) spectroscopy. For accurate 1H in-
tegrations, a spin-lattice relaxation T1 of 5 s was used. [b] Conversion
25%.
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vents, this reaction afforded only the ene adduct 11, via the
aziridinium imide as the major intermediate, whereas in
protic solvents a dipolar intermediate was favored, which
was trapped by the cyclopropyl moiety to form the corre-
sponding cyclopropyl-rearranged, solvent-trapped adduct 12.
Had the AI been in equilibrium to a significant extent with
a dipolar or polarized biradical intermediate in non-protic
solvents, a cyclopropyl rearrangement (within the limits of
the rate of phenylcyclopropyl ring-opening, 3J1011 s�1)
would have been observed, contrary to the experimental
findings. These observations also support the intermediacy
of an AI in aprotic solvents, whereas in protic solvents an
OI (zwitterion or dipolar biradical) is indicated.
Proposed energy diagrams for the ene reactions of


RTADs with alkenes in protic and non-protic solvents are
presented in Figure 3. The shift from energy diagram A to
B, on going from non-protic to polar protic solvents, may be


rationalized in terms of a more pronounced charge separa-
tion for the first transition state and a polar/protic solvent
stabilization. As a result, the first transition state (TS1, more
polar) in diagram B is of lower energy than the second one
(TS2, less polar), and so the latter becomes the rate-limiting
step. In the case of the reaction of cis-[D6]TME (3) with
PTAD in DMSO, the lower but still substantial KIE of 1.78
suggests an intermediate energy profile, with its two transi-
tion states TS1 and TS2 being of roughly equal energy.
Before we continue discussing our present results, it is


useful to mention the key aspects of the MeOH trapping ex-
periments. The A/B product ratio (Scheme 3) depends on
the reaction temperature. For example, at �78 8C the
MeOH adduct B is essentially the only product, whereas
above the isokinetic temperature, 13.8 8C, adduct A predom-
inates, a 78:22 ratio of ene/trapping products being obtained
at 60 8C. The activation parameters DDHAB


� and DDSAB
�


have been calculated as 5.2 kcalmol�1 and 17.9 calmol�1K�1,
respectively.[21] The enthalpy of activation favors the forma-
tion of the MeOH adduct B, whereas the entropy favors the
formation of the ene product A. These results are rather ex-
pected because of the bimolecularity of the path leading to
the MeOH adduct B through transition state TSB versus the
monomolecular path leading to the ene product A via TSA
(Scheme 3). These earlier results indicate that the large en-
tropy factor DDSAB


� dictates DDGAB
� changes in the com-


peting reactions and, consequently, controls the remarkable
variations in the reactivity of the two competing paths. It
was proposed that the common intermediate of the two
competing pathways is the aziridinium imide; however, our
present results could also be rationalized in terms of an azir-
idinium imide in equilibrium with its open intermediate
(zwitterion or polarized biradical).
As regards the reaction between PTAD and [D6]DMOD


(4) in dichloromethane (Table 2, entries 1 and 2), a tight AI
intermediate (in partial equilibrium with an open intermedi-
ate) is most probably formed in the rate-limiting step, and
this is then followed by a second, product-determining step
leading to the ene products without isotopic competition.
The sharp increase in the isotope effect with methanol as


Scheme 5. Proposed mechanism for the ene reaction of cis-[D6]TME with
PTAD.


Scheme 6. The vinylcyclopropyl moiety as a mechanistic probe.


Figure 3. Proposed energy profiles for the triazolinedione ene reaction in
non-protic (A) and protic solvents (B).
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the solvent (Table 2, entries 3–6) again suggests reversible
formation of the intermediates, revealing a change in the
energy profile on going from a non-protic (A) to a protic
solvent (B) in Figure 3. The two proposed mechanistic path-
ways, which involve: a) the reversible, in MeOH, formation
of an aziridinium imide in equilibrium with its open inter-
mediate (OIH or OID), and b) the irreversible, in CH2Cl2,
formation of an aziridinium imide through the ene reaction
of [D6]DMOD with PTAD, are presented in Scheme 7.


In the MeOH trapping experiments with [D6]DMOD, the
b-secondary KIE (�1.10 per deuterium) may be attributed
to a rather loose SN2 dipolar transition state (Figure 4; TS3
and TS4), which is characterized by a small degree of C�O
bond making and extensive C�N bond breaking. In transi-
tion state TS3, hyperconjugative effects involving the six hy-
drogen atoms of the two methyl groups, as opposed to the


six deuterium atoms in TS4, are expected to give a normal
and large b-secondary KIE (kH/kD �1.05–1.10 per deuteri-
um), as is found experimentally. Similar isotope effects have
been reported in the dipolar cycloaddition of tetracyano-
ethylene to 2,4-hexadiene.[24] If the transition states in
Figure 4 were of a tight SN2 type, the measured b-secondary
isotope effects would have been unity or slightly inverted
because of a steric deuterium kinetic isotope effect (see
below).[22,25] In accordance with the above hypothesis, the re-
cently reported thermodynamic parameters DDH� and
DDS� for the reaction of PTAD with 2-methyl-2-butene in
nucleophilic solvents were found to be in favor of an “SN2-
like” transition state.[26] Moreover, the b-secondary KIEs
measured in the MeOH trapping experiments with gem-
[D6]TME again support a loose SN2 dipolar transition state.
As a final note, although the present b-secondary KIEs in
the reactions of gem-[D6]TME and [D6]DMOD can be satis-
factorily rationalized by a loose SN2 dipolar transition state
(Figure 4), an open zwitterionic or a polarized biradical
mechanism cannot be excluded.
It has also been observed that, in contrast to the reaction


of 2-methylindene (13), there is no loss of stereochemistry
in the addition of MeOH and PTAD to 2-butenes (cis and
trans), 1-methylcyclopentene, indene (14), and 2-methyl-2-
butene (15) (Scheme 8).[27] To rationalize the formation of
only one stereoisomer, a rather tight AI intermediate that
does not equilibrate to any significant extent with a zwitter-
ionic intermediate has been proposed. The loss of stereo-
chemical integrity observed in the case of methyl-substituted
indene (13 ; Scheme 8) was attributed to the fact that this AI
intermediate can yield a highly stable, tertiary benzylic car-
bocation. It was therefore concluded that the stability of the
AI intermediate and its equilibration with the open inter-
mediate depends on the particular system.[27]


Scheme 7. Mechanistic possibilities for the ene reaction of [D6]DMOD
with PTAD in CH2Cl2 and MeOH.


Figure 4. Proposed transition states for the addition reaction of MeOH
and PTAD to [D6]DMOD.


Scheme 8. MeOH and PTAD addition reactions with 2-methylindene
(13), indene (14), and 2-methyl-2-butene (15).
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With regard to the MeOH adduct of PTAD and cis-
[D6]TME (Scheme 4), the retention of the stereochemical
integrity at the reaction center reveals the stereospecific
character of the trapping reaction, similar to previous obser-
vations for the addition of MeOH and PTAD to 1-methylcy-
clopentene, 2-methyl-2-butene (15), cis- and trans-2-butenes,
and indene.[27]


Finally, in the intermolecular competition between
[D12]TME and [D0]TME, the absence of a KIE when the re-
action is carried out in CH2Cl2 (Table 3, entries 1 and 2)
demonstrates that once the aziridinium imide or/and open
intermediate is formed, only one kind of isotope (either H
or D, non-competing) is available for abstraction in an irre-
versible mode. In contrast to the hitherto accepted mecha-
nism for the ene reaction of RTADs, the KIEs observed in
MeOH (Table 3, entries 3 and 4) again suggest reversible
generation of the aziridinium imide. The difference in the
measured isotope effects in these two solvents, which are
aprotic and protic, is again consistent with the proposed
energy profiles A and B illustrated in Figure 3.


Conclusion


Unlike the results in non-protic solvents, the large, non-ste-
reochemically dependent kinetic isotope effects measured in
the RTAD–alkene ene reactions of TMEs and [D6]DMOD
in polar protic solvents are suggestive of rate-determining
H(D) abstraction. This is a clear reversal of what has hither-
to been known for the otherwise extensively studied
RTADs–alkene ene reaction mechanism. These results have
led us to a “unified” mechanism, whereby the stability of
the aziridinium imide intermediate and its equilibration with
the open intermediate depends on the solvent and the par-
ticular system. In aprotic solvents, a rather tight aziridinium
imide intermediate is envisaged, with insignificant equilibra-
tion to its open intermediate (in this case, retention of con-
figuration), whereas in protic solvents one may envisage a
loose aziridinium imide in extensive equilibrium with its
open intermediate (dipolar or polarized biradical) and the
starting reagents. In this case, large KIEs, independent of
the relative isotope stereochemistry, were recorded.


Experimental Section


General considerations : 1H and 13C NMR spectra were recorded on a
500 MHz (125 MHz for 13C) spectrometer from samples in CDCl3 solu-
tions. Chemical shifts are reported in ppm downfield from Me4Si by
using the residual solvent peak as an internal standard. Isomeric purities
were determined by 1H NMR and by GC on a 50 m HP-5 capillary
column connected to a 5971A MS detector. Vapor-phase chromatograph-
ic separations were performed on a GOW MAC 55 chromatograph with
a thermal conductivity detector. TLC was carried out on SiO2 (silica gel
F254). Chromatography refers to flash chromatography and was carried
out on SiO2 (silica gel 60, SDS, 230–400 mesh ASTM). During work-up
of the reaction mixtures, organic extracts were dried over anhydrous
MgSO4. Solvents were evaporated in a rotary evaporator.


General procedure for the triazolinedione–alkene ene reactions : A fresh-
ly prepared solution of RTAD (0.025 and 0.08 mmol for inter- and intra-
molecular competitions, respectively) in the appropriate solvent (1 mL)
was added to a solution of the alkene (0.1 mmol) in 2 mL of same sol-
vent. Once the reaction was complete (as determined by the disappear-
ance of the characteristic pink color of the RTAD), the solvent and the
residual alkene were removed in a rotary evaporator. The last traces of
solvent were removed under high vacuum and the 1H NMR spectrum of
the products was recorded in CDCl3 solution.


(Z)-2,3-Dimethyl([D6]-1,1,1,4,4,4)-2-butene (cis-[D6]TME): This deuteri-
um-labeled alkene was prepared according to the procedure reported in
the literature,[28] as detailed below:


(Z)-2,3-Dimethyl-2-butenedioic acid dimethyl ester (dimethyl dimethyl-
maleate): Dimethylmaleic anhydride (4.36 g, 34.4 mmol) was refluxed in
methanol (80 mL) for 90 min. The solution was then cooled to 0 8C and
titrated with diazomethane in diethyl ether until a yellow color persisted.
The solvents were evaporated and the yellow oil was filtered through
silica gel (12 g) with diethyl ether to yield 5.92 g of dimethyl dimethylma-
leate (34.4 mmol, 100%). 1H NMR (500 MHz, CDCl3, 26 8C, TMS): d=


1.94 (s, 6H), 3.75 ppm (s, 6H).


(Z)-2,3-Dimethyl([D4]-1,1,4,4)-2-butene-1,4-diol : Aluminum chloride
(1.41 g, 10.6 mmol) was added in small portions to an ice-cooled suspen-
sion of lithium aluminum deuteride (1.34 g, 32 mmol) in absolute diethyl
ether (160 mL). After stirring the deuteride mixture at room temperature
for 30 min, it was cooled to 0 8C, whereupon a solution of dimethyl dime-
thylmaleate (3 g, 17.5 mmol) in diethyl ether (15 mL) was added drop-
wise. The reaction mixture was stirred for a further 2 h at room tempera-
ture. Acid work-up afforded 1.65 g of the desired alcohol (14 mmol,
80%). 1H NMR (500 MHz, CDCl3, 26 8C, TMS): d=1.75 ppm (s, 6H);
MS: m/z (%): 138 (4) [M+], 119 (17), 102 (52), 87 (97), 72 (100), 58 (40),
45 (54).


(Z)-1,4-Dichloro-2,3-dimethyl([D4]-1,1,4,4)-2-butene : Me2S (1.06 g,
16.6 mmol) was added dropwise to a solution of N-chlorosuccinimide
(2.24 g, 16.8 mmol) in CH2Cl2 (100 mL) at 0 8C. Upon stirring for 15 min,
a precipitate was formed. The mixture was cooled to �20 8C, whereupon
a solution of the above diol (1 g, 8.2 mmol) in CH2Cl2 (40 mL) was added
dropwise. The resulting mixture was kept at 0 8C for 2 h, and then satu-
rated aqueous NaCl solution (100 mL) and ice (100 g) were added, the
organic phase was separated, and the aqueous layer was extracted with
Et2O. The organic layers were washed separately with H2O and stripped
of solvent to yield a total of 1.04 g of the desired dichloride, which was
used in the next step without further purification. 1H NMR (500 MHz,
CDCl3, 26 8C, TMS): d=1.83 ppm (s, 6H); MS: m/z (%): 158 (24) [M+],
156 (39), 123 (31), 121 (100), 107 (25), 105 (80), 91 (23), 85 (38), 69 (47),
55 (26).


(Z)-2,3-Dimethyl([D6]-1,1,1,4,4,4)-2-butene (cis-[D6]TME): A Schlenk
flask, connected to a rotaflo trap that was cooled to �78 8C, was charged
with lithium aluminum deuteride (290 mg, 7 mmol) in dry triglyme
(12 mL) under Ar. The flask was cooled to �25 8C, whereupon a solution
of the above dichloride (1 g, 6.6 mmol) in dry triglyme (5 mL) was added
over a period of 10 min by means of a syringe. The mixture was stirred at
�25 8C for 1 h and at room temperature for a further 2 h. With the help
of a slow stream of Ar, and by heating the reaction mixture to 110 8C,
the alkene was collected in the trap together with some solvent. This mix-
ture was further purified by preparative GC to afford 286 mg (50%) of
cis-[D6]TME. 1H NMR (500 MHz, CDCl3, 26 8C, TMS): d=1.64 ppm (s,
6H); MS: m/z (%): 90 (79) [M+], 75 (84), 72 (100), 59 (19).


2,2,2-(Trideuterio)methyl-3-methyl-2-butene-[D3]-1,1,1 (gem-[D6]TME):
This deuterium-labeled alkene was prepared according to the procedure
reported in the literature,[29] as detailed below:


2,2-Dimethyl-3-hydroxy-3-(trideuterio)methyl-butyric acid-[D3]-4,4,4 : A
flame-dried, 500 mL three-necked round-bottomed flask, equipped with
a magnetic stirrer, a reflux condenser, and an addition funnel, was
charged, under N2, with a solution of dry diisopropylamine (14 mL,
100 mmol) in dry THF (100 mL). After cooling the solution to �78 8C,
nBuLi (1.6m in n-hexane, 62.5 mL, 100 mmol) was added dropwise. The
mixture was left for 1 h at room temperature and then cooled to �78 8C
once more. Next, isobutyric acid (4.41 g, 50 mmol, 1m solution in dry
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THF) was added dropwise. The resulting mixture was left for 1 h at room
temperature and then cooled to 0 8C, whereupon [D6]acetone (3.7 mL,
50 mmol) was added as a 2.5m solution in dry THF. After stirring at
room temperature for 12 h, the reaction mixture was poured onto ice and
transferred to a separatory funnel. After several extractions with Et2O,
the aqueous layer was acidified with 6 n HCl and extracted with Et2O
(5J50 mL). The combined extracts were dried and the solvent was
evaporated to afford the b-hydroxy acid (6.5 g, 85%), which was used in
the next step without further purification. 1H NMR (500 MHz, CDCl3,
26 8C, TMS): d=6.01 (br s, 2H; COOH + OH), 1.26 ppm (s, 6H).


3,3-Di(trideuterio)methyl-4,4-dimethyl-b-lactone : A single-necked
500 mL round-bottomed flask, equipped with a magnetic stirrer, was
charged with the above b-hydroxy acid (1.52 g, 10 mmol) in dry pyridine
(60 mL). The solution was cooled to 0–5 8C, p-toluenesulfonyl chloride
(3.8 g, 20 mmol) was added, and the resulting mixture was stirred for
10 min. The flask was then sealed and left in a freezer for 12 h. There-
after, the reaction mixture was poured onto crushed ice (four to five
times greater in volume) and extracted with Et2O (5J50 mL). The com-
bined extracts were washed with saturated aqueous NaHCO3 solution
and H2O, dried, and stripped of solvent to afford the b-lactone (0.7 g,
52%). 1H NMR (500 MHz, CDCl3, 26 8C, TMS): d=1.30 ppm (s, 6H).


2,2,2-(Trideuterio)methyl-3-methyl-2-butene-[D3]-1,1,1 (gem-[D6]TME):
The above b-lactone (0.5 g, 3.72 mmol) was placed in a Schlenk flask,
which was connected to a rotaflo trap cooled to �78 8C. The flask was
heated at 160 8C, which resulted in decomposition of the b-lactone to the
deuterated alkene and CO2. With the help of a slow stream of N2, the
alkene (0.26 g, 77%) was collected in the trap. 1H NMR (500 MHz,
CDCl3, 26 8C, TMS): d=1.66 ppm (s, 6H); 13C NMR (125 MHz, CDCl3,
26 8C, TMS): d=123.4, 123.2, 20.3, 19.4 ppm (septet, 1J ACHTUNGTRENNUNG(C,D)=19 Hz).


Methyltriphenylphosphonium iodide : A flame-dried, 100 mL round-bot-
tomed flask, equipped with a magnetic stirrer, was charged with iodome-
thane (1.24 mL, 20 mmol), triphenylphosphine (3.93 g, 15 mmol), and tol-
uene (50 mL). The solution was stirred at room temperature for 12 h and
the white solid product was washed with hot toluene to afford 5.76 g of
methyltriphenylphosphonium iodide (14.25 mmol, 95%). 1H NMR
(500 MHz, CDCl3, 26 8C, TMS): d =3.23 (d, 3H, 3J ACHTUNGTRENNUNG(H,H)=8 Hz),
7.75 ppm (m, 15H).


2,2,2-(Trideuterio)methyl-7-methyl-2,6-octadiene-[D3]-1,1,1
([D6]DMOD): A flame-dried, 100 mL round-bottomed flask, equipped
with a magnetic stirrer, was charged with a solution of methyltriphenyl-
phosphonium iodide (3.32 g, 8.2 mmol) in dry THF (20 mL) under Ar.
The solution was cooled to 0 8C, and then 1.6m nBuLi (5.15 mL, solution
in hexanes) was added dropwise. The orange solution was left at room
temperature for 30 min, cooled to 0 8C, and then a solution of 5-bromo-2-
methyl-2-pentene (1.1 mL, 8.2 mmol) in THF (5 mL) was added drop-
wise. The reaction mixture was stirred at room temperature for 1 h,
cooled to 0 8C, and then 1.6m nBuLi solution (5.15 mL) was added drop-
wise. The resulting mixture was stirred at room temperature for 15 min,
cooled to 0 8C, and then [D6]acetone (3 mL, 40 mmol) was added. The so-
lution obtained was concentrated to a volume of 10 mL, pentane (40 mL)
was added, and the mixture was stirred for 30 min. Filtration, evaporation
of the solvents, and purification of the residue by preparative GC afford-
ed 472 mg of the desired 4 (3.28 mmol, 40%). 1H NMR (500 MHz,
CDCl3, 26 8C, TMS): d=5.12 (t, 2H), 2.73 (t, 4H), 2.02 ppm (s, 6H);
13C NMR (125 MHz, CDCl3, 26 8C, TMS): d =131.51, 131.34, 124.46,
28.39, 28.36, 25.72, 24.80 (septet, 1J ACHTUNGTRENNUNG(C,D)=19 Hz), 17.70, 16.80 ppm
(septet, 1J ACHTUNGTRENNUNG(C,D)=19 Hz); MS: m/z (%): 144 (13) [M+], 126 (2), 101 (5),
88 (10), 75 (84), 69 (100), 45 (24).


2,3-Dimethyl-2-[D12]butene ([D12]TME): This deuterium-labeled alkene
was prepared according to the procedure reported in the literature,[30] as
detailed below:


2,3-Dimethyl-2,3-[D12]butanediol ([D12]pinacol): A flame-dried 100 mL
round-bottomed flask, equipped with a magnetic stirrer, a reflux con-
denser, and an addition funnel, was charged with magnesium turnings
(1.6 g, 65.8 mmol) and dry benzene (16 mL). A solution of mercury(II)
chloride (1.8 g) in [D6]acetone (10 mL, 138 mmol) was added gradually
through the addition funnel. When the first vigorous reaction subsided, a
mixture of [D6]acetone (5.2 mL) and dry benzene (4 mL) was added, and


the flask was heated over a water bath until no further reaction was evi-
dent (about 3 h). H2O (4 mL) was then added through the addition
funnel; the reaction mixture was heated for a further 1 h, cooled to about
50 8C, and filtered. The solid was returned to the flask and heated with
fresh benzene (10 mL) to dissolve any remaining pinacol. The combined
filtrates were then concentrated to half of the original volume in order to
remove the acetone; the remaining benzene solution was treated with
H2O (6 mL) and cooled to 10–15 8C. Pinacol hydrate was precipitated,
which was collected by filtration and washed with benzene (6.5 g, 43%
based on the magnesium used). The pinacol hydrate was then dehydrated
and distilled to anhydrous pinacol (2.5 g). MS: m/z (%): 130 (0.1) [M+],
112 (2), 94 (5), 65 (100), 46 (26), 33 (10).


2,3-Dimethyl-2-[D12]butene (5, [D12]TME): A Schlenk flask, which was
connected to a rotaflo trap cooled to �78 8C, was charged with
[D12]pinacol (2.2 g, 16.95 mmol) and ethyl orthoformate (2.52 g). The
flask was heated from 125 8C to 140 8C over a period of 8 h, during which
time ethanol (1.9 mL) was distilled off. The remaining colorless liquid (2-
ethoxy-4,4,5,5-tetramethyl-1,3-[D12]dioxolan) was heated at 150–160 8C
for 10 h, during which time CO2 was evolved and 2.2 mL of distillate was
collected. This distillate, which consisted mainly of [D12]TME and etha-
nol, was further purified by preparative GC to afford 5 (800 mg,
6.15 mmol). 13C NMR (125 MHz, CDCl3, 26 8C, TMS): d=123.4,
19.4 ppm (septet, 1J ACHTUNGTRENNUNG(C,D)=19 Hz); MS: m/z (%): 96 (40) [M+], 78 (86),
62 (17), 46 (100), 42 (27).


2,3-Dimethylbut-2-[D0]ene ([D0]TME): This compound was purchased
from Aldrich. 1H NMR (500 MHz, CDCl3, 26 8C, TMS): d=1.66 ppm (s,
12H); 13C NMR (125 MHz, CDCl3, 26 8C, TMS): d=123.4, 20.3 ppm.
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Introduction


The development of a regiospecific method for the synthesis
of substituted aromatic compounds remains a difficult task
in organic chemistry.[1] One promising solution is the direct
construction of aromatic rings from acyclic precursors.[2] If
the acyclic precursors were prepared selectively, exact regio-
control of substituents on the aromatic rings would be real-
ized with this approach. On the other hand, ruthenium-cata-
lyzed ring-closing olefin metathesis (RCM) has become one
of the most important reactions for the construction of
cyclic compounds due to its operational simplicity and re-
markable functional group tolerance.[3,4] Therefore, the fact
that much attention has been recently paid to the synthesis
of aromatic compounds using RCM of acyclic precursors is
to be expected.[5–7]


In the last few years, we have devoted much of our
effort[8] to this field and reported that phenols can be ob-
tained by RCM/tautomerization of 1,4,7-trien-3-ones 1 via
cyclohexa-2,5-dienones[8a,c] [Eq. (1)]. Although various phe-
nols could be synthesized without the formation of re-
gioisomers, this approach was limited by the difficulty of
preparing 1. In particular, the construction of the internal
cis double bond of 1 was the bottleneck in the process.


Herein we report an efficient method for the synthesis of
phenols by using the RCM/isoaromatization[9] approach.
The use of new acyclic precursors, 4-methylene-1,7-octa-
dien-3-ones 2, containing an external carbon�carbon double
bond simplifies the overall synthesis of 2. The combination
of RCM of 2 and isomerization of the carbon�carbon
double bond of resulting cyclized products 3 from exo to
endo, followed by spontaneous tautomerization, is expected
to produce a wide variety of phenols 4 [Eq. (2)].


Results and Discussion


Our retrosynthetic analysis represented in Scheme 1 suggest-
ed that 2 might arise from the oxidation of 4-methylene-1,7-
octadien-3-ols 5. The basic structure of 5 was envisioned to
come from two synthetic routes. One involves the vinylation
of 2-methylene-5-hexenals 6, which can be obtained by the
Mannich/Hofmann degradation or aldol/dehydration of 5-
hexenals 7. The other involves the coupling of a,b-unsatu-
rated aldehydes with 2-halo-1,5-hexadienes 8, which can be
obtained by the allylation of 2,3-dihalopropenes 9. In fact, a
series of 2 with various substitution patterns could be readily
prepared with these routes.[10]
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The results of RCM of 2 are summarized in Table 1.[11]


When the reaction of 2a was
performed with 1.5 mol%
GrubbsH second-generation cat-
alyst 10[12] at 40 8C for 2 h, cor-
responding cyclized product 3a
was formed in high yield, as ex-
pected (Table 1, entry 1). Simi-
larly, 3b and 3c were obtained
by reacting 2b and 2c under
the same conditions, respective-
ly (Table 1, entries 2 and 3).
The reaction of 2d that has a
phenyl group at R1 position
also proceeded smoothly to
give 3d (Table 1, entry 4). How-
ever, decreasing the amount of
catalyst from 1.5 to 0.5 mol%
for the same reaction lowered
the yield of 3d to half (Table 1,
entry 4 vs 5). The RCM of 2e
and 2 f, both of which have an-
other substituent at R1 position,
furnished corresponding 3e and
f in good yields, respectively
(Table 1, entries 6 and 7). In
contrast, introduction of a sub-
stituent at R5 position consider-
ably retarded the reaction.
When RCM of 2g having a
phenyl group at the R5 position
was carried out, cyclized prod-
uct 3g was obtained in only
31% yield despite the high cat-
alyst load (7.5 mol%) (Table 1,
entry 8). However, employing
2.5 mol% Hoveyda–Grubbs
catalyst [(H2Imes)Cl2Ru=CH(o-
iPrO-C6H4)] (11),[13] which is
known to be effective for elec-
tron-deficient dienic systems, at
elevated temperature improved
product yield to 86% (Table 1,
entry 9).


As an important part of this study, we next examined the
isoaromatization step to phenols and chose 3d as the model
substrate (Table 2). When we tested basic conditions using
DBU, which were reported by Kleinman and co-workers,[9d]


desired phenol 4d was obtained in moderate yield (68%)
(Table 2, entry 1). Acidic conditions using p-toluenesulfonic
acid (Table 2, entry 2) and transition-metal-catalyzed iso-
merization conditions using Pd/C[14] or RhCl3


[15] (Table 2, en-
tries 3 and 4) also afforded 4d in moderate yields (62–
79%). After screening numerous reaction conditions, we fi-
nally found that 4d could be successfully obtained in high
yield (92%) using [RhCl ACHTUNGTRENNUNG(cod)]2 (1 mol% Rh) and Cs2CO3


Scheme 1. Retrosynthetic analysis of substrates 2.


Table 1. Synthesis of 6-methylene-2-cyclohexenones 3 by RCM.[a]


Entry Substrate Product Conditions Yield [%][b]


1 10 (1.5 mol%), 40 8C 84


2 10 (1.5 mol%), 40 8C 79


3 10 (1.5 mol%), 40 8C 95


4
5


10 (1.5 mol%), 40 8C
10 (0.5 mol%), 40 8C


92
46


6 10 (1.5 mol%), 40 8C 81


7 10 (1.5 mol%), 40 8C 99


8
9


10 (7.5 mol%), 40 8C
11 (2.5 mol%), 100 8C


31
86


[a] The reaction was carried out with 2 and ruthenium catalyst 10 in toluene for 2 h. [b] Isolated yield by silica
gel chromatography.
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(1 equiv) in dioxane/H2O (2:1) at 60 8C (Table 2, entry 5).
Interestingly, the employment of RhCl3 instead of [RhCl-
ACHTUNGTRENNUNG(cod)]2 (Table 2, entry 6) or the lack of either [RhCl ACHTUNGTRENNUNG(cod)]2
(1 mol% Rh) or Cs2CO3 (Table 2, entries 7 and 8) under
similar conditions resulted in no reaction.[16]


The results of the isoaromatization of 3 with these condi-
tions to synthesize phenols 4 are summarized in Table 3.
The optimal conditions found in Table 2, namely, [RhCl-
ACHTUNGTRENNUNG(cod)]2 (1 mol% Rh) and Cs2CO3 (1 equiv) in dioxane/H2O
(2:1) at 60 8C, were proved to be effective for most of the
isoaromatization reactions of 3, and various phenols 4 could
be obtained in high yields. One exception was the reaction
of 3 having a substituent at the R3 position. The complete
absence of products was observed in both reactions of 3c
and f (Table 3, entries 3 and 7). Applying the same isomeri-
zation conditions to 3c and f but using p-toluenesulfonic
acid and Pd/C as alternatives, respectively, successfully pro-
duced corresponding phenols 4c and f, respectively (Table 3,
entries 4 and 8).


Finally, we conducted the Mizoroki–Heck reaction[17] of
3d with p-methoxybenzenediazonium tetrafluoroborate (12)
in the presence of a catalytic amount of Pd ACHTUNGTRENNUNG(OAc)2, because
introduction of an additional p-methoxyphenyl substituent
at the ortho benzylic position and aromatization to the
phenol was expected to occur simultaneously with this ap-
proach. As a result, corresponding phenol 4h was successful-
ly produced (Scheme 2).


Conclusions


In summary, we have developed an efficient method for the
synthesis of substituted phenols by RCM/isoaromatization


of 2, by which the formation of
undesirable regioisomers could
be completely excluded. The
employment of 2 as key acyclic
precursor paved the way to
smoothly accessing phenols
from commercially available
compounds. Moreover, the exo-
cyclic carbon�carbon double
bond of products 3 could be uti-
lized effectively in the Mizoro-
ki–Heck reaction to introduce


Table 2. Survey of isoaromatization conditions for the synthesis of 4d.


Entry Reagents Conditions Yield [%][a]


1 DBU (1.0 equiv) toluene, 70 8C, 24 h 68
2 pTsOH·H2O (10 mol%) toluene, 70 8C, 24 h 79
3 10 mol% Pd/C (10 mol% Pd) iPrOH, 70 8C, 24 h 63
4 RhCl3 (10 mol%) iPrOH/DMF, 100 8C, 24 h 62
5 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 (1 mol% Rh)/Cs2CO3 (1 equiv) dioxane/H2O 2:1, 60 8C, 5 h 92
6 RhCl3 (1 mol% Rh)/Cs2CO3 (1 equiv) dioxane/H2O 2:1, 60 8C, 5 h 0
7 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 (5 mol% Rh) dioxane/H2O 2:1, 70 8C, 3 h 0
8 Cs2CO3 (1 equiv) dioxane/H2O 2:1, 70 8C, 3 h 0


[a] Isolated yield by silica gel chromatography.
Table 3. Synthesis of phenols 4 by isoaromatization.[a]


Entry Substrate Product Yield [%][b]


1 93


2 75


3
4[c]


0
77


5 92


6 69


7
8[d]


0
86


9 95


[a] The reaction was carried out with 3, [RhCl ACHTUNGTRENNUNG(cod)]2 (1 mol% Rh), and
Cs2CO3 (1 equiv) in dioxane/H2O at 60 8C for 5 h. [b] Isolated yield by
silica gel chromatography. [c] The reaction was carried out with 3c and
pTsOH·H2O (10 mol%) in toluene at 70 8C for 24 h. [d] The reaction was
carried out with 3 f and 10 mol% Pd/C (10 mol% Pd) in iPrOH at 70 8C
for 24 h.


Scheme 2. Preparation of 4h by the Mizoroki–Heck reaction of 3d with
12.
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an additional substituent onto the ortho benzylic position of
the phenols.


Experimental Section


General : All anaerobic and moisture-sensitive manipulations were car-
ried out with standard Schlenk techniques under predried nitrogen or
glove box techniques under prepurified argon. NMR Spectra were re-
corded on a JEOL JNM LA-500 spectrometer (500 MHz for 1H and
125 MHz for 13C) and LA-400 spectrometer (400 MHz for 1H and
100 MHz for 13C). Chemical shifts are reported in d ppm referenced to
an internal SiMe4 standard for 1H NMR and chloroform-d (d 77.0) for
13C NMR.


Materials : Dichloromethane and anhydrous N,N-dimethylformamide
were used without further purification. Tetrahydrofuran and diethyl ether
were distilled from sodium benzophenone-ketyl under nitrogen prior to
use. 2-Propanol was distilled from magnesium under nitrogen and stored
in a glass flask with a three-way cock under nitrogen. Toluene and diox-
ane were distilled from sodium benzophenone-ketyl under nitrogen and
stored in glass flasks with Teflon stopcocks under nitrogen. Ruthenium
complexes, [(PCy3) ACHTUNGTRENNUNG(H2Imes)Cl2Ru=C(H)Ph] (10)[12b] and
[(H2Imes)Cl2Ru=CH(o-iPrO-C6H4)] (11)[18] were prepared according to
the reported procedures. A rhodium complex, [RhCl ACHTUNGTRENNUNG(cod)]2 was prepared
according to the reported procedure.[19] 2-Methylene-5-hexenals 6 were
prepared by Mannich/Hofmann degradation from corresponding 5-hexe-
nals 7 according to the reported procedures.[20] 2-Bromo-5-phenyl-1,5-
hexadiene (8g) was prepared by allylation of 2,3-dibromo-1-propene with
2-phenylallylmagnesium bromide and copper cyanide analogously to the
reported procedure.[21] 2-Bromo-3-indol-1-yl-propene was prepared by al-
kylation of indole with 2,3-dibromopropene according to the reported
procedure.[22] 5-Hexenal,[23] 4-cyclohexyl-3-phenyl-5-hexenol,[24] (E)-3-
allyl-2-iodocyclononene (8 f),[25] activated MnO2,


[26] Dess–Martin periodi-
nane,[27] and p-methoxybenzenediazonium tetrafluoroborate (12)[28] were
prepared according to the reported procedures. a-Bromostyrene, 2,3-di-
bromopropene, indole, tert-butyllithium solution, vinylmagnesium chlo-
ride solution, DBU, palladium diacetate, rhodium trichloride, and cesium
carbonate were used as received.


Procedures for the preparation of 4-methylene-1,7-octadien-3-ols 5


General procedure A (GPA): Vinylmagnesium chloride solution
(1.44 molL�1 solution in THF, 3.29 mmol) was added at �78 8C to a solu-
tion of 2-methylene-5-hexenal 6 (1.65 mmol) in Et2O (9.2 mL). The reac-
tion mixture was warmed up to 0 8C. After stirring for 30 min, the reac-
tion mixture was quenched by addition of water and extracted with Et2O
several times. The organic phases were combined, dried over Na2SO4,
and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography or PTLC on silica gel to give 5.


General procedure B (GP B): tBuLi (1.59 molL�1 solution in pentane,
2.60 mmol) was added at �78 8C to a solution of vinylhalide (1.31 mmol)
in Et2O (3.0 mL). After 1 h, 6 (1.19 mmol) in Et2O (3.0 mL) was added
to the mixture and it was stirred for 15 min at the same temperature.
Then, the reaction mixture was quenched by addition of water and ex-
tracted with Et2O three times. The organic phases were combined, dried
over Na2SO4, and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography or PTLC on silica gel to
give 5.


General procedure C (GP C): tBuLi (1.57 molL�1 solution in pentane,
7.16 mmol) was added at �78 8C to a solution of 2-halo-1,5-hexadiene 8
(3.58 mmol) in Et2O (25 mL). After 30 min, the mixture was added a,b-
unsaturated aldehyde (3.94 mmol) and stirred for 15 min at the same
temperature. Then, the reaction mixture was quenched by addition of
water and extracted with EtOAc three times. The organic phases were
combined, dried over Na2SO4, and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography or PTLC
on silica gel to give 5.


4-Benzylidene-1,7-octadien-3-ol (5a): The reaction was carried out ac-
cording to the GPA (see also Scheme S1 in Supporting Information). 2-
Benzylidene-5-hexenal (6a) (1.65 mmol) and vinylmagnesium chloride
(3.29 mmol) were used. The reaction mixture was stirred for 1 h, The
crude mixture was purified by silica gel column chromatography (hexane/
EtOAc 4:1) and gel permeation chromatography (273 mg, 77%).
1H NMR (CDCl3): d = 1.72 (d, J=3.4 Hz, 1H), 2.22–2.49 (m, 4H), 4.73
(d, J=4.6 Hz, 1H), 4.96 (ddt, J=10.1, 1.8, 1.3 Hz, 1H), 5.01 (dq, J=17.1,
1.6 Hz, 1H), 5.23 (dt, J=10.1, 1.5 Hz, 1H), 5.38 (dt, J=17.1, 1.6 Hz, 1H),
5.80 (ddt, J=16.8, 10.1, 6.4 Hz, 1H), 5.94 (ddd, J=17.1, 10.4, 6.1 Hz,
1H), 6.63 (s, 1H), 7.22 (tt, J=7.3, 1.8 Hz, 1H), 7.27 (d, J=7.0 Hz, 2H),
7.33 ppm (t, J=7.4 Hz, 2H); 13C NMR (CDCl3): d = 27.66, 32.84, 76.93,
114.71, 115.75, 126.63, 126.69, 128.22, 128.60, 137.33, 138.13, 139.20,
142.67 ppm; HRMS (FAB): m/z : calcd for C15H18O: 214.1358, found
214.1355 [M]+ .


4-(4-Chlorobenzylidene)-1,7-octadien-3-ol (5b): The reaction was carried
out according to the GPA (see also Scheme S1 in Supporting Informa-
tion): 2-(4-Chlorobenzylidene)-5-hexenal (6b) (0.691 mmol) and vinyl-
magnesium chloride (9.36 mmol) were used: The reaction mixture was
stirred for 30 min. The crude mixture was purified by silica gel column
chromatography (hexane/EtOAc 5:1) (156 mg, 91%). 1H NMR (CDCl3):
d = 1.77 (d, J=2.9 Hz, 1H), 2.20–2.46 (m, 4H), 4.71 (ddt, J=4.9, 2.9,
1.2 Hz, 1H), 4.96 (ddt, J=10.1, 1.8, 1.3 Hz, 1H), 5.01 (dq, J=17.1,
1.8 Hz, 1H), 5.24 (dt, J=10.4, 1.2 Hz, 1H), 5.37 (dt, J=17.1, 1.6 Hz, 1H),
5.78, (ddt, J=16.8, 10.4, 6.5 Hz, 1H), 5.92 (ddd, J=17.4, 10.4, 6.4 Hz,
1H), 6.57 (s, 1H), 7.19 (d, J=8.3 Hz, 2H), 7.29 ppm (d, J=8.6 Hz, 2H);
13C NMR (CDCl3): d = 27.63, 32.71, 76.75, 114.89, 116.05, 125.39, 128.40,
129.90, 132.35, 135.80, 137.88, 139.04, 143.35 ppm; HRMS (FAB): m/z :
calcd for C15H17ClO: 248.0968, found 248.0959 [M]+ .


6-Cyclohexyl-4-methylene-5-phenyl-1,7-octadien-3-ol (5c): The reaction
was carried out according to the GPA (see also Scheme S1 in Supporting
Information): 2-Methylene-4-cyclohexyl-3-phenyl-5-hexenal (6c)
(5.47 mmol) and vinylmagnesium chloride (6.01 mmol) were used. The
reaction mixture was stirred for 1.5 h. The crude mixture was purified by
silica gel column chromatography (hexane/EtOAc 5:1) (diastereomeric
mixture: 1.47 g, 90%). One of the diastereomers was separated for the
spectral characterization. M.p. 83–86 8C; 1H NMR (CDCl3): d = 0.81–
1.33 (m, 7H), 1.48–1.71 (m, 5H), 2.53 (ddd, J=11.6, 9.8, 2.5 Hz, 1H),
3.41 (d, J=11.6 Hz, 1H), 4.34 (dd, J=5.5, 3.7 Hz, 1H), 4.95 (ddd, J=


17.4, 2.2, 0.4 Hz, 1H), 5.10 (dd, J=10.4, 2.2 Hz, 1H), 5.11 (ddd, J=10.4,
1.6, 1.2 Hz, 1H), 5.18 (s, 1H), 5.23 (dt, J=17.1, 1.5 Hz, 1H), 5.32 (t, J=


0.9 Hz, 1H), 5.52 (dt, J=16.8, 10.1 Hz, 1H), 5.61 (ddd, J=17.1, 10.4,
6.7 Hz, 1H), 7.17–7.30 ppm (m, 5H); 13C NMR (CDCl3): d = 26.51,
26.54, 26.67, 26.70, 32.61, 38.42, 49.59, 52.86, 75.49, 111.75, 116.09, 117.02,
126.46, 128.47, 128.75, 139.11, 139.19, 142.48, 151.82 ppm; HRMS (FAB):
m/z : calcd for C21H27: 279.2113, found 279.2109 [M�OH]+ .


4-Methylene-2-phenyl-1,7-octadien-3-ol (5d): The reaction was carried
out according to the GP B (see also Scheme S1 in Supporting Informa-
tion). a-Bromostyrene (1.31 mmol), tBuLi (2.60 mmol), and 2-methylene-
5-hexenal (6d) (1.19 mmol) were used. The reaction mixture was stirred
for 15 min: The crude mixture was purified by PTLC on silica gel
(hexane/EtOAc 4:1) and gel permeation chromatography (125 mg, 49%).
1H NMR (CDCl3): d = 1.95 (d, J=4.1 Hz, 1H), 2.00–2.25 (m, 4H), 4.92–
5.02 (m, 3H), 5.07 (d, J=3.2 Hz, 1H), 5.17, (d, J=0.8 Hz, 1H), 5.44 (t,
J=1.2 Hz, 1H), 5.46 (dd, J=1.2, 0.5 Hz, 1H), 5.78 (ddt, J=17.3, 10.2,
7.1 Hz, 1H), 7.24–7.34 (m, 3H), 7.36–7.43 ppm (m, 2H); 13C NMR
(CDCl3): d = 30.98, 31.90, 76.93, 112.19, 114.43, 114.74, 126.85, 127.63,
128.19, 138.21, 139.53, 148.48, 148.90 ppm; HRMS (FAB): m/z : calcd for
C15H17: 197.1330, found 197.1326 [M�OH]+ .


4-Benzylidene-2-indol-1-ylmethyl-1,7-octadien-3-ol (5e): The reaction
was carried out according to the GP B (see also Scheme S1 in Supporting
Information). 2-Bromo-3-indol-1-yl-propene (1.38 mmol), tBuLi
(2.67 mmol), and 2-benzylidene-5-hexenal (6a) (1.14 mmol) were used.
The reaction mixture was stirred for 1 h: The crude mixture was purified
by silica gel column chromatography (hexane/EtOAc 5:1) (264 mg,
67%). 1H NMR (CDCl3): d = 1.85 (d, J=2.5 Hz, 1H), 2.14–2.50 (m,
4H), 4.67 (s, 1H), 4.71 (d, J=16.5 Hz, 1H), 4.81 (d, J=18.0 Hz, 1H),
4.83 (s, 1H), 4.94 (dq, J=9.2, 1.3 Hz, 1H), 4.97 (dq, J=15.6, 1.6 Hz, 1H),
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5.32 (s, 1H), 5.75 (ddt, J=17.1, 10.4, 6.5 Hz, 1H), 6.52 (dd, J=3.4,
0.7 Hz, 1H), 6.66 (s, 1H), 7.07 (d, J=3.4 Hz, 1H), 7.09 (ddd, J=8.0, 7.0,
0.9 Hz, 1H), 7.17 (ddd, J=8.3, 7.0, 1.2 Hz, 1H), 7.21–7.29 (m, 4H), 7.32–
7.38 (m, 2H), 7.62 ppm (dt, J=7.9, 0.9 Hz, 1H); 13C NMR (CDCl3): d =


27.49, 32.86, 47.76, 76.80, 101.57, 109.64, 113.81, 114.90, 119.43, 120.92,
121.58, 126.55, 126.88, 127.83, 128.33, 128.37, 128.60, 136.24, 136.93,
137.91, 140.99, 145.10 ppm; HRMS (FAB): m/z : calcd for C24H25NO:
343.1936, found 343.1951 [M]+ .


1-(9-Allyl-1-cyclononenyl)-2-ethyl-2-propen-1-ol (5 f): The reaction was
carried out according to the GP C (see also Scheme S1 in Supporting In-
formation). 3-Allyl-2-iodocyclononene (8 f) (0.558 mmol), tBuLi
(1.12 mmol), and 2-ethylacrolein (1.70 mmol) were used. The reaction
mixture was stirred for 30 min: The crude mixture was purified by silica
gel column chromatography (hexane/EtOAc 20:3) (diastereomeric mix-
ture: 102 mg, 73%). The following data are for a mixture of two diaste-
reomers (0.5:0.5); 1H NMR (CDCl3): d = 1.04 (t, J=7.5 Hz, 1.5H), 1.07
(t, J=7.5 Hz, 1.5H), 1.30–2.44 (m, 16H), 2.52 (s, 0.5H), 2.71 (s, 0.5H),
4.46 (d, J=3.4 Hz, 0.5H), 4.48 (d, J=2.4 Hz, 0.5H), 4.93–5.02 (m, 2.5H),
5.05 (ddt, J=17.2, 2.2, 1.4 Hz, 0.5H), 5.16 (t, J=1.2 Hz, 0.5H), 5.23 (t,
J=1.2 Hz, 0.5H), 5.64 (t, J=10.1 Hz, 0.5H), 5.66 (t, J=10.1 Hz, 0.5H),
5.74 (ddt, J=16.4, 10.4, 7.2 Hz, 0.5H), 5.84ppm (ddt, 17.1, 10.1, 6.8 Hz,
0.5H); 13C NMR (CDCl3): d = 11.98, 12.06, 23.89, 24.61, 24.95, 25.13,
26.16, 26.30, 26.43, 26.56, 26.82, 27.09, 27.18, 31.44, 31.79, 37.97, 38.42,
39.16, 39.63, 77.20, 108.55, 108.67, 115.25, 115.40, 129.54, 129.77, 137.85,
138.43, 141.49, 141.58, 151.83, 151.86 ppm; HRMS (FAB): m/z : calcd for
C17H28OK: 287.1777, found 287.1780 [M+K]+ .


4-Methylene-7-phenyl-1,7-hexadien-3-ol (5g): The reaction was carried
out according to the GP C (see also Scheme S1 in Supporting Informa-
tion). 2-Bromo-5-phenyl-1,5-hexadiene (8g) (3.58 mmol), tBuLi
(7.16 mmol), and acrolein (3.94 mmol) were used: The reaction mixture
was stirred for 15 min. The crude mixture was purified by silica gel
column chromatography (hexane/EtOAc 5:1) (513 mg, 67%). 1H NMR
(CDCl3): d = 1.71 (s, 1H), 2.18 (td, J=15.3, 8.3 Hz, 1H), 2.24 (td, J=


15.3, 7.9 Hz, 1H), 2.68 (td, J=7.6, 1.1 Hz, 2H), 4.56 (d, J=5.8 Hz, 1H),
4.93 (s, 1H), 5.08 (d, J=1.2 Hz, 1H), 5.14 (d, J=0.9 Hz, 1H), 5.15 (dt,
J=10.1, 1.2 Hz, 1H), 5.26 (dt, J=17.4, 1.6 Hz, 1H), 5.29 (d, J=1.1 Hz,
1H), 5.82 (ddd, J=17.1, 10.4, 6.4 Hz, 1H), 7.26 (tt, J=7.6, 1.6 Hz, 1H),
7.32 (td, J=7.9, 1.5 Hz, 2H), 7.40 ppm (d, J=7.4 Hz, 2H); 13C NMR
(CDCl3): d = 30.61, 33.84, 76.20, 110.40, 112.46, 115.65, 126.06, 127.37,
128.26, 139.08, 141.04, 148.01, 149.81 ppm; HRMS (FAB): m/z : calcd for
C15H17: 197.1330, found 197.1338 [M�OH]+ .


Procedures for the preparation of 4-methylene-1,7-octadien-3-ones 2


General procedure D (GP D): Dess–Martin periodinane (0.923 mmol)
was added at room temperature to a solution of 4-methylene-1,7-octa-
dien-3-ol (5 ; 0.489 mmol) in CH2Cl2 (48 mL). After 4 h, the reaction mix-
ture was quenched by addition of saturated aq. NaHCO3 and saturated
aq. Na2S2O3, and extracted with EtOAc several times. The organic phases
were combined, dried over Na2SO4, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography
or PTLC on silica gel to give 2.


4-Benzylidene-1,7-octadien-3-one (2a): The reaction was carried out ac-
cording to the GP D (see also Scheme S1 in Supporting Information). 4-
Benzylidene-1,7-octadien-3-ol (5a) (0.460 mmol) and Dess–Martin peri-
odinane (0.826 mmol) were used. The reaction mixture was stirred for
1.5 h: The crude mixture was purified by silica gel column chromatogra-
phy (hexane/EtOAc 11:1) (72.3 mg, 74%); 1H NMR (CDCl3): d = 2.25
(tdt, J=8.0, 6.5, 1.2 Hz, 2H), 2.71 (t, J=7.7 Hz, 2H), 4.97 (ddt, J=10.1,
1.9, 1.2 Hz, 1H), 5.03 (dq, J=17.2, 1.3 Hz, 1H), 5.82 (ddt, J=16.9, 10.8,
6.5 Hz, 1H), 5.82 (dd, J=10.6, 1.9 Hz, 1H), 6.31 (dd, J=17.2, 1.9 Hz,
1H), 6.99 (dd, J=17.1, 10.6 Hz, 1H), 7.32–7.45 (m, 5H), 7.46 ppm (s,
1H); 13C NMR (CDCl3): d = 26.18, 32.74, 114.98, 128.55, 128.61, 128.72,
129.20, 132.75, 135.46, 137.72, 139.90, 141.91, 193.44 ppm; HRMS (FAB):
m/z : calcd for C15H17O: 213.1279, found 213.1273 [M+H]+ .


4-(4-Chlorobenzylidene)-1,7-octadien-3-one (2b): The reaction was car-
ried out according to the GP D (see also Scheme S1 in Supporting Infor-
mation). 4-(4-Chlorobenzylidene)-1,7-octadien-3-ol (5b) (0.571 mmol)
and Dess–Martin periodinane (1.58 mmol) were used: The reaction mix-
ture was stirred for 2 h: The crude mixture was purified by silica gel


column chromatography (hexane/EtOAc 10:1) (122 mg, 86%). 1H NMR
(CDCl3): d = 2.22 (tdt, J=7.9, 6.7, 1.6, Hz, 2H), 2.68 (t, J=8.2 Hz, 2H),
4.97 (ddt, J=10.4, 1.9, 1.2 Hz, 1H), 5.02 (dq, J=17.1, 1.9 Hz, 1H), 5.80
(ddt, J=17.1, 10.4, 6.7 Hz, 1H), 5.82 (dd, J=10.7, 1.9 Hz, 1H), 6.31 (dd,
J=17.1, 1.9 Hz, 1H), 6.96 (dd, J=17.1, 10.7 Hz, 1H), 7.32 (d, J=8.3 Hz,
2H), 7.37–7.40 ppm (m, 3H); 13C NMR (CDCl3): d = 26.23, 32.67,
115.19, 128.85, 128.98, 130.47, 132.70, 133.96, 134.58, 137.53, 138.29,
142.49, 193.20 ppm; HRMS (FAB): m/z : calcd for C15H16ClO: 247.0890,
found 247.0887 [M+H]+ .


6-Cyclohexyl-4-methylene-5-phenyl-1,7-octadien-3-one (2c): The reaction
was carried out according to the GP D (see also Scheme S1 in Supporting
Information). 6-Cyclohexyl-4-methylene-5-phenyl-1,7-octadien-3-ol (5c)
(0.478 mmol) and Dess–Martin periodinane (0.574 mmol) were used. The
reaction mixture was stirred for 1 h, as being warmed from 0 8C to room
temperature. The crude mixture was purified by PTLC on silica gel
(hexane/EtOAc 5:1) (93.6 mg, 67%). The following data are for a mix-
ture of two diastereomers (0.85:0.15). 1H NMR (CDCl3): d = 0.80–1.80
(m, 11H), 2.55 (ddd, J=11.6, 10.1, 1.5 Hz, 0.85H), 2.59 (td, J=10.1,
3.4 Hz, 0.15H), 4.26, (d, J=10.5 Hz, 0.15H), 4.28 (d, J=11.9 Hz, 0.85H),
4.74 (ddd, J=17.1, 2.2, 0.6 Hz, 0.15H), 4.86 (dd, J=10.4, 2.2 Hz, 0.15H),
4.92 (ddd, J=17.1, 2.2, 0.7 Hz, 0.85H), 5.02 (dd, J=10.4, 2.1 Hz, 0.85H),
5.43 (dt, J=17.1, 10.1 Hz, 0.15H), 5.51 (dt, J=17.1, 10.1 Hz, 0.85H), 5.67
(dd, J=10.4, 1.8 Hz, 0.85H), 5.72 (dd, J=10.4, 1.8 Hz, 0.15H), 5.83 (d,
J=0.9 Hz, 0.85H), 5.91 (d, J=0.6 Hz, 0.15H), 6.01 (s, 0.85H), 6.07 (s,
0.15H), 6.13 (dd, J=17.1, 1.8 Hz, 0.85H), 6.18 (dd, J=17.1, 1.9 Hz,
0.15H), 6.72 (dd, J=17.1, 10.7 Hz, 0.85H), 6.78 (dd, J=17.1, 10.7 Hz,
0.15H), 7.09–7.14 (m, 0.15H), 7.15–7.31 ppm (m, 4.85H); 13C NMR
(CDCl3): d = 26.32, 26.40, 26.54, 26.57, 26.61, 26.67, 27.43, 32.38, 32.46,
38.30, 38.80, 46.23, 46.83, 52.67, 53.22, 116.98, 117.27, 124.39, 125.41,
126.05, 126.22, 128.00, 128.33, 128.55, 128.75, 129.06, 129.22, 132.71,
138.10, 138.26, 141.88, 141.95, 150.96, 151.28, 192.51, 192.60 ppm; HRMS
(FAB): m/z : calcd for C21H27O: 295.2062, found 295.2077 [M+H]+ .


4-Methylene-2-phenyl-1,7-octadien-3-one (2d): The reaction was carried
out according to the GP D (see also Scheme S1 in Supporting Informa-
tion): 4-Methylene-2-phenyl-1,7-hexadien-3-ol (5d) (0.489 mmol) and
Dess–Martin periodinane (0.923 mmol) were used. The reaction mixture
was stirred for 4 h. The crude mixture was purified by PTLC on silica gel
(hexane/EtOAc 5:1) (97.3 mg, 94%). 1H NMR (CDCl3): d = 2.26 (dtt,
J=8.2, 7.0, 1.2 Hz, 2H), 2.51 (t, J=6.8 Hz, 2H), 4.99, (ddt, J=10.1, 1.9,
1.2 Hz, 1H), 5.04 (dq, J=17.1, 1.4 Hz, 1H), 5.82 (ddt, J=17.1, 10.4,
6.8 Hz, 1H), 5.86 (td, J=1.4, 0.8 Hz, 1H), 5.55 (d, J=0.5 Hz, 1H), 5.91
(d, J=0.5 Hz, 1H), 5.96 (d, J=0.5 Hz, 1H), 7.27–7.37 ppm (m, 5H);
13C NMR (CDCl3): d = 30.23, 32.25, 115.23, 119.96, 126.79, 128.27,
128.48, 128.54, 137.12, 137.70, 147.85, 148.16, 199.14 ppm; HRMS (FAB):
m/z : calcd for C15H17O: 213.1279, found 213.1258 [M+H]+ .


4-Benzylidene-2-indol-1-ylmethyl-1,7-octadien-3-one (2e): MnO2


(21.0 mmol) was added to a solution of 4-benzylidene-2-indol-1-ylmethyl-
1,7-octadien-3-ol (5e) (0.563 mmol) in CH2Cl2 (5.6 mL). The resulting
mixture was stirred for 2.5 h at room temperature. The mixture was
passed through Celite and concentrated under reduced pressure. The res-
idue was purified by column chromatography and PTLC on silica gel
(hexane/EtOAc 5:1) to give 2e (146 mg, 76%); 1H NMR (CDCl3): d =


2.19 (tdt, J=7.9, 6.7, 1.3 Hz, 2H), 2.69 (t, J=7.9 Hz, 2H), 4.95 (ddt, J=


10.1, 1.9, 1.3 Hz, 1H), 4.99 (dq, J=17.1, 1.6 Hz, 1H), 5.08 (t, J=1.6 Hz,
2H), 5.38, (t, J=1.6 Hz, 1H), 5.70 (s, 1H), 5.78 (ddt, J=17.1, 10.4,
6.7 Hz, 1H), 6.51 (dd, J=3.1, 0.9 Hz, 1H), 7.04 (s, 1H), 7.11 (d, J=3.1,
1H), 7.12 (ddd, J=8.0, 7.0, 0.9 Hz, 1H), 7.18, (d, J=7.6 Hz, 1H), 7.22
(dd, J=8.3, 7.0, 1.2 Hz 1H), 7.28 (tt, J=7.3, 1.6 Hz, 1H), 7.31–7.37 (m,
3H), 7.63 ppm (ddd, J=8.0, 1.3, 0.7 Hz, 1H); 13C NMR (CDCl3): d =


26.38, 32.53, 47.79, 101.90, 109.56, 115.29, 119.59, 121.07, 121.77, 124.09,
128.49, 128.56, 128.62, 128.74, 129.14, 135.13, 136.02, 137.54, 141.03,
141.32, 144.31, 198.82 ppm; HRMS (FAB): m/z : calcd for C24H23NO:
341.1780, found 341.1775 [M]+ .


1-(9-Allyl-1-cyclononenyl)-2-ethylpropenone (2 f): The reaction was car-
ried out according to the GP D (see also Scheme S1 in Supporting Infor-
mation): 1-(9-Allyl-1-cyclononenyl)-2-ethyl-2-propen-1-ol (5 f)
(0.279 mmol) and Dess–Martin periodinane (0.362 mmol) were used: The
reaction mixture was stirred for 30 min at 0 8C. The crude mixture was
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purified by PTLC on silica gel (hexane/EtOAc 10:1) (55.6 mg, 81%);
1H NMR (CDCl3): d = 1.04 (t, J=7.6 Hz, 3H), 1.23–1.62 (m, 8H), 1.67–
1.77 (m, 1H), 1.94–2.05 (m, 1H), 2.25–2.40 (m, 5H), 2.90–2.99 (m, 1H),
4.90 (dq, J=10.1, 1.2 Hz, 1H), 4.95 (dq, J=17.1, 1.5 Hz, 1H), 5.47 (d, J=


0.9 Hz, 1H), 5.52 (q, J=1.5 Hz, 1H), 5.70 (ddt, J=17.4, 10.1, 6.7 Hz,
1H), 6.41 ppm (t, J=8.9 Hz, 1H); 13C NMR (CDCl3): d = 12.31, 24.76,
25.33, 25.91, 26.09, 26.61, 27.18, 32.74, 38.08, 38.41, 115.54, 121.52, 137.81,
143.05, 145.37, 150.80, 201.13 ppm; HRMS (EI): m/z : calcd for C17H26O:
246.1984, found 246.1977 [M]+ .


4-Methylene-7-phenyl-1,7-octadien-3-one (2g): The reaction was carried
out according to the GP D (see also Scheme S1 in Supporting Informa-
tion): 4-Methylene-7-phenyl-1,7-hexadien-3-ol (5g) (2.38 mmol) and
Dess–Martin periodinane (2.86 mmol) were used: The reaction mixture
was stirred for 30 min: The crude mixture was purified by silica gel
column chromatography (hexane/EtOAc 5:1) (457 mg, 91%). 1H NMR
(CDCl3): d = 2.48 (t, J=6.8 Hz, 2H), 2.63 (t, J=7.1 Hz, 2H), 4.99 (t, J=


1.2 Hz, 1H), 5.24 (d, J=1.2 Hz, 1H), 5.67 (t, J=1.2 Hz, 1H), 5.70 (dd,
J=10.5, 1.7 Hz, 1H), 5.90 (s, 1H), 6.21 (dd, J=17.1, 1.7 Hz, 1H), 6.80
(dd, J=17.1, 10.5 Hz, 1H), 7.19 (tt, J=7.3, 1.5 Hz, 1H), 7.26 (t, J=


8.3 Hz, 2H), 7.34 ppm (d, J=7.3 Hz, 2H); 13C NMR (CDCl3): d = 30.45,
33.95, 112.91, 125.18, 126.12, 127.39, 128.29, 128.87, 132.10, 140.77, 147.55,
148.19, 192.28 ppm; HRMS (FAB): m/z : calcd for C15H17O: 213.1279,
found 213.1281 [M+H]+ .


Procedure for the preparation of 6-methylene-2-cyclohexenones 3


General procedure : A solution of 2 (0.263 mmol) in toluene (26 mL,
0.01m) was treated with 1.5 mol% catalyst 10 (0.00395 mmol) in one por-
tion under nitrogen and stirred for 2 h at 40 8C. The reaction mixture was
concentrated under reduced pressure and purified by PTLC on silica gel
or silica gel column chromatography to give 3.


6-Benzylidene-2-cyclohexen-1-one (3a): Purified by PTLC on silica gel
(hexane/EtOAc 8:3) (84%); m.p. 70–74 8C; 1H NMR (CDCl3): d = 2.43
(tdd, J=6.4, 4.3, 2.1 Hz, 2H), 3.03 (td, J=6.4, 1.8 Hz, 2H), 6.25 (dt, J=


10.1, 2.1 Hz, 1H), 7.04 (dt, J=10.1, 4.3 Hz, 1H), 7.30–7.43 (m, 5H),
7.61 ppm (t, J=1.8 Hz, 1H); 13C NMR (CDCl3): d = 25.42, 26.26, 128.27,
128.34, 129.66, 130.73, 134.88, 135.06, 135.64, 149.20, 188.78 ppm; HRMS
(FAB): m/z : calcd for C13H13O: 185.0966, found 185.0963 [M+H]+ .


6-(4-Chlorobenzylidene)-2-cyclohexen-1-one (3b): Purified by PTLC on
silica gel (hexane/EtOAc 5:1) (79%); mp=45–47 8C; 1H NMR (CDCl3):
d = 2.43 (tdd, J=6.3, 4.4, 1.9 Hz, 2H), 2.98 (td, J=6.3, 1.9 Hz, 2H), 6.24
(dt, J=10.1, 1.9 Hz, 1H), 7.04 (dt, J=10.1, 4.4 Hz, 1H), 7.30 (d, J=


8.7 Hz, 2H), 7.37 (d, J=8.4 Hz, 2H), 7.54 ppm (s, 1H); 13C NMR
(CDCl3): d = 25.35, 26.25, 128.63, 130.71, 130.94, 133.73, 134.08, 134.19,
135.39, 149.29, 188.46 ppm; HRMS (FAB): m/z : calcd for C13H12ClO:
219.0577, found 219.0561 [M+H]+ .


4-Cyclohexyl-6-methylene-5-phenyl-2-cyclohexen-1-one (3c): Purified by
PTLC on silica gel (hexane/EtOAc 5:1) (diastereomeric mixture: 95%);
one of the diastereomers was separated to clarify the spectral characteri-
zation; 1H NMR (CDCl3): d = 0.80–1.47 (m, 6H), 1.60–1.78 (m, 5H),
2.67 (dtd, J=6.3, 4.6, 1.9 Hz, 1H), 4.02, (d, J=6.3 Hz, 1H), 5.02–5.04 (m,
1H), 6.16 (t, J=1.7 Hz, 1H), 6.25 (dd, J=10.4, 1.7 Hz, 1H), 6.99 (dd, J=


10.4, 4.1 Hz, 1H), 7.15 (dd, J=7.2, 1.5 Hz, 2H), 7.24 (tt, J=7.0, 1.5 Hz,
1H), 7.32 ppm (t, J=7.0 Hz, 2H); 13C NMR (CDCl3): d = 26.21, 26.33,
26.38, 28.72, 31.25, 40.64, 48.26, 49.58, 123.10, 126.76, 128.17, 128.58,
129.94, 141.77, 145.65, 152.14, 188.12 ppm; HRMS (FAB): m/z : calcd for
C19H22KO: 305.1308, found 305.1307 [M+K]+ .


6-Methylene-2-phenyl-2-cyclohexen-1-one (3d): Purified by PTLC on
silica gel (hexane/EtOAc 5:1) (92%): The reaction was also carried out
with 0.5 mol% 10 ; the crude mixture was purified by PTLC on silica gel
(hexane/EtOAc 5:1) (46%); mp=63–66 8C; 1H NMR (CDCl3): d = 2.60
(td, J=6.5, 4.6 Hz, 2H), 2.83 (t, J=6.5 Hz, 2H), 5.36 (q, J=1.4 Hz, 1H),
6.07 (d, J=1.5 Hz, 1H), 7.11 (t, J=4.6 Hz, 1H), 7.28–7.38 ppm (m, 5H);
13C NMR (CDCl3): d = 26.42, 31.09, 120.62, 127.65, 127.97, 128.69,
136.50, 141.02, 143.40, 147.95, 187.28 ppm; HRMS (FAB): m/z : calcd for
C13H13O: 185.0966, found 185.0962 [M+H]+ .


2-Indol-1-ylmethyl-6-benzylidene-2-cyclohexen-1-one (3e): Purified by
PTLC on silica gel (hexane/EtOAc 5:1) (81%); m.p. 103–110 8C;
1H NMR (CDCl3): d = 2.26 (tdt, J=6.3, 4.4, 1.9 Hz, 2H), 2.84 (td, J=


6.3, 1.9 Hz, 2H), 5.06 (q, J=1.9 Hz, 2H), 6.23 (tt, J=4.4, 1.5 Hz, 1H),
6.53 (dd, J=3.2, 0.7 Hz, 1H), 7.11 (ddd, J=8.0, 7.0, 1.0 Hz, 1H), 7.14 (d,
J=3.2 Hz, 1H), 7.19 (ddd, J=8.0, 7.0, 1.4 Hz, 1H), 7.25–7.41 (m, 6H),
7.64 (dt, J=8.0, 0.8 Hz, 1H), 7.68 ppm (t, J=1.9 Hz, 1H); 13C NMR
(CDCl3): d = 24.76, 26.13, 45.36, 101.64, 109.58, 119.47, 120.98, 121.69,
128.42, 128.46, 128.59, 128.72, 129.71, 134.61, 135.62, 135.68, 136.08,
136.41, 144.58, 187.88 ppm; HRMS (FAB): m/z : calcd for C22H19NO:
313.1467, found 313.1474 [M]+ .


2-Ethyl-4,4a,5,6,7,8,9,10-octahydrobenzocyclononen-1-one (3 f): Purified
by PTLC on silica gel (hexane/EtOAc 10:1) (99%); 1H NMR (CDCl3):
d = 1.03 (t, J=7.3 Hz, 3H), 1.13–1.27 (m, 1H), 1.29–1.50 (m, 6H), 1.59–
1.70 (m, 2H), 1.76–1.88 (m, 1H), 2.12–2.36 (m, 5H), 2.62–2.72 (m, 1H),
3.26–3.32 (m, 1H), 6.59 (ddq, J=6.4, 2.4, 1.2 Hz, 1H), 6.93 ppm (dd, J=


10.1, 7.6 Hz, 1H); 13C NMR (CDCl3): d = 12.79, 22.68, 22.89, 24.76,
25.48, 26.25, 26.94, 32.12, 33.08, 33.84, 137.84, 138.42, 140.98, 141.13,
187.81 ppm; HRMS (FAB): m/z : calcd for C15H23O: 219.1749, found
219.1742 [M+H]+ .


6-Methylene-3-phenyl-2-cyclohexen-1-one (3g): The reaction was carried
out with 7.5 mol% 10 at 40 8C; the crude mixture was purified by silica
gel column chromatography (hexane/EtOAc 5:1) (31%): The reaction
was also carried out with 2.5 mol% 11 at 100 8C; the crude mixture was
purified by PTLC on silica gel (hexane/EtOAc 4:1) (86%); m.p. 54–
55 8C; 1H NMR (CDCl3): d = 2.86–2.88 (m, 4H), 5.35 (td, J=0.9, 0.7 Hz,
1H), 6.05 (t, J=0.9 Hz, 1H), 6.54 (d, J=0.7 Hz, 1H), 7.39–7.43 (m, 3H),
7.52–7.57 ppm (m, 2H); 13C NMR (CDCl3): d = 28.58, 31.01, 119.76,
126.12, 128.77, 130.08, 138.68, 141.97, 159.68, 188.72 ppm; HRMS (FAB):
m/z : calcd for C13H12O: 185.0966, found 185.0972 [M+H]+ .


Procedures for the preparation of phenols 4


General procedure E (GP E, Table 2, entry 1): To a solution of 3
(0.170 mmol) in toluene (0.68 mL) was added DBU (0.170 mmol) under
nitrogen. After stirring at 70 8C for 24 h, the reaction mixture was con-
centrated under reduced pressure. The residue was worked up with 1n


aq HCl and extracted with EtOAc several times. The organic phases
were combined, dried over MgSO4, and concentrated under reduced
pressure. The residue was purified by PTLC on silica gel to give 4.


General procedure F (GP F): A mixture of 3 (0.170 mmol) and 10 mol%
p-toluenesulfonic acid monohydrate (0.017 mmol) in toluene (1.7 mL)
was stirred at 70 8C for 24 h. The reaction mixture was concentrated
under reduced pressure and the residue was purified by PTLC on silica
gel to give 4.


General procedure G (GP G): To a solution of 3 (0.170 mmol) in 2-prop-
anol (1.7 mL) was added 10 mol% Pd/C (0.017 mmol Pd). The resulting
mixture was stirred for 24 h at 70 8C. The mixture was passed through
Celite and concentrated under reduced pressure. The residue was puri-
fied by PTLC on silica gel to give 4.


General procedure H (GP H): A mixture of 3 (0.180 mmol) and
10 mol% RhCl3 (0.018 mmol) in 2-propanol (0.6 mL) and DMF (1.2 mL)
was stirred at 100 8C for 24 h. The reaction mixture was added to Et2O
and washed with water. The organic phase was dried over Na2SO4 and
concentrated under reduced pressure. The residue was purified by PTLC
on silica gel to give 4.


General procedure I (GP I): A solution of [RhCl ACHTUNGTRENNUNG(cod)]2 (0.00089 mmol)
in dioxane (1 mL) was added to a solution of Cs2CO3 (0.180 mmol) in
H2O (0.6 mL). To the mixture were added 3 (0.178 mmol) and dioxane
(0.2 mL). After stirring at 60 8C for 5 h, the reaction mixture was worked
up with brine and extracted with EtOAc several times. The organic
phases were combined, dried over Na2SO4, and concentrated under re-
duced pressure. The residue was purified by PTLC on silica gel to give 4.


2-Benzyl phenol (4a): The reaction was carried out according to the
GP I; purified by PTLC on silica gel (hexane/EtOAc 4:1) (93%). The
product was characterized by comparison of the spectroscopic data with
those reported previously.[29]


2-(4-Chlorobenzyl)phenol (4b): The reaction was carried out according
to the GP I; purified by PTLC on silica gel (hexane/EtOAc 5:2) (75%).
M.p. 56–60 8C; 1H NMR (CDCl3): d = 3.95 (s, 2H), 4.67 (s, 1H), 6.76 (d,
J=7.9 Hz, 1H), 6.89 (td, J=7.4, 1.2 Hz, 1H), 7.09 (d, J=7.3 Hz, 1H),
7.12 (dd, J=7.9, 1.6 Hz, 1H), 7.15 (d, J=8.3 Hz, 2H), 7.24 ppm (d, J=
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8.3 Hz, 2H); 13C NMR (CDCl3): d = 35.52, 115.57, 121.03, 126.66,
127.92, 128.57, 130.03, 130.89, 131.93, 138.65, 153.46 ppm; HRMS (FAB):
m/z : calcd for C13H11ClO: 218.0498, found 218.0504 [M]+ .


4-Cyclohexyl-2-methyl-3-phenylphenol (4c): The reaction was carried out
according to the GP F; purified by PTLC on silica gel (hexane/EtOAc
9:1) (77%). M.p. 58–61 8C; 1H NMR (CDCl3): d = 0.96–1.20 (m, 3H),
1.32 (qd, J=12.5, 3.1 Hz, 2H), 1.55–1.68 (m, 5H), 1.88 (s, 3H), 2.15 (tt,
J=12.2, 3.1 Hz, 1H), 4.73 (s, 1H), 6.79 (d, J=8.5 Hz, 2H), 7.06 (d, J=


8.2 Hz, 1H), 7.11 (dd, J=8.0, 1.6 Hz, 2H), 7.34 (tt, J=7.6, 1.6 Hz, 1H),
7.40 ppm (t, J=7.4 Hz, 2H); 13C NMR (CDCl3): d = 13.49, 26.10, 26.83,
34.69, 40.29, 114.07, 121.81, 123.99, 126.58, 128.09, 129.18, 138.57, 140.66,
142.30, 151.33 ppm; HRMS (FAB): m/z : calcd for C19H22O: 266.1671,
found 266.1676 [M]+ .


2-Methyl-6-phenylphenol (4d): The reaction was carried out according to
the GP I; purified by PTLC on silica gel (hexane/EtOAc 4:1) (92%);
This product was characterized by comparison of the spectroscopic data
with those reported previously.[30]


2-Indol-1-ylmethyl-6-benzylphenol (4e): The reaction was carried out ac-
cording to the GP I; purified by PTLC on silica gel (hexane/EtOAc 5:1)
(69%). M.p. 72 8C; 1H NMR (CDCl3): d = 3.97 (s, 2H), 4.77 (s, 1H),
5.28 (s, 2H), 6.52 (dd, J=3.2, 0.5 Hz, 1H), 6.73–6.82 (m, 2H), 7.03–7.35
(m, 10H), 7.63 ppm (d, J=7.8 Hz, 1H); 13C NMR (CDCl3): d = 36.89,
45.49, 77.27, 101.70, 109.79, 119.53, 120.98, 121.67, 124.65, 126.46, 127.04,
127.52, 128.30, 128.56, 128.71, 129.11, 130.50, 136.40, 138.61, 151.88 ppm;
HRMS (FAB): m/z : calcd for C22H19NO: 313.1467, found: 313.1476 [M]+.


4-Cyclohexyl-2-methyl-3-phenylphenol (4 f): The reaction was carried out
according to the GP G. purified by PTLC on silica gel (hexane/EtOAc
10:1) (86%). 1H NMR (CDCl3): d = 1.23 (t, J=7.5 Hz, 3H), 1.27–1.50
(m, 6H), 1.64–1.79 (m, 4H), 2.59 (q, J=7.5 Hz, 2H), 2.70–2.74 (m, 2H),
2.78–2.84 (m, 2H), 4.65 (s, 1H), 6.66 (d, J=7.8 Hz, 1H), 6.93 ppm (d, J=


7.7 Hz, 1H); 13C NMR (CDCl3): d = 13.90, 22.91, 24.09, 24.94, 25.34,
26.62, 27.44, 29.15, 33.27, 121.78, 126.21, 126.39, 126.88, 141.33,
151.02 ppm; HRMS (FAB): m/z : calcd for C15H22O: 218.1671, found
218.1672 [M]+ .


2-Methyl-5-phenylphenol (4g): The reaction was carried out according to
the GP I; purified by PTLC on silica gel (hexane/EtOAc 7:3) (95%);
This product was characterized by comparison of the spectroscopic data
with those reported previously.[31]


2-(4-Methoxybenzyl)-6-phenylphenol (4h) by Mizoroki–Heck reaction :
To a mixture of 6-methylene-2-phenyl-2-cyclohexen-1-one (3d)
(0.180 mmol) and 5 mol% palladium diacetate (9.0 mmol) in H2O
(0.36 mL) were added 4-methoxyphenyldiazonium tetrafluoroborate (12)
(0.273 mmol) and acetonitrile (0.36 mL). After stirring at 60 8C for 12 h,
the mixture was added water and extracted with EtOAc several times.
The combined organic phases were dried over Na2SO4 and concentrated
under reduced pressure. The residue was purified by PTLC on silica gel
(hexane/EtOAc 5:1) to give 4h (31.5 mg, 60%). 1H NMR (CDCl3): d =


3.78 (s, 3H), 3.99 (s, 2H), 5.27 (s, 1H), 6.84 (dt, J=7.3, 2.3 Hz, 2H), 6.92
(t, J=7.7 Hz, 1H), 7.09 (d, J=7.6 Hz, 1H), 7.11 (dd, J=7.7, 1.5 Hz, 1H),
7.19 (d, J=8.2 Hz, 2H), 7.43–7.50 ppm (m, 4H); 13C NMR (CDCl3): d =


35.47, 55.19, 113.86, 120.39, 127.81, 128.12, 128.13, 128.27, 129.16, 129.24,
129.82, 130.10, 132.47, 137.25, 150.32, 157.95 ppm; HRMS (FAB): m/z :
calcd for C20H18O2: 290.1370, found 290.1303 [M]+ .
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Introduction


Recent publication of the first crystal structure determina-
tion of a tyrosinase has opened a new perspective for under-
standing the chemical reactivity of this class of enzymes at a
molecular level.[1,2] Tyrosinases (Ty) are ubiquitous copper
enzymes mediating the hydroxylation of monophenols to o-
diphenols and subsequent two-electron oxidation to o-qui-
nones.[3] Specifically, tyrosine is converted to dopaquinone,
the first step of melanine synthesis.[4] Two-electron oxidation
of o-diphenols (catechols) to o-quinones is also catalyzed by
the related enzyme catechol oxidase (CO), which, however,
lacks monooxygenase activity.[5,6] The active sites of Ty and
CO exhibit two copper atoms both of which are coordinated
by three histidine residues (type 3 copper). The third group
of proteins with type 3 copper active sites is that of hemo-
cyanins (Hc), which serve as oxygen carriers in some arthro-
pods and mollusks and exhibit highly cooperative oxygen-
binding characteristics.[7]


There have been numerous attempts to reproduce and un-
derstand the chemical reactivity of tyrosinase with small-
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molecule model systems, both on the basis of the hydroxyl-
ation or oxidation of external substrates and on hydroxyl-
ation of the ligand.[8,9,10,11] In the latter case part of the
ligand coordinating one or both copper centers is hydroxy-
lated after exposure of the CuI complex to dioxygen. The
relevance of these reactions to tyrosinase has intensively
been discussed, and a molecular mechanism of tyrosinase
functionality has been suggested based on DFT calcula-
tions.[12, 13] It has further been established that both aliphatic
and aromatic parts of the ligand can be hydroxylated in this
way (aliphatic and aromatic ligand hydroxylation).[8,14] The
latter reactivity was discovered by Karlin and co-workers in
their study on [Cu2ACHTUNGTRENNUNG(XYL)] (XYL= tetrakis[2-(pyridin-2-
yl)ethyl]benzene-1,3-diamine).[15] Reaction of the CuI


2 pre-
cursor with O2 was found to lead to hydroxylation of the
bridging xylylene spacer in the 2-position. It was later
shown that the CuI


2 species binds O2 in a side-on bridging
fashion and that most probably the Cu2 m-h2 :h2-peroxo unit
mediates electrophilic attack on the aromatic ring, leading
to O�O cleavage and hydroxylation.[16] A mechanistic alter-
native to this scenario is full or partial conversion of the
CuII


2 m-h2 :h2 peroxo species to the CuIII
2 bis ACHTUNGTRENNUNG(m-oxo) form,


which then mediates the aromatic hydroxylation reaction.[17]


For the [Cu2ACHTUNGTRENNUNG(XYL)] complex, this pathway has been exclud-
ed. For other systems, however, aromatic ligand hydroxyl-
ation mediated by a Cu2 bis ACHTUNGTRENNUNG(m-oxo) species is well estab-
lished.[18]


A simplified version of the Karlin system is provided by
CuII bis ACHTUNGTRENNUNG(imine) complexes, which also mediate hydroxylation
of the bridging ligand on reaction with O2. This reaction has
been intensively studied as well,[19,20, 21,22] and its relevance to
the tyrosinase reaction has been stressed.[23,24] The binucleat-
ing ligand contains a bridging xylylene group carrying two
arms which provide two nitrogen donors (one imine and
one terminal amine) each. On exposure of the CuI precursor
to dioxygen, the central phenylene spacer is hydroxylated,
in analogy to the XYL complex (Scheme 1). In the latter
system, however, the bis ACHTUNGTRENNUNG(imine) ligation enforces an almost
planar molecular geometry, which highly restricts the config-
uration space involved in the ligand hydroxylation reaction.
Although it has been speculated that in this reaction a
peroxo or bis ACHTUNGTRENNUNG(m-oxo) intermediate is involved, no such inter-
mediate has ever been detected. Accordingly, key features
of the reaction course for this important class of tyrosinase
model systems have remained unclear to date.


Herein we present spectroscopic, kinetic, and theoretical
investigations on the Cu2 bis ACHTUNGTRENNUNG(imine) complex [Cu2-
ACHTUNGTRENNUNG(DAPA)]2+ (I ; DAPA=1,3-bis-[(3-(N-dimethyl)propyl)imi-
nomethyl]benzene; Scheme 1) with the goal of developing a
mechanistic scenario for the ligand hydroxylation reaction
occurring in this system. To this end the kinetics of the reac-
tion were studied in different solvents and at different tem-
peratures, and a deuterium-substituted ligand was also em-
ployed. In order to monitor the time course of the hydroxyl-
ation spectroscopically the UV/Vis spectra of the CuI pre-
cursor I and the hydroxylated CuII product II were analyzed
and compared with each other. Moreover, the vibrational
spectroscopic properties of the reactant and the product
were determined. In particular, the IR and Raman spectra
of the CuII complex II are analyzed with the help of 18O sub-
stitution and quantum chemical calculations. Reactant I and
product II were further characterized by X-ray crystallogra-
phy. Density functional theory was employed to identify po-
tential reaction pathways leading from the initially formed
m-h2 :h2 peroxo dicopper intermediate to the hydroxylated
product II. The quantum chemical results are discussed in
light of the experimental findings, and implications for the
reactivity of tyrosinase are considered.


Experimental and Computational Details


Materials and techniques : The reagents isophthalaldehyde and 3-dime-
thylaminopropylamine were used as received from Aldrich Chemical Co.
Tetrakis(acetonitrile)copper(I) hexafluorophosphate was either obtained
commercially from Aldrich or synthesized from copper(I) oxide accord-
ing to a method described in the literature.[25] Solvents used were all of
reagent grade and were further purified by refluxing over drying agents
and distilling under argon. Methanol was distilled from Mg ACHTUNGTRENNUNG(OCH3)2, di-
ethyl ether from LiAlH4, and acetonitrile from CaH2. The NMR spectra
were recorded at 300 K on a Bruker Avance 400 Pulse Fourier Transform
spectrometer operating at a 1H frequency of 400.13 MHz and 13C fre-
quency of 100.62 MHz relative TMS as standard. Elemental analysis was
performed using an Euro Vector CHNS-O element analyzer (Euro EA
3000). Samples were burned in sealed tin containers in a stream of
oxygen. FTIR spectra were recorded in KBr pellets on a Mattson Gene-
sis Type I spectrometer. Optical absorption spectra of solutions were re-
corded on a Cary 5 UV/Vis/NIR spectrometer equipped with a CTI cryo-
cooler. Raman spectra were recorded on a Bruker IFS 66 FT spectrome-
ter equipped with a Raman assembly.


Variable-temperature stopped-flow measurements allowed the collection
of time-resolved UV/Vis spectra for the fast reaction of I with dioxygen
in methanol. Solutions of the complexes were prepared in a glove box
(MBraun, Garching, Germany) and transferred by syringe to the low-
temperature stopped-flow instrument. A dioxygen-saturated solution was
prepared by bubbling dioxygen through methanol in a syringe (solubility
of dioxygen in MeOH at 25 8C: 8.5 mm).[26] Lower dioxygen concentra-
tions were obtained by mixing these solutions with argon-saturated sol-
vents. The reaction was studied under pseudo-first-order conditions
([complex]! [O2]), and time-resolved UV/Vis spectra of the reactions of
dioxygen with copper(I) complexes were recorded with a modified Hi-
Tech SF-3L low-temperature stopped-flow unit (Salisbury, UK) equipped
with a J & M TIDAS 16-500 photodiode-array spectrophotometer (J &
M, Aalen, Germany). Data fitting was performed with the integrated J &
M software Kinspec. Details of such studies have been described previ-
ously.[27]


Single-crystal structure analysis : The X-ray crystallographic data for com-
plex I were collected at 173 K on a STOE IPDS diffractometer equipped


Scheme 1. Hydroxylation of the Cu2 ACHTUNGTRENNUNG(DAPA) core of I leading to product
II (charges are omitted).
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with a low-temperature system (Karlsruher Glastechnisches Werk). MoKa


radiation (l =0.71069 O) and a graphite monochromator were used. Cell
parameters were refined by using up to 5000 reflections. No absorption
corrections were applied. The structure was solved by direct methods
with SHELXS97, and refined as a racemic twin by using full-matrix least-
squares techniques in SHELXL97 (BASF parameter: 0.542). An attempt
to solve and refine the structure in the centrosymmetric space group P21/
m was unsuccessful. The hydrogen atoms were positioned geometrically
and all non-hydrogen atoms were refined anisotropically, if not men-
tioned otherwise. Details of the structure determination are given in
Table 1.


Data collection on complex II was performed with an Imaging Plate Dif-
fraction System (IPDS-1) from STOE & CIE. Structure solution was
done with SHELXS-97, and structure refinement against F2 with
SHELXL-97. All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. All CH hydrogen atoms were positioned with ide-
alized geometry and were refined isotropically by using a riding model.
The OH H atom was located in the difference map; its bond length was
set to ideal values and afterwards it was refined by using a riding model.
CCDC-686492 (I) and CCDC-686493 (II) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Tetrakis(acetonitrile)copper(I) perchlorate : CuCO3 was added to
perchloric acid (10 mL) until the solution was saturated. The remaining
precipitate was filtered off and the solution was concentrated in vacuo.
After cooling the solution overnight, blue crystals precipitated, which
were filtered off and dissolved in acetonitrile. The blue solution was re-
fluxed with copper turnings under argon till the color disappeared. After
cooling of the colorless solution colorless crystals precipitated, which


were filtered off and dried. Elemental analysis (%) calcd for
CuC8H12N4ClO4: C 29.37, H 3.7, N 17.12, Cl 10.84; found: C 29.2, H 3.66,
N 17.4, Cl 10.81.


1,3-bis{[3-(N,N-dimethyl)propyl]iminomethyl}benzene (DAPA): Iso-
phthalaldehyde (400 mg, 2.98 mmol) and (610 mg, 5.96 mmol) 3-
dimethyl ACHTUNGTRENNUNGaminopropylamine were dissolved in methanol (40 mL) and the
solution heated to reflux for 1 h. The solvent was removed on a rotary
evaporator and the remaining yellow oil dried in vacuo. The product was
purified by chromatography on silica gel with methanol as eluant (Rf =


0.4). Elemental analysis (%) calcd for C18H30N4: C 71.48, H 10.0, N
18.52; found: C 70.93, H 10.35, N 18.53; 1H NMR (400 MHz, CD2Cl2/
TMS): d=8.3 (s, 2H; imine H), 8.03 (s, 1H; ArH), 7.76 (dd, 2H; ArH),
7.44 (t, 1H; ArH), 3.61 (dt, 4H,=NCH2), 2.3 (t, 4H; -CH2N), 2.18 (s,
12H; CH3), 1.81 ppm (q, 4H; -CH2-);


13C NMR (100.6 MHz, CD2Cl2/
TMS): d=160.2, 137.0, 129.6, 128.7, 127.5, 59.4, 57.4, 42.2, 29.0 ppm; MS
(EI, 70 eV): m/z (%): 303.4 (100) [M+]; calcd: 303.46.


ACHTUNGTRENNUNG[CuI
2 ACHTUNGTRENNUNG(DAPA)ACHTUNGTRENNUNG(CH3CN)]2+ (I): The complex was prepared under argon


atmosphere, either according to the published procedure as the PF6 salt
(Ia)[28] or as the ClO4 salt (Ib) by using the following modified proce-
dure: DAPA (230 mg, 0.76 mmol) was dissolved in dry, degassed metha-
nol (20 mL). Tetrakis(acetonitrile)copper(I) perchlorate 296 mg
(1.52 mmol) was added. The resulting yellow solution was heated for 1 h.
After concentrating the solution to 10 mL a yellow solid precipitated,
which was filtered off and washed with degassed methanol (2R5 mL).
1H NMR (400 MHz, CD3CN/TMS): d=8.37 (s, 2H, imine H), 8.25 (s,
1H, ArH), 7.93 (d, 2H, ArH), 7.55 (t, 1H, ArH), 3.72 (t, 4H,=NCH2),
2.51 (t, 4H, -CH2N), 2.23 (s, 12H, CH3), 1.81 ppm (q, 4H, -CH2-);
13C NMR (100.6 MHz, CD3CN/TMS): d=163.2, 137.0, 131.8, 130.0, 129.1,
62.7, 60.7, 47.2, 29.3 ppm. Crystals suitable for diffraction studies were
obtained by diffusion of diethyl ether into a solution of Ia in acetonitrile.


Synthesis of the tetraphenylborate salt of [CuI
2ACHTUNGTRENNUNG(DAPA)] (Ic): Salt Ib


(200 mg, 0.32 mmol) was dissolved in dry, degassed acetonitrile (10 mL).
Potassium tetraphenylborate (228 mg, 0.64 mmol) dissolved in acetoni-
trile (15 mL) was added. After concentrating the yellow solution to
10 mL a colorless solid precipitated and was filtered off. The solution was
evaporated to dryness and the yellow residue was used without further
purification. The conversion of the perchlorate to the tetraphenylborate
salt was checked for completeness by IR spectroscopy. The perchlorate
bands were absent in the product.


ACHTUNGTRENNUNG[CuII
2- ACHTUNGTRENNUNG(DAPA-O)(OH)] (II), perchlorate salt : Salt Ib (60 mg) was dis-


solved in dry dichloromethane (40 mL). Dioxygen was bubbled through
the solution for 5 min. The color changed from yellow to green. The solu-
tion was concentrated to 5 mL. On adding 20 mL of diethyl ether a green
solid precipitated, which was filtered off. The product was recrystallized
from dichloromethane by diffusing diethyl ether into the solution. Green
crystals were obtained. Elemental analysis (%) calcd for C18H30N4Cu2O2-
ACHTUNGTRENNUNG(ClO4)2 ACHTUNGTRENNUNG(CH2Cl2): C 30.6, H 4.33, N 7.52; found: C 31.1, H 4.78, N 7.63;
UV/Vis (CH3CN) lmax (e)=255 (35753), 357 (9135), 628 nm
(253 m


�1 cm�1). The 18O isotopomer of II was prepared analogously by
employing 18O2 instead of 16O2.


[D6]Isophthalaldehyde : m-[D10]xylene 2.5 g (21.55 mmol) was dissolved
in CCl4 (250 mL). N-Bromosuccinimide (22.55 g, 126.7 mmol) and one
drop of bromine were added. The reaction was started with small
amounts of 2,2’-azobisisobutyronitrile and the mixture was heated for
15 h under reflux. The succinimide was filtered off and after removal of
the solvent the product was used without further purification. The red-
dish product was dissolved in H2SO4 (30 mL) at 110 8C. After the forma-
tion of bromine the solution was hydrolyzed with ice (100 mL) and ex-
tracted with methyl tert-butyl ether (MTBE). The combined organic
phases were neutralized with NaHCO3 solution and the aqueous phase
was again extracted with MTBE. The combined organic phases were
dried over MgSO4 and after removal of the solvent the product was puri-
fied by chromatography on silica gel with dichloromethane as eluant
(Rf=0.35). 1H NMR showed no signals; 13C NMR (100.6 MHz, CD2Cl2/
TMS): d=190.7 (deutero-t), 136.9 (s), 134.1 (deutero-t), 130.2 (deutero-
t), 129.4 ppm (deutero-t); MS (EI, 70 eV): m/z (%): 141.1 (100) [M+];
calcd: 141.2.


Table 1. Crystal data and structural refinement for I and II.


Parameter I II


empirical formula C24H39N7Cu2P2F12 C19H32N4Cu2Cl4O10


formula weight 842.64 745.37
temperature [K] 173(2) 170(2) K
crystal system monoclinic triclinic
space group P21 P1̄
wavelength [O] 0.71073 0.71073
a [O] 11.491(2) 7.8818(9)
b [O] 25.391(5) 13.955(2)
c [O] 12.564(3) 14.649(2)
a [8] 62.06(2)
b [8] 105.59(3) b=84.90(2)
g [8] 81.66(2)
V [O3] 3530.8(12) 1407.9(3)
Z 4 2
1calcd [Mgm�3] 1.585 1.758
abs. coeff. [cm�1] 1.386 1.948
crystal size [mm] 0.25R0.1R0.12 0.2R0.2R0.1
q range for data collection [8] 2.13–26.04 2.61–25.03
index ranges �14�h�13,


�31�k�31,
�14� l�15


�9�h�9,
�16�k�16,
�17� l�17


reflns collected 24832 12085
independent reflns 13443 4681
reflns with I>2s(I) 6125 3304
Rint 0.1061 0.1250
GOF on F2 0.780 0.998
R1 [I>2s(I)] 0.0532 0.0519
wR2 [I>2s(I)] 0.0845 0.1172
R1 (all data) 0.1389 0.0805
wR2 (all data) 0.1065 0.1319
max./min. residual electron den-
sity [eO�3]


0.489/�0.324 0.646/�1.242


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9714 – 97299716


M. C. Holthausen, S. Schindler, F. Tuczek et al.



www.chemeurj.org





ACHTUNGTRENNUNG[CuI
2([D6]DAPA) ACHTUNGTRENNUNG(CH3CN)3]ACHTUNGTRENNUNG(ClO4)2 (ID): [D6]Isophthalaldehyde (0.4 g,


2.82 mmol) was dissolved in dry methanol (40 mL). 3-Dimethylaminopro-
pylamine (0.75 mL, 5.9 mmol) was added and the solution heated to
reflux for 1 h. After cooling tetrakis(acetonitrile)copper(I) perchlorate
(1.1 g, 5.9 mmol) was added to the orange solution, which was stirred for
1 h. After concentrating the solution to 10 mL, a yellow solid precipitat-
ed, which was filtered off and washed with degassed methanol (2R5 mL).
1H NMR (400 MHz, CD3CN/TMS): d=3.74 (t, 4H,=NCH2), 2.53 (t, 4H;
�CH2N), 2.24 (s, 12H; CH3), 1.82 ppm (q, 4H; �CH2�); 2H NMR
(61.4 MHz, CD3CN/TMS) between 7.4 and 8.4 ppm four peaks with inte-
gration ratio 2:2:1:1 were observed; 13C NMR (100.6 MHz, CD3CN/
TMS): d=61.8, 59.8, 46.2, 28.2 ppm.


ACHTUNGTRENNUNG[CuII
2([D6]DAPA-O)(OH)], perchlorate salt (IID): Salt ID (60 mg) was


dissolved in dry dichloromethane (40 mL). Dioxygen was bubbled
through the solution for 5 min. The color changed from orange to green.
The solution was concentrated to 5 mL. By adding diethyl ether (20 mL),
a green solid precipitated which was filtered off and recrystallized from
dichloromethane. Elemental analysis (%) calcd for C18H12D6N4Cu2O2-
ACHTUNGTRENNUNG(ClO4)2: C 32.44, H 5.44, N 8.41; found: C 32.92, H 5.28, N 8.20.


Caution! Although the compounds reported in this paper seem to be
stable to shock and heat, extreme care should be used in handling them
because of the potential explosive nature of perchlorate salts.


Computational methods : Quantum-chemical calculations on reaction
pathways were performed at the DFT level with the three-parameter
hybrid functional B3LYP/G[29] as implemented in the ORCA program.[30]


Geometry optimizations and harmonic frequency calculations were per-
formed by employing the SVP basis set of Ahlrichs and co-workers[31] for
all atoms. In all calculations we used the TightSCF, NoFinalGrid, and
Grid4 options/cutoffs, and the RIJONX approach[32] was used together
with the SV/J auxiliary basis set[33] for enhanced numerical efficiency via
the RI approximation.[34] Solvation effects were included in these calcula-
tions by employing the COSMO continuum model (solvent acetonitrile,
dielectric constant at room temperature e =36.6; the following radii were
used for construction of the cavity: H: 1.300, C: 2.000, N: 1.830 O, O:
1.720, Cu: 2.223, solvent: 1.300 O).[35] The nature of stationary points lo-
calized (minima or transition structures) were identified by Hessian cal-
culations based on numerical evaluation of energies and analytical gradi-
ents, which were also used to obtain zero-point vibrational energy
(ZPVE) and thermal contributions to Gibbs free energies at 298.15 K.
We verified the connections between minima and transition structures
implied in Figure 12 below by intrinsic reaction coordinate (IRC) calcula-
tions. For transition-state searches, IRC calculations, and numerical Hes-
sian calculations we used the Gaussian 03[36] external driver facility in
combination with a Gau_External module that we developed to extract
energies and gradients from ORCA calculations, which were then fed
into geometry optimization driver routines of the Gaussian 03 pro-
gram.[37] Improved final energies were obtained by single-point calcula-
tions employing the B3LYP/G functional in combination with the TZVP
basis of Ahlrichs and co-workers and the COSMO continuum solvent
model (together with the TZV/J auxiliary basis sets, with all other pro-
gram parameters and options as described above).


In several instances frequency analyses of stationary points obtained for
the full molecular model showed spurious imaginary modes related to ro-
tation of the methyl groups at the tert-amine N donor atoms, which seri-
ously affects the use of computed ZPVE and thermal contributions to
obtain Gibbs free energies. In view of the unjustifiably large numerical
effort necessary for repeated reoptimizations of geometries and numeri-
cal frequency calculations, we decided to perform investigations on reac-
tion pathways based on a simpler molecular model, in which we replaced
the methyl groups by hydrogen atoms.


In all species studied here (but TS8 with its closed-shell singlet ground
state wave function, see Figure 12 below and Table S1, Supporting Infor-
mation), the presence of two coupled CuII ions with their formal d9 elec-
tronic configuration gives rise to spin–spin coupling phenomena, that is,
the two unpaired electrons can couple to yield singlet or triplet states.
While treatment of the triplet states is straightforward within the spin-un-
restricted Kohn–Sham framework, a description of the corresponding sin-
glet states by spin-restricted Kohn–Sham calculations can be highly prob-


lematic, depending on the strength of the spin–spin coupling. The
broken-symmetry (BS) approach has been identified as an efficient
means to include the dynamic and static correlation effects underlying
these magnetic interactions to a large extent, and it has been applied to
related bioinorganic problems with considerable success.[38] Following the
suggestion of Noodleman et al.[39] we applied spin-unrestricted broken-
symmetry calculations for the antiferromagnetically coupled singlet
states. The overlap integrals ha jbi of the magnetic orbitals obtained for
the BS wave functions vary significantly (Table S1, Supporting Informa-
tion), which indicates strongly varying coupling strengths between the
spin centers involved. We therefore applied the formalism of Yamaguchi
et al.[40] to obtain the Heisenberg coupling parameter J related to the
phenomenological Heisenberg Hamiltonian H=�2JSASB [Eq. (1)].


J ¼ � EHS�EBS


hS2iHS�hS2iBS
ð1Þ


This approach covers the range from weak to strong coupling situations.
The BS wave functions were obtained by employing the corresponding
orbital transformation procedure implemented in ORCA.[41] In the pres-
ent context, a negative value for J corresponds to an “antiferromagneti-
cally coupled” or “open-shell” singlet ground state.


For some species involved in the reaction pathways discussed below we
found triplet ground states (J=++25 to +534 cm�1, see Table S1, Support-
ing Information). In some instances we reoptimized the corresponding
triplet structures, but we did not observe any significant energy lowering
or structural change (e.g., 1 kcalmol�1 in the case of 1 with essentially un-
altered structural features). Analysis of spin densities for all species in-
vestigated revealed that all magnetic interactions are caused by interac-
tions of spin densities essentially localized on the copper ions with their
formal d9 electronic configurations. These CuII-based spin systems exhibit
antiferromagnetically coupling in most cases, which gives rise to singlet
ground states, but triplet ground states result in some instances as a con-
sequence of ferromagnetic spin coupling. The intricacies of magnetic cou-
pling in related Cu2O2 systems due to the interplay between electronic
and structural properties are the subject of ongoing research,[42] and, in
view of the general tendency of the B3LYP functional to overestimate
the stability of high-spin over low-spin states for transition metal ions,[43]


they are outside the scope of the present study. The small energy differ-
ences between singlet and triplet species documented in Table S1
(<2 kcalmol�1 in all cases) are insignificant in the context of our investi-
gation of reaction pathways. Hence, for the present system we can safely
exclude the possibility that copper-based spin coupling gives rise to a
prominent two-state reactivity scenario[44] in the sense that spin crossover
phenomena could provide alternative reaction pathways that significantly
alter the mechanistic scenario proposed below.[45]


Additional calculations were performed to support analysis of experi-
mental IR and resonance-Raman spectra. Here we used the UBP86 func-
tional[46] to optimize (BS) the singlet structure for the full molecular
model of the hydroxylated product, starting from the X-ray structure of
II. It is well established that this level of DFT quite generally provides vi-
brational frequencies in good agreement with experimentally determined
spectra.[47,48] Calculated frequencies were therefore used without further
scaling.


Results


X-ray structure analysis
CuI complex Ia : The DAPA ligand and the corresponding
copper complex were prepared according to the literature.[25]


Despite the facile synthesis of I and related bis ACHTUNGTRENNUNG(imine) com-
plexes, crystallographic characterizations of these com-
pounds are rare. Recently a copper(I) complex with a ligand
similar to DAPA (ethylene instead of propylene bridges)
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was structurally characterized, but in this case a dinuclear
complex with a CuI:ligand ratio of 2:2 was obtained.[49]


After optimizing conditions in our crystallization experi-
ments we succeeded in obtaining crystals of [CuI


2ACHTUNGTRENNUNG(DAPA)-
ACHTUNGTRENNUNG(CH3CN)3] ACHTUNGTRENNUNG(ClO4)2 (Ia). The molecular structure of the com-
plex cation is shown in Figure 1.


Compound Ia crystallizes in the monoclinic space group
P21 with two complex cations and four anions per unit cell.
The two copper(I) centers are bridged by a m-xylyl group
with a Cu1···Cu3 separation of 7.1(1) O. Each copper ion is
coordinated by one imine nitrogen atom (N1/N4) and one
aliphatic amine nitrogen atom (N2/N5) per bidentate DAPA
arm. As additional coligands one or two acetonitrile mole-
cules are ligated to the copper ions. One N-bonded MeCN
molecule completes the almost trigonal-planar coordination
geometry of Cu1. With two bound acetonitrile molecules
the coordination geometry around Cu3 is best described as
distorted tetrahedral. The formation of six-membered che-
late rings leads to respective N1-Cu1-N2 and N4-Cu3-N5
angles of 96.7(3) and 95.2(3)8 which substantially deviate
from ideal trigonal or tetrahedral geometry. The dihedral
angle between the N1-Cu1-N2 and N4-Cu3-N5 planes is
53.098. As expected, the Cu�N bond lengths of the tricoor-
dinate Cu1 center are shorter than that of Cu3 (see Support-
ing Information). The “harder” amine nitrogen atoms N2
and N5 are bound more weakly to the copper(I) ion than
the imine nitrogen atoms N1 and N4.


Feringa and co-workers have reported the synthesis and
characterization of a structurally related binuclear CuI com-
plex, in which each copper center is coordinated to one bi-
dentate ligand arm and one acetonitrile molecule.[50] Com-
parison of this crystal structure with that of Ia reveals quite
similar Cu�N bond lengths, all in the range typical for
three-coordinate CuI complexes,[50,51] while the two com-
plexes differ in the bond angles around the copper ions be-
cause of their different donor-atom environments (aliphatic
amine versus pyridine nitrogen donor atoms). A larger che-


late ring size and a different Cu-to-ligand ratio are also re-
sponsible for significant differences in bond lengths and
angles between Ia and a binuclear CuI Schiff base complex
characterized recently by Mukherjee and co-workers.[49] Fur-
thermore, comparison of I with a related dinuclear macrocy-
clic Schiff base copper(I) complex previously described by
Utz et al. as well as by Rieger and co-workers also shows
differences in bond lengths and angles around the tetracoor-
dinate Cu3 center of I.[21,52] Most likely this is a consequence
of the macrocyclic ligand, which enforces a bowl shape of
the complex, and compared to I it has a much smaller
Cu···Cu separation of 4.250(3) O. Dinuclear copper(I) com-
plexes of the nonmacrocyclic ligand derivative have been
described recently, but for these no hydroxylation reactions
were observed.[53]


CuII complex II : Oxygenation of the CuI precursor Ib in di-
chloromethane leads to the CuII


2 complex II. Single crystals
suitable for X-ray analysis were obtained by diffusion of di-
ethyl ether into a solution of II in dichloromethane. The
structure of the complex is shown in Figure 2. Compound II
crystallizes in the triclinic space group P1̄ with Z=2 and all
atoms in general positions. Each of the two crystallographi-
cally independent copper atoms is coordinated by two nitro-
gen atoms and one oxygen atom of the ligand as well as one
hydroxyl oxygen atom within a strongly distorted square-
planar geometry (Figure 2). There are two additional con-
tacts to oxygen atoms of perchlorate anions of 2.4497(4) O
(Cu1�O11) and 2.6724(3) O (Cu2�O13). If these contacts
are taken into account the coordination around the copper
atoms can be described as strongly distorted octahedral. In
II the copper atoms are connected by the perchlorate anions
to form chains which extend in the direction of the crystallo-
graphic a axis.


Figure 1. Molecular structure of the cation of I. Selected bond lengths [O]
and angle [8]: Cu1�N3 1.85(1), Cu1�N1 1.96(9), Cu1�N2 2.055(8), Cu3�
N7 1.96(1), Cu3�N6 2.02(1), Cu3�N4 2.019(9), Cu3�N5 2.11(1); Cu3-
Cu1-N1 138.9(3).


Figure 2. Molecular structure of the cation of II. Selected bond
lengths [O] and angles [8]: Cu1�O2 1.899(3), Cu1�O1 1.986(4), Cu2�O2
1.899(4), Cu2�O1 1.991(3), Cu1�Cu2 3.0546(11), O1�C1 1.324(6), Cu1�
N1 1.938(4), Cu1�N2 2.025(5), Cu2�N3 1.948(5), Cu2�N4 2.031(4); N1-
Cu1-N2 95.13, N3-Cu2-N4 97.8, Cu1-O1-Cu2 100.39, Cu2-O2-Cu1 107.07.
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Evidently the phenyl ring of the bis ACHTUNGTRENNUNG(imine) ligand has
been hydroxylated on the reaction of Ib with O2 to form a
phenoxo group that bridges the two CuII centers; a second
bridge is provided by a hydroxo ligand. The m-hydroxo m-
phenoxo Cu2 unit is coordinated by the two terminal amine
and two imine nitrogen atoms of the bis ACHTUNGTRENNUNG(imine) ligand to
give an almost perfectly planar dinuclear complex with
square-planar coordination of each CuII center. The Cu···Cu
distance is 3.055 O and the average Cu···N distances are
1.94 O for the imine nitrogen atoms (N1 and N3) and
2.03 O for the amine nitrogen atoms (N2 and N4). Similar
to the CuI complex the N1-Cu1-N2 and N3-Cu2-N4 angles
are 95.1(3) and 97.88, due to formation of a six-membered
chelate ring. As expected, the molecular structure of II is
very similar to that of this complex published by Drew
et al.[28] The Cu···Cu distance in II is slightly longer (3.055 in-
stead of 3.015 O), most likely as a consequence of the water
molecule that is additionally coordinated to CuB in the
complex of Drew et al. Moreover, two perchlorate anions
are coordinated at about 2.5 O (vide supra).


Spectroscopic investigations


UV/Vis spectroscopy : The UV/Vis spectrum of II in acetoni-
trile is shown in Figure 3. It exhibits two intense bands in
the region between 200 and 300 nm and one band at 357 nm
(e=10000m


�1 cm�1) The latter feature is absent in the spec-
trum of CuI precursor I, which only shows a rising slope
below 300 nm with a couple of weak shoulders. The 357 nm
band is therefore the most conspicuous UV/Vis spectroscop-
ic signature of the oxygenated complex. It has been assigned
to a charge-transfer transition from the CuII centers to the
hydroxylated bis ACHTUNGTRENNUNG(imine) ligand.[22] At higher concentration a
weak absorption band can also be detected at 663 nm, which
is assigned to a ligand-field transition of the square-planar
CuII centers. Oxygenation of I to II proceeds only slowly in
acetonitrile (see below); therefore, we employed methanol
as solvent as well. Figure S1 (Supporting Information) shows


the spectra of I and II in methanol; the spectrum of II was
obtained after bubbling O2 through a solution of I. As in the
spectrum of II in acetonitrile, an intense band is observed at
360 nm and a ligand-field band at 700 nm.


Vibrational spectroscopy : Infrared and Raman spectra of I
and II were obtained from solid samples at room tempera-
ture and are presented in Figure 4–7. We also studied the
18O isotopomer of II, which was prepared by reaction of I
with 18O2. Spectral assignments were facilitated by compari-


son with computed harmonic frequencies at the UBP86/SVP
level, which show an overall pleasing agreement with the ex-
perimental results (Figure 5). In contrast to our initial ex-
pectation 16O/18O isotopic substitution in II does not lead to
the identification of a unique vibrational signature for a
C�O stretching vibration. Detailed analysis of the computed
spectra reveals instead that there are several normal modes
with varying C�O stretching contributions. Here we report


Figure 3. UV/Vis spectra of Ib (dotted line, 8R10�5 molL�1) and II (solid
line, 11R10�5 molL�1) in acetonitrile.


Figure 4. IR spectra of Ib (dotted) and II (solid).


Figure 5. Experimental (bottom) and calculated (top) IR spectra of II
(solid lines) and 18O2-II (dotted lines) with isotope-sensitive bands.


Chem. Eur. J. 2008, 14, 9714 – 9729 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9719


FULL PAPERAromatic Hydroxylation in a Copper BisACHTUNGTRENNUNG(imine) Complex



www.chemeurj.org





only assignments of the most prominent vibrational features
as a result of a careful correlation between measured and
computed spectra. Figure 8 shows dominant atomic contri-
butions to normal modes for the vibrations discussed below.


The IR (Figure 4 and Figure 5) and Raman (Figure 6 and
Figure 7) spectra of I and II show an intense signal at
1630 cm�1 which correlates with a normal mode in the com-
puted spectra dominated by the symmetric stretching
motion of the Schiff base C=N bonds (1622 cm�1, see
Figure 8); this band exhibits a second feature due the corre-
sponding antisymmetric vibration (computed at 1615 cm�1,
not shown in Figure 8) with much lower intensity. On oxy-
genation of I an intense band appears in the spectrum of II
at 1568 cm�1 (Figure 4). This band corresponds to a vibra-
tion at 1551 cm�1 in the computed spectrum (Figure 8) and
can be assigned to an asymmetric deformation mode in the
aromatic ring in II. As consistently revealed by both experi-
mental and computed spectra, neither band shows any C�O
participation. Buried among a series of bands between 1443
and 1394 cm�1 due to C�H stretching and bending vibra-
tions of all parts of the ligand, the computed spectra exhibit
an intense peak at 1424 cm�1 (shifted to 1420 cm�1 on 18O
substitution) that contains some C�O stretching component.
In the experimental spectra this signal occurs on oxygena-
tion of I at 1450 cm�1 (Figure 4) but does not show any sig-
nificant isotopic shift in the spectrum of 18O-II. One band at
1357 cm�1 in the spectrum of I moves to 1339 cm�1 in the
spectrum of II. Comparison of the IR spectra of 16O-II and
18O-II (Figure 5) reveals a significant 18O shift of this mode
from 1339 cm�1 in 16O-II to 1329 cm�1 in the spectrum of
18O-II. Almost the same isotopic shift (11 cm�1) is found in
the computed spectra (1332 cm�1!1321 cm�1), in line with a
significant C�O contribution to this normal mode (see
Figure 8). A lower-energy band at 866 cm�1 shifts to
861 cm�1 on isotopic substitution. This is reproduced by a
computed vibration at 863 cm�1 which shifts to 857 cm�1 and
involves significant O motion (see Figure 8).


The FT Raman spectra of I and II obtained with lexc=


1064 nm are shown in Figure 6. A comparison of the FT
Raman spectra of 16O-II and 18O-II (Figure 7) reveals only
small isotopic shifts. After oxygenation of I two prominent
new peaks appear at 1450 and 1257 cm�1, but only the latter
has some minor C�O contribution: In the region around
1250–1280 cm�1, where normally the (phenolate) C�O
stretching vibration is found,[16,54] only the intense peak at
1257 cm�1 shifts to 1254 cm�1 upon 18O substitution, and
DFT calculations indeed reveal some minor contribution
from the C�O stretch to this vibration (1249!1247 cm�1;
not shown in Figure 8). Three less intense peaks with small
isotope shifts are observed at 1313 cm�1 (shifting to
1308 cm�1), 1330 cm�1 (shifting to 1327 cm�1) and 1371 cm�1


(shifting to 1366 cm�1). The lowest-energy band may corre-
spond to the vibration calculated at 1317 cm�1, shifting to
1315 cm�1 (see Figure 8).


To conclude, the only vibration with a strong isotope shift
(�10 cm�1) is located at 1339 cm�1 (exptl; calcd: 1332 cm�1)
and has mostly IR intensity. It has the most prominent C�O


contribution in the spectral range investigated. Some other
vibrations show minor isotope shifts on the order of �3 to
�5 cm�1, depending on the contribution of the C�O stretch-
ing motion.


Kinetic investigations : Yellow solutions of Ia in methanol
turn immediately green when exposed to dioxygen with for-
mation of II. Time-resolved spectra could be obtained by
low-temperature stopped-flow techniques; a typical example
of the oxidation reaction in methanol is shown in Figure 9.
The spectra resemble those obtained previously by some of
us in kinetic studies on the related imine systems [Cu2-
ACHTUNGTRENNUNG(HBPB-H) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(BF4)2 and [Cu2mac ACHTUNGTRENNUNG(CH3CN)2]ACHTUNGTRENNUNG(ClO4)2
(HBPB=1,3-bis[N-(2-pyridylethyl)formimidoyl]benzene;
mac=3,6,9,17,20,23-hexaazatricyclo[2.3.3.1.1]triaconta-1(29),
2,9,11(30),12(13),14,16,23,25,27-decaene).[27] Again, similar
to these systems, we could not detect the buildup of a dioxy-
gen adduct. This is in contrast to the complex [Cu2ACHTUNGTRENNUNG(XYL)]
reported by Karlin and co-workers, for which spectroscopic
detection of such an intermediate was possible at low tem-


Figure 6. FT Raman spectra of Ib (dotted line) and II (solid line).


Figure 7. FT Raman spectra of II (solid line) and 18O-II (dotted line).
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peratures.[15,16] The lack of a detectable O2 intermediate
most likely is the consequence of rate-determining forma-
tion of the reactive intermediate and much faster consecu-
tive reactions according to the general Equation (2).


½Cu2L�2þ þO2
k1


slow
��!½Cu2LðO2Þ�


k2


fast
�!product ð2Þ


Immediately after the dioxygen adduct is formed it further
reacts to give the product(s) and therefore cannot be ob-
served spectroscopically. As a consequence, no kinetic data
for conversion of the peroxo complex to the hydroxylated
product complex could be obtained.


The absorbance versus time
traces could be fitted by using
one exponential or the sum of
two or three exponential func-
tions at different temperatures
(see Figure 9). Acceptable fit-
ting over a larger temperature
range was, however, not possi-
ble. Moreover, we observed a
linear dependence on dioxygen
concentration for two rate con-
stants with an intercept. This
result was not surprising insofar
as similar difficulties had been
encountered for the complexes
[Cu2ACHTUNGTRENNUNG(HBPB-H) ACHTUNGTRENNUNG(CH3CN)2]-
ACHTUNGTRENNUNG(BF4)2 (here a more detailed
discussion on the different pos-
sible reaction pathways has
been given) and [Cu2ACHTUNGTRENNUNG(mac)-
ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2 (vide supra).
From the present findings we
can at least state that one part
of the rate law should contain


the term kobs[O2], consistent with the occurrence of a dioxy-
gen adduct as an intermediate. The reaction proved to be
faster than observed for [Cu2ACHTUNGTRENNUNG(HBPB-H) ACHTUNGTRENNUNG(CH3CN)2]ACHTUNGTRENNUNG(BF4)2
and for [Cu2 ACHTUNGTRENNUNG(mac) ACHTUNGTRENNUNG(CH3CN)2]ACHTUNGTRENNUNG(ClO4)2 and therefore required
low-temperature stopped-flow techniques. This is under-
standable, as the ligands HBPB-H and mac stabilize the
copper(I) complexes better than DAPA.


Hydroxylation of Ib leading to II was also investigated in
acetonitrile. In this case, however, a much slower reaction
was observed. This can be attributed to the fact that acetoni-
trile binds fairly strongly to the CuI centers of Ib and must
be replaced by O2 in the course of the hydroxylation reac-
tion. Loss of acetonitrile ligands bound to I is, of course, im-
peded if the reaction is performed in this solvent. If, in con-
trast, the reaction is performed in methanol, the acetonitrile
ligands of Ia obviously are exchanged in a first reaction
step, that is, prior to binding of O2. This follows from the ob-
servation that in this solvent no isotope effect on the bind-
ing of O2 is observed (see below).


In the course of the present study, DFT calculations indi-
cated several thermally accessible pathways from a m-h2:h2


peroxo adduct to the hydroxylated final product (see below)
involving proton-transfer steps that should show prominent
primary kinetic isotopic effects on ligand deuteration. In
order to experimentally check these predictions, further ki-
netic investigations based on deuterated DAPA complex ID


were performed. Replacement of Ib by ID was expected to
decrease the reaction rate in the presence of rate-determin-
ing H-atom or proton-transfer steps or leave it unchanged in
the absence of such reactions.[55] Importantly, the rate of the
oxygenation reaction of Ia in methanol was unchanged, that
is, no significant KIE is present (Figure 10). In acetonitrile,
on the other hand, the reaction of ID was found to be ap-


Figure 8. Eigenvectors of the most important vibrations of structure 3 (corresponding to complex II).


Figure 9. Spectral changes during reaction of I with dioxygen in methanol
(T=�60.1 8C, [complex]=0.1 mm, [O2]=4.25 mm, t=10.605 s). Inset: Ab-
sorbance versus time trace at 353 nm and fit to the sum of two exponen-
tials (k1


obs = (3.10.2), k2
obs = (0.410.03) s�1.
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proximately 2.6 times faster (KIE=0.38) than of Ib
(Figure 11).


The lack of a primary KIE in MeOH and the observation
of an inverse deuterium effect in CH3CN are not compatible
with the presence of a rate-determining proton-transfer step
in the reaction phase after formation of the s complex. The
inverse deuterium effect in CH3CN is rather attributed to
the reaction phase before formation of the s complex, that
is, binding of O2: Due to the geometry of the complex the
O�O axis in the peroxo adduct points toward the C�H
bond of the aromatic ring; O2 binding thus is hindered by
the C�H stretching motion of the H atom at C2 of the phen-
ylene spacer, and due to the smaller C�D vibrational ampli-
tude O2 binding proceeds faster in the deuterated than in
the nondeuterated complex. Since O2 binding is also the
rate-limiting process in methanol, the inverse deuterium
effect should in principle appear in this solvent as well.


However, this is not observed, and this can be attributed to
the fact that this solvent coordinates more weakly than ace-
tonitrile, thus the steric congestion in the transition state
leading to the dioxygen adduct is diminished, as is accord-
ingly the influence of the C�H stretching motion on forma-
tion of this adduct.


Quantum chemical investigations of reaction pathways : As
discussed in the Computational Methods section above, we
assume throughout this study that all elementary steps in-
volved in the reaction pathways investigated take place on a
ground-state singlet potential-energy surface. In other
words, we inherently suppose that the spin flip that evident-
ly occurs on binding of O2 in its triplet ground state to the
bare copper(I) complex occurs as part of the initial steps
leading to formation of peroxo complex 1. These steps,
which include solvent exchange at the CuI sites and poten-
tially prominent spin-flip phenomena, are not studied
here.[56] Instead we concentrate on the fate of the initially
formed peroxo Cu2O2 species 1 and the elementary steps
that are involved in reaction pathways leading to the prod-
uct of the aromatic hydroxylation (3), which corresponds to
complex II. All relevant intermediates and transition struc-
tures are compiled in Figure 12; corresponding energies are
collected in Table S1 of the Supporting Information.


Several minima resulted from geometry optimizations per-
formed for the starting point of our quantum chemical in-
vestigation, the side-on m-h2 :h2-peroxo intermediate 1; for
the sake of brevity we only consider the most stable isomers
directly involved in the reaction pathways discussed below.
Intermediate 1 exhibits significant butterfly distortion of the
Cu2O2 moiety, indicative of substantial strain introduced by
the ligand framework, which obviously does not allow for
the formation of the planar arrangement of this subunit
identified experimentally in unstrained systems.[57] Interest-
ingly, we were unable to localize a bis ACHTUNGTRENNUNG(m-oxo) isomer for the
present ligand environment, although such a species should
generally be more stable than the peroxo intermediate for
bidentate N-donor ligand environments of Cu2O2 cores such
as that present here.[8,58] Even carefully preoptimized bis ACHTUNGTRENNUNG(m-
oxo) structures obtained by constrained-geometry optimiza-
tions in which the ideal core substructure was kept fixed
while the rest of the structure was optimized fell back into a
peroxo structure in subsequent unconstrained optimization
runs. We take this finding as another consequence of the sig-
nificant strain introduced by the ligand framework, which is
not flexible enough to allow for the formation of a tighter
bis ACHTUNGTRENNUNG(m-oxo) core with its closer Cu�Cu contact (2.74–2.79 O)
compared to the larger Cu�Cu distance found in the peroxo
cores (3.37–3.56 O).[57]


Starting from 1 we localized a transition structure (TS1)
for O�O bond cleavage that resembles to a large extent the
corresponding transition structure for the peroxo/bisACHTUNGTRENNUNG(m-oxo)
core isomerization identified in our previous study on the
aliphatic hydroxylation reactivity of a Cu2O2 complex bear-
ing unstrained bidentate N-donor ligands.[59] In the present
system, however, TS1 is a multicenter transition state for si-


Figure 10. Absorbance during oxygenation of Ia at 353 nm in methanol.
T=�60.1 8C; [DAPA]=0.1 mm ; [[D6]DAPA]=0.1 mm ; [O2]=4.25 mm ;
t=10.6 s.


Figure 11. Absorbance at 358 nm for Ib (solid), 1D (dotted), and I c
(dash-dotted) during oxygenation in acetonitrile.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9714 – 97299722


M. C. Holthausen, S. Schindler, F. Tuczek et al.



www.chemeurj.org





multaneous O�O bond cleavage and C�O bond formation.
IRC calculations confirm direct connection of this transition
state with peroxo minimum 1 and arenium-like s complex 2,
without occurrence of an intermediate bis ACHTUNGTRENNUNG(m-oxo) species.
This electrophilic attack of the aromatic ring is connected
with a barrier of 18.3 kcalmol�1, and formation of s inter-
mediate 2 is exoergic by 5.7 kcalmol�1.


We identified three pathways for decay of s complex 2. A
somewhat unexpected but conceptually strikingly simple
path is direct, highly exoergic formation of the final product
of the overall reaction, that is, formation of m-hydroxo m-
phenolato complex 3 (DGR=�93.4 kcalmol�1 with respect
to 1) is possible in a single step after passage of TS2. In this
transition structure the proton at the tetrahedral phenyl
carbon atom of s complex 2 is abstracted by the m-oxo atom
bridging the two copper ions. The unusually low imaginary
frequency of i206 cm�1 for this proton transfer step is a con-
sequence of the participation of several atoms in the transi-
tion normal mode resulting from the excessive deformation
about the Cu2O2 moiety necessary to bend the m-oxo atom
over into bonding range with the transferred proton. Some-
what counterintuitively, however, a rather modest barrier of


16.3 kcalmol�1 results for this step, in spite of the highly
strained nature of this transition state. Clearly this elementa-
ry step profits from significant stabilizing Coulomb interac-
tions between the transferred proton and the high negative
charge of the m-oxo atom (formally O2�). Also, using quali-
tative Hammond arguments, the large exothermicity of this
step (DGR=�87.7 kcalmol�1 with respect to 2) might be
seen as another factor contributing to lowering of the barri-
er. In fact, already at this point product formation appears
feasible under the thermal conditions of the experiment:
once the barrier of 18.3 kcalmol�1 connected with TS1 is
surmounted, subsequent proton transfer via TS2 should be
efficient, as its barrier is even lower, by 2 kcalmol�1.


The situation is, however, more complicated than that.
The arenium intermediate 2 can actually rearrange almost
without a barrier (DG� =3.9 kcalmol�1) via TS3, the transi-
tion structure of a [1,2] H shift across the phenyl ring, to
form the thermodynamically rather stable dienone 4 (DGR=


�24.1 kcalmol�1). Hence, any amount of the s intermediate
2 formed will immediately decay to yield the dienone rather
than passing the significantly larger barrier TS2 that would
lead to direct product formation. Decay of the dienone in-


Figure 12. Reaction pathways identified for the hydroxylation reaction starting from m-h2 :h2 peroxo complex 1 (Gibbs free energies at 298 K in kcalmol�1


relative to 1; UB3LYP/TZVP+COSMO//UB3LYP/SVP+COSMO results).
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termediate via a [1,3] H shift onto the phenolate oxygen
atom to form the more stable phenol intermediate 5 (DGR=


�10.1 kcalmol�1) is unlikely to occur because of the exces-
sively high barrier connected with this step via TS4 (DG� =


51.4 kcalmol�1). Yet another route to phenol formation was
found via TS5, which connects s complex 2 with 5, but this
path has a much higher barrier (DG� =19.8 kcalmol�1) than
TS2 and is the kinetically least favorable step among the
three routes identified for the decay of 2. Thus, even though
formation of intermediate 5 would provide a strong thermo-
dynamic driving force and subsequent formation of the
product complex 3 via TS6 could occur with a moderately
low barrier of 16.3 kcalmol�1, this intermediate is unlikely
to play any role in the course of the overall reaction, be-
cause unfavorably high barriers preclude its formation from
2.


With the somewhat unexpected nature of TS2 in mind we
actually located a corresponding transition structure TS9
leading directly from 4 to the final product 3, which obvi-
ously profits from the same driving force provided by the
large proton affinity of the bridging m-oxo atom. This step is
the most favorable pathway we could find for product for-
mation from dienone 4, and its barrier of 26.6 kcalmol�1 ap-
pears high enough to prevent an immediate decay of the di-
enone intermediate. Because all other barriers surrounding
4 are even higher (i.e., reaction back to 2 via TS3 with
DG� =28.0 kcalmol�1, or phenol formation via TS4 with
DG� =51.4 kcalmol�1), the dienone should be thermody-
namically and kinetically stable enough to have a significant
lifetime under the experimental conditions. Because the bar-
riers in question are related to proton-transfer transition
states, these elementary steps should be subject to substan-
tial KIEs upon deuteration of the 2-position of the phenyl
ring. Indeed, H/D exchange of the respective hydrogen
atom in the optimized stationary points 4 and TS9 yields an
increase of the corresponding barrier by 1.8 kcalmol�1 for
the most favorable route for dienone decay. This corre-
sponds to a classical KIE of 21.4 at 298.15 K. Qualitative
consideration of quantum mechanical tunneling[60] by em-
ploying a simple one-dimensional model[61] significantly in-
creases the predicted KIE to 27.1 (298.15 K). We thus pre-
dict a situation in which it may actually be possible to iden-
tify this species by experimental means even at room tem-
perature by employing a deuterated ligand framework.
Given the fact that it is the only relevant nonaromatic inter-
mediate in the mechanistic scenario established so far, we
suggest NMR spectroscopy as a promising tool for its exper-
imental identification.


As an alternative to the reaction paths considered above,
we identified a route to product formation commencing
with initial rearrangement of the m-h2 :h2 peroxo species 1 to
m-h2 :h1 coordinated isomer 6, which is less stable than 1 by
6.1 kcalmol�1. From 6 electrophilic attack of the aromatic
ring via TS7 leads to formation of s complex 7, a thermody-
namically highly unfavorable counterpart of 2 (less stable by
33.7 kcalmol�1). From 7, proton transfer with simultaneous
O�O bond cleavage via TS8 leads to formation of hydroxy-


lated product 3. With formation of two thermodynamically
unfavorable intermediates and two energetically demanding
reaction barriers, this reaction sequence can effectively be
seen as a unimolecular decomposition of 1 (assuming reac-
tion kinetics with pre-equilibrium) with an overall barrier of
44.6 kcalmol�1 related to TS8. Thus, with the highest effec-
tive barrier identified in our entire study, this reaction chan-
nel is unlikely to contribute to product formation.


In summary, we identified four alternative reaction path-
ways leading from m-h2:h2 peroxo species 1 to hydroxylated
product 3. The three thermally accessible pathways all in-
volve decay of s intermediate 2. Formation of 2 requires
passing an activation barrier of 18.3 kcalmol�1 via TS1 cor-
responding to electrophilic attack on the aromatic ring by
the peroxo Cu2O2 core. Intermediate 2 can rearrange almost
without activation barrier to dienone intermediate 4, which
we propose as a key intermediate in the course of the aro-
matic hydroxylation reaction. For the energetically least de-
manding route leading from 4 to product formation via TS9
we predict an effective barrier of 26.6 kcalmol�1. Conse-
quently, for the overall mechanistic scenario established
here, this last proton transfer is the rate-limiting step for
product formation. The preceding electrophilic attack via
TS1 is energetically significantly less demanding, by
8.3 kcalmol�1. For the rate-limiting step we predict a large
H/D KIE, which may allow future characterization of the di-
enone intermediate by NMR techniques.


Why then did the dienone intermediate escape any exper-
imental detection in our hands so far? An intuitively strik-
ing explanation for the experiments performed in methanol
is participation of this protic solvent in the proton-transfer
steps in the latter phase of the reaction sequence. In this
case intermolecular proton transfer steps will most likely
provide much lower barriers than those identified in our
computations, which were performed with a continuum sol-
vent model but without explicit consideration of solvent
molecules. But also in experiments in aprotic solvents, we
searched in vain for any trace of this intermediate. Spurred
by recent reports on the potential importance of counterions
for related systems[53,62] we investigated the influence of a
single ClO4


� counterion on the rate-limiting step of the
mechanistic scenario suggested above. Indeed, compared to
the computed barrier height of 26.6 kcalmol�1 for the step
4!TS9 a dramatically lower barrier of only 7.5 kcalmol�1


results for the corresponding process 4·ClO4!TS9·ClO4


(Figure 13). This result implies a high reaction rate for this
elementary step at room temperature, which straightfor-
wardly explains the lack of any experimental evidence for
the occurrence of a stable dienone intermediate prior to
product formation or any prominent KIE in acetonitrile or
CH2Cl2.


To substantiate this quantum chemical result the hydrox-
ylation reaction was repeated in the aprotic solvent acetoni-
trile, with the CuI DAPA complex in the form of its salt
with the noncoordinating anion BPh4 (Ic). Under these con-
ditions a significantly slower reaction than with perchlorate
as counterion (Ib) was observed (see Figure 11). This
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indeed supports the presence of a rate-limiting proton-trans-
fer step leading from the dienone to the final product, which
is markedly accelerated in the presence of a coordinating
counterion.


Discussion and Conclusion


Structural, spectroscopic, kinetic, and quantum chemical in-
vestigations of the ligand hydroxylation reaction mediated
by a Cu bis ACHTUNGTRENNUNG(imine) complex have been presented. Starting
from a structural analysis of the CuI complex I and the CuII


product II exhibiting a hydroxylated ligand the optical ab-
sorption and vibrational spectra were analyzed. Special at-
tention was directed to reproducing the structural and spec-
troscopic properties of complex II by quantum chemical
means. Kinetic analysis of ligand hydroxylation provided
evidence for O2 binding as the rate-limiting step in the over-
all reaction. Conversion of I to II was found to proceed
much faster in methanol than in acetonitrile, which was at-
tributed to the fact that the acetonitrile ligands of the CuI


precursor I are displaced in the course of O2 binding. More-
over, an inverse KIE was evidenced for the reaction in ace-
tonitrile, which was rationalized by a sterically congested
transition state leading to the peroxo adduct. In methanol,
however, no KIE was observed. Finally, a DFT analysis of
the oxygenation reaction demonstrated that the dominant
barrier after O2 binding is represented by electrophilic
attack of m-h2:h2 peroxo intermediate 1 on the arene ring.
Nevertheless, on the basis of the activation energy (18.3 kcal
mol�1) this reaction is thermally allowed, in agreement with
the experimental observation. Given that the B3LYP func-
tional employed has been shown to overestimate barrier
heights by 4–7 kcalmol�1,[63] the actual barrier height may be
in the range of 10–15 kcalmol�1.


The DFT investigation of the reactivity of the CuII peroxo
intermediate 1 formed by reaction of the CuI precursor and
O2 indicated the presence of four pathways to the hydroxy-
lated final product 3. One of the pathways studied involves
rearrangement of the m-h2 :h2 peroxo structure to a m-h2:h1


peroxo intermediate that subsequently attacks the aromatic
ring. In the present system, however, this pathway is associ-
ated with an overall barrier of 44.6 kcalmol�1, which renders
it less likely for product formation. In this context it is inter-
esting to note that Siegbahn has suggested a related se-
quence (i.e., peroxide attack followed by O�O bond cleav-
age) as key steps for the ortho-hydroxylation of phenolate
in the catalytic cycle of tyrosinase, but with an overall barri-
er of only 14.4 kcalmol�1.[13] Alternative pathways were not
reported in this study. In contrast, all energetically favorable
pathways identified in our study involve direct decay of the
m-h2 :h2 peroxo intermediate 1 without rearrangement to an
alternative peroxide coordination mode.


The energetically most favorable route commences with
direct electrophilic attack of the aromatic ring by the
peroxo moiety to form an arenium ion, which subsequently
undergoes an almost barrierless proton shift to form a
rather stable dienone intermediate (4). A second proton-
transfer step from the dienone directly leads to product for-
mation. We have identified several alternative pathways
with moderate barrier heights that would actually be ther-
mally accessible under the experimental conditions. None of
these pathways, however, can compete with the energetically
most favorable pathway, even assuming potential errors in
computed relative energies as large as 7 kcalmol�1, and so
we feel safe in suggesting a single pathway as a general
mechanistic scenario for the system under study.


This scenario involves as a key intermediate in the conver-
sion of the peroxo complex to the hydroxylated product the
dienone intermediate 4, which should eventually be detecta-
ble experimentally. We attribute the fact that we (and
others) were unable so far to identify such an intermediate
to several factors: first, explicit participation of protic (or
Lewis basic) solvent molecules (which have not been consid-
ered in our calculations) in the proton transfer steps after
formation of s complex 2 may lead to drastically lowered
barriers. Second, the key proton-transfer steps may occur in
an intermolecular fashion, involving initial deprotonation of
the s complex by another copper dioxygen intermediate. A
third factor contributing to the rapid decay of the dienone
the counterion was explicitly identified in the computations:
Compared to the calculated barrier height of 26.6 kcalmol�1


for the decay of 4 via TS9, a dramatically lowered barrier of
7.5 kcalmol�1 was found for the corresponding process
4·ClO4!TS9·ClO4!product (3). This hypothesis is support-
ed by kinetic measurements on the BPh4


� salt of the CuI
2


DAPA complex (Ic), for which a significantly lower reaction
rate was found compared to corresponding perchlorate salt
Ib. To directly detect dienone intermediate 4 further experi-
mental studies must be performed. The present system, how-
ever, appears less suitable for these investigations, as bind-
ing of O2 is also associated with a thermal barrier which
probably precludes accumulation of a dienone species at
low temperatures.


Another notable and somewhat surprising result of our
quantum chemical analysis is the finding that no stable bis-
ACHTUNGTRENNUNG(m-oxo) isomer is formed in the ligand environment studied


Figure 13. Dienone 4·ClO4 and transition structure TS9·ClO4 leading to
product formation optimized in the presence of a coordinating ClO4


�


counterion (Gibbs free energies at 298 K in kcalmol�1 relative to 4·ClO4;
UB3LYP/TZVP+COSMO//UB3LYP/SVP+COSMO results).
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here. Based on the experience gathered in related investiga-
tions by others, we would actually expect preferential forma-
tion of a bis ACHTUNGTRENNUNG(m-oxo) species within the chelating bidentate
N-donor ligand environment of the system studied here.
Yet, the initial steps take place without intermediate forma-
tion of a bis ACHTUNGTRENNUNG(m-oxo) species. While the initial transition state
TS1 exhibits structural features nearly identical to O�O
bond-breaking transition states leading to the formation of a
bis ACHTUNGTRENNUNG(m-oxo) species in related ligand environments,[59] in the
present case it is a multicenter transition state for O�O
bond cleavage and simultaneous s attack of the aromatic
ring by the peroxo moiety. We view this finding as a conse-
quence of the rather tight coordination sphere of the bis-
ACHTUNGTRENNUNG(imine) ligand, which brings the breaking O�O bond in the
Cu2O2 subunit in TS1 into close proximity to the aromatic
ring, ideally oriented for direct orbital interactions with the
aromatic p system to generate s complex 2 in a single step.


The mechanistic scenario established here has implica-
tions for the ligand hydroxylation reaction occurring in the
prototype binuclear copper complex [Cu2ACHTUNGTRENNUNG(XYL)] of Karlin
et al.[15] on reaction with O2. In full agreement with our pres-
ent results, Pidcock et al. implied a m-h2:h2 peroxo complex
as active species and excluded the occurrence of a corre-
sponding bis ACHTUNGTRENNUNG(m-oxo) species in a spectroscopic analysis of
this reaction.[16] They rationalized the electrophilic attack of
the Cu2O2 moiety on the aromatic ring in terms of qualita-
tive frontier orbital arguments. Within this picture, it was
convincingly argued that the HOMO of the arene system
overlaps with an unoccupied orbital of the electrophile,
which can either be the p*s or the s* orbital of the side-on
peroxo dicopper core (Figure 14a). Based on the particulari-
ties of the coordination geometry present in the tridendate
ligand environment in that study, an attack via the s* perox-
ide orbital was considered unlikely, and a preferred, symme-
try allowed pathway involving the p*s orbital was suggested.
The geometry of the initial transition state TS1 optimized
for the copper bis ACHTUNGTRENNUNG(imine) complex here, however, differs es-
sentially from the assumed transition state geometry dis-
cussed by Pidcock et al. , and it is in fact the s* orbital of
the peroxo group, and not the p*s orbital, that is involved in
the electrophilic attack on the arene ring. In particular, the
rather rigid ligand framework studied in the present work
does not allow tilting of the aromatic ring along the O�O
axis of the Cu2O2 group in the course of this elementary
step, which would indeed exclude any constructive orbital
interaction between the s* peroxo orbital and the aromatic
p system. Instead the arene ring and the Cu2O2 group rotate
in the transition state about axes perpendicular to the O�O
vector such that the s* orbital now interacts with the aro-
matic p system from below in a symmetry-allowed fashion
that mediates the initial step along the hydroxylation path-
way (Figure 14b).


Another interesting implication for the mechanism of the
XYL system relates to the observation of an NIH shift in
studies employing a modified xylyl ligand that was methylat-
ed at the 2-position of the aromatic core.[64] This observation
could in fact straightforwardly be rationalized by assuming


formation of a dienone as a key intermediate, in analogy to
the mechanistic scenario developed here. A subsequent
C�N cleavage, in analogy to the cleavage of the methylene�
N ACHTUNGTRENNUNG(amine) bond in the XYL system, would, however, appear
unlikely in a bis ACHTUNGTRENNUNG(imine) complex due to the double-bond
character of the C�N linkage.


The present results are also relevant to the enzyme tyrosi-
nase, specifically the ortho-hydroxylation of tyrosine mediat-
ed by the oxy form of this enzyme. Of crucial importance
for this reaction is the orientation of phenolic substrates
with respect to the binuclear copper active site. Experimen-
tal information on this point has mostly been derived from
spectroscopic studies on the bonding of inhibitors to tyrosi-
nase.[65] Alternatively, it has been proposed that an external
tyrosine substrate is oriented at the active site of Ty in the
same way as Phe49 in the Limulus oxy Hc structure.[66] The
recently solved structure of Streptomyces castaneoglobispo-
rus tyrosinase revealed a very similar arrangement with
Tyr98 (provided by the associated caddie protein) extending
into the active-site pocket like a potential substrate.[1,2] An
external phenolic substrate may be preoriented at the active
site in a similar geometry (Scheme 2). Then a slight shift to-
wards CuA is necessary to bind in the position trans to
His63, after which hydroxylation of the aromatic ring can


Figure 14. Geometries in the transition states leading to the s complex.
a) Complex of Karlin et al. b) Bis ACHTUNGTRENNUNG(imine) complex (see text).[16]
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occur. Importantly, the proximity of the ortho position of
the phenolic ring to the side-on-coordinated peroxo group
enables electrophilic attack of the Cu2O2 moiety on the aro-
matic ring.[2,16] To this end, the O�O axis of the peroxo
ligand may rotate to point towards the substrate
(Scheme 2). This geometry would correspond to the transi-
tion state TS1 in our complex leading to s complex 2 and
would involve an orbital interaction between the peroxide
s* orbital and the HOMO of the aromatic ring, in analogy
to our model system.


The analysis of the hydroxylation pathway in the Cu2 bis-
ACHTUNGTRENNUNG(imine) complex thus has shown that besides the previously
discussed p*s pathway a second pathway for the oxygenation
chemistry mediated by binuclear copper site does exist, that
is, electrophilic attack on the substrate by the s* orbital of
side-on bound peroxide. For systems exhibiting more struc-
tural flexibility than the Cu bis ACHTUNGTRENNUNG(imine) systems, both path-
ways may be operative. Importantly, the presence of a
second orbital pathway provides additional flexibility for the
position of the aromatic substrate with respect to the Cu2O2


unit in the transition state leading to the s complex. This is
of relevance both for the enzyme tyrosinase and for copper
model systems which are active in the hydroxylation of ex-
ternal substrates.[67] In all of these cases the s* orbital direct-
ed along the prolonged O�O vector just has to “hit” the p


system of the substrate (except for the nodal plane of the C
orbitals) from an arbitrary angle to mediate hydroxylation.
This structural flexibility in the transition state accounts for


the wide occurrence of oxygenation reactions in binuclear
copper–dioxygen systems exhibiting widely different ligand
structures and explains why these reactions are not limited
to a few systems with special geometries.
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Nucleation and Growth of BaFxCl2�x Nanorods
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Introduction


An understanding the mechanism for the nucleation and
growth of nanocrystals has become more and more impor-
tant recently[1,2] because not only does it provide a variety of
monodisperse shapes and sizes of building blocks for nano-
technology,[3–6] it also helps us to develop improved synthetic
methods that are generally applicable to various kinds of
materials at this length scale with new properties that, im-
portantly, change with their size.[7–14] Many of the properties
of nanomaterials can be significantly attributed to their ex-
tremely high specific surface area (SSA), which is a result of
unsaturated suspended bonds, exterior disfigurements, crys-
tal defects, catalytically active centers on the surface, and so
on.[15] Thus, two key factors controlling the properties of
nanomaterials are the size and surface characteristics of the
nanoparticles.[16–19] Admittedly, the contention that the size
of nanocrystals determines their surface area has been fun-
damentally accepted; these two factors are interrelated. The
nucleation and growth processes of these nanocrystals have
been carefully discussed and explained by the Peng group
regarding the preparation of semiconductors.[20–22] Research


on how to prepare nanocrystals with controllable sizes and
shapes have been reported universally.[12,18,19, 21–31] However,
one of the major challenges in the synthesis of nanomateri-
als is still to gain a comprehensive understanding of mono-
disperse nanocrystal nucleation and growth, and further-
more, a general and convenient approach to adjust the SSA
and control the total surface area of the nanocrystal units,
that is, the average surface/atom ratio (d) of inorganic nano-
materials. To meet this challenge, the emphasis of this work
is based on a mechanism of surface chemical thermodynam-
ics that can explain the relation between the initial concen-
tration of reactants and the average d value of the final
products by a unified and relatively simple synthetic condi-
tion alteration. Herein, a great effort was made to substanti-
ate the mechanism with experimental results from a hydro-
thermal synthesis route and, further, to predict the scale of
nanocrystals qualitatively in two other approximate systems.


We chose to study the Ba2F3Cl and orthorhombic BaF2


systems because they are dielectric and have a wide range
of potential applications in optoelectronic and microelec-
tronic devices, such as dielectrics, wide-gap insulating layers,
insulators, buffer layers, and solid-state ions,[32] and because
BaF2 compounds doped with rare-earth ions have been re-
ported to display unique luminescence properties and can
thus be used as scintillators.[33] Several BaF2 nanocrystals
have already been reported by Burlitch et al.,[34] Hu et al. ,[35]


Shi et al. ,[36,37] Xie et al. ,[38] and Qin et al.[39] All of these
nanocrystals are cubic BaF2 and have nanocube and nano-
rod shapes. Thus, there is also a great need to synthesize or-
thorhombic BaF2. Moreover, to the best of our knowledge,


[a] T. Xie, S. Li, W. Wang, Dr. Q. Peng, Prof. Y. Li
Department of Chemistry
Tsinghua University
Beijing, 100084 (P. R. China)
Fax: (+86)10-6278-8765
E-mail : ydli@mail.tsinghua.edu.cn


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800363.


Abstract: Different ratios and sizes of
Ba2F3Cl (BaFxCl2�x, x=1.5) nanorods
and nanowires and orthorhombic BaF2


(BaFxCl2�x, x=2) nanorods were pre-
pared by using a liquid–solid–solution
approach at 160~180 8C. The processes
and results of the experiments conduct-
ed to prepare monodisperse Ba2F3Cl
nanorods and nanowires showed that
the specific surface area increased as


the initial concentrations were multi-
plied. Based on this fact, a mechanism
for the nucleation and growth process-
es of these nanocrystals that have a va-


riety of enlarged sizes was substantiat-
ed in view of the surface chemical ther-
modynamics (SCT). In this SCT mech-
anism, the specific surface energy takes
into account both the surfactant oleic
acid and the nanocrystal surface, and is
dominated by the chemical potential of
the adsorbate.


Keywords: growth mechanism ·
monodisperse structures · nano-
structures · surface chemistry · ther-
modynamics
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reports concerning Ba2F3Cl nanorods and nanowires are
quite rare. Herein, the preparation of these nanocrystals, the
sizes of which were guided by the SCT mechanism, was ac-
complished by using the liquid–solid–solution (LSS) ap-
proach.[28]


Results and Discussion


The morphology, size, and crystal-phase purity of the as-pre-
pared nanocrystals are significantly dependent on the reac-
tion conditions, such as temperature, time, and initial con-
centration of the reactants. For the purpose of tailoring the
size and shape of the nanocrystals, several works[40,41] have
been completed by our group, in which these synthetic con-
dition parameters were adjusted. When we prepared
Ba2F3Cl nanorods by using the LSS synthetic strategy, an ex-
citing experimental result indicated that the Ba2F3Cl nano-
rods increased in both length and width as the initial reac-
tant concentration ([Ba2+]) was altered from 0.1000 molL�1


(Figure 1a) to 0.0750 molL�1 (Figure 1b), and finally to


0.0375 molL�1 (Figure 1c). The BaCl2 and HF concentra-
tions were decreased at the same rate as [Ba2+] to keep
them in the same ratio, whereas the systematic circumstan-
ces of this reaction, such as oleic acid, NaOH, and alcohol,
remained unchanged. Vertically stacked nanorods stood
upon the surface of a copper grid, with others lying horizon-
tally (Figure 1a). According to this result, a series of deduc-
tions were made based on a model that included the specific
surface energy of the nanocrystals (including the effect of
surfactants), whereas other models in the literature empha-
sized the solubility of surface molecules.[42]


The chemical growth of nanometer-sized materials inevi-
tably involves the precipitation of a solid phase from solu-
tion. A good understanding of the process and parameters
controlling the precipitation helps to improve the engineer-
ing of the growth of nanoparticles to the desired size. The
nucleation process discussed herein, that is, homogeneous
nucleation, is expected to occur in the absence of a solid in-
terface by combining solute molecules to produce nuclei.
This happens as a result of the driving force of the thermo-
dynamics because the supersaturated solution is not stable
in energy. After the nuclei are formed in solution, they grow


via molecular addition, which relives the supersaturated
conditions. Both the nucleation and growth of the nanoma-
terials in this work are dominated by thermodynamics.


The fundamental equation of SCT [Eq (1)] may not be ac-
curate enough for a quantitative description of a crystalliza-
tion process in the nanometer regime, but it should provide
us with a starting point.


dG ¼ �SdTþVdpþgdsþ
Xn
i¼1


mBidnBi ð1Þ


In this equation, s is the surface area of the nanocrystals,
g is the specific surface energy (aka the surface tension), B
represents of a certain component, nB is the molar quantity
of this component, mB is the chemical potential of each com-
ponent, T is the absolute temperature, p is pressure, V is the
volume of the materials, and S is the entropy of the system.
A series of solvothermal syntheses were performed at a
fixed temperature, such as 160 8C, for Ba2F3Cl nanorods and
nanowires. Thus, T was constant and dT=0. Moreover, the
total volume of each autoclave was considered to be approx-
imately the same and so was the solvent volume. Therefore,
the value of p was nearly unchanged and thus dp=0. Under
conditions of high adsorbate coverage (ligands/surfactant
(lig/surf)), it was shown that g was dominated by the chemi-
cal potential of the adsorbate (mads).


[43]


g � g0�ðmads�m0adsÞGmax ð2Þ


g0 refers to the specific surface energy of pristine inter-
face, m0ads is defined as the value of mads when g= g0, and Gmax


is the saturated surface adsorbate density. A basic assump-
tion is that the entire surface of the nanocrystals is saturated
by ligands or surfactants. The whole system had in all likeli-
hood reached equilibrium after aging for 24 h. The chemical
potential of the surface of nanocrystals (mads(surf)) is equal to
that of the solution (msol). The chemical potential of the ad-
sorbate can be expressed as


madsðsurfÞ ¼ msol ¼ mA


0þRTln alig=surfþ
Zp


pA


V1mdp ð3Þ


The solvent activity (alig/surf) is attributed to the concentra-
tion of oleic acid, and it is a constant because the concentra-
tion of oleic acid is unaltered. The abundance of oleic acid
leads to a tremendous absolute value of alig/surf. In principle,
if alig/surf is large enough, a value of g<0 can be achieved.
Because of the invariability of the concentration of oleic
acid, msol, mads(surf), and g are all constants. In other words, the
effect of oleic acid combined with the nanocrystalsK surface
is so vigorous as to expand the SSA of nanocrystals. This in-
crease in surface area is likely to stabilize the system. The
impetus of this progress accounts for g<0, which arises
from a sufficiently high concentration of oleic acid on the
surface of the nanocrystals. If we integrate Equation (1), we
obtain


Figure 1. TEM images of the results from LSS syntheses with Ba2+ con-
centrations of a) 0.1000 molL�1, b) 0.0750 molL�1, c) 0.0375 molL�1.
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DG ¼ gDsþ
Zf


i


Xn
i¼1


mBidnBi ð4Þ


Here, we assume that the process of subjoining raw mate-
rials is reversible, and thereby consider that DG=0. There-
fore,


�gDs ¼
Zf


i


Xn
i¼1


mBidnBi ð5Þ


Because g<0, we can assume that �g>0; m is dependent
on the activity of ions in solution, and the chemical potential
is expressed in Equation (6) (p is constant, as discussed
above).


mB ¼ mA


B0þRTln aBþ
Zp


pA


V1Bmdp ¼ mA


B0þRTln aB ð6Þ


Based on the ionic strength definition and the Davies
equation, we can apparently obtain dnB>0, and therefore,
�gDs>0. Moreover, assuming that Equation(7) is correct,
mB is linear with lncBi (bB is a constant, cB is the concentra-
tion of compound B).


mB ¼ kBln cB�bB ð7Þ


If mBi and nBi are replaced with cBi after integration, then
Equation (8) is obtained.


�gDs ¼
X
kBiD½cBiðln cBi�1Þ
 ð8Þ


From Equation (8), we can conclude that the increase in
the concentration of raw materials results in expansion of
the nanocrystalsK surface area. Therefore, we can draw a ten-
tative conclusion that the addition of raw materials should
lead to a larger SSA as long as all the raw materials are in-
creased at the same rate. The details of this deduction can
be found in the Supporting Information.


To elucidate this mechanism of nanocrystals growth, we
needed more convincing evidence to testify that this growth
process is actually under thermodynamic control and not ki-
netic control. The system was, if anything, kinetically trap-
ped. To prove this, we designed several syntheses that lasted
for different periods, and as expected, almost the same
result was achieved after ripening for 12, 18, 24, and 48 h,
and even after 7 days. Moreover, the Gibbs–Duhem equa-
tion [Eq (9)] should be obeyed, that is, when T and p are
constant,


Xn
i¼1
nBidmBi ¼ 0 ð9Þ


In addition, all the other reactant concentrations needed
to change simultaneously with [Ba2+] and to remain at a


constant ratio to [Ba2+] to simplify thermodynamic deduc-
tion. The experiment phenomena were explained by this
SCT mechanism, more evidence should be obtained to con-
firm this mechanism.


A range of experiments were performed on the Ba2F3Cl
nanorod and nanowire systems. This was intended to help
understand the growth processes that relate to the formation
of size-controlled nanocrystals, thus no size sorting was per-
formed for any of the samples used for the measurements
discussed below. Transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) images are shown
in Figure 2a–l. If the concentration of all the reactants was


relatively high, relatively small nanorods were achieved.
Some of them, especially those nanorods with a low length-
to-width ratio, assembled perpendicular to the substrate,
which we observed in both the TEM and SEM results (Fig-
ure 2a–f; see the Supporting Information, Figures S1 and
S2). If the concentration of all reactants was decreased to a
certain value, Ba2F3Cl nanowires were produced (Figure 2i–
l). Details of the initial concentrations used are shown in
Table 1. Herein, we speculated that during the growth of
Ba2F3Cl nanorods and nanowires, the surfactant (oleic acid
molecules) bound to all the surfaces of the nanocrystals. The
high-resolution (HR) TEM image (Figure 3b) clearly shows
that the growth is along h541i direction. In addition, the
(410) and (541) surfaces dominate both the HRTEM image


Figure 2. Representative TEM images (a, c, e, g, i, k) and SEM images
(b, d, f, h, j, i) of Ba2F3Cl nanorods synthesized with the following initial
concentrations of Ba2+ : a,b) 0.100 molL�1, c,d) 0.0875 molL�1,
e,f) 0.075 molL�1, g,h) 0.050 molL�1, i,j) 0.0375 molL�1, and
k,l) 0.025 molL�1. All other reactant concentrations were kept at a con-
stant ratio to [Ba2+]. The scale bars are 200 nm in images a), c), e), and
g); 500 nm in images i) and k); and 1 mm in all the SEM images.
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(Figure 3b) and the powder XRD pattern (Figure 4). Fig-
ure 3a shows that the Ba2F3Cl nanorods have slightly de-
composed under the electron beam of the HRTEM instru-
ment.


All the as-synthesized nanocrystals were characterized by
powder XRD methods; for the sake of succinctness, howev-
er, only three XRD patterns for the nanocrystals are shown
here (Figure 4a, b, and c). When the initial value of [Ba2+]
decreased from 0.1125 to 0.0500 molL�1, the powder XRD


patterns of the product were similar to Figure 4a, and their
TEM images are depicted in Figure 2a, c, e, and g. Figure 4b
and c shows powder XRD patterns of the nanocrystals
shown in Figure 2i and k, respectively, in which the initial
values of [Ba2+] are 0.0375 molL�1 and 0.0250 molL�1. We
can easily see that they are all pure-phase Ba2F3Cl (JCPDS
card No. 07-0029), and that the (541) and (410) diffraction
peaks become more and more dominant in the powder
XRD patterns from Figure 4a to c. The nanocrystals mainly
showed (541) and (410) profiles, which are shown in the
HRTEM image in Figure 3b. A low initial concentration
leads to larger nanocrystals, that is, the percentage of the
surface/area ratio increases. Thus, (541) and (410) become
dominant, which is reflected in the powder XRD results
(Figure 4a, b, and c). Intense diffraction peaks suggest that
(541) and (410) were more exposed under low initial con-
centrations than under higher initial concentrations. For
these nanorods and nanowires, the number of surface atoms
and the total number of atoms should be proportional to the
surface area and the volume, respectively. We define d as
follows:


d ¼ k1ð2pðd2Þ2 þ 2pðd2ÞlÞ
k2pðd2Þ2l


¼ 2k3ð
1
l
þ 2
d
Þ ð10Þ


in which k1, k2, and k3 are all proportional constants, d is the
diameter of the nanorods or nanowires, and l represents the
length of the nanocrystals.[21] The derivation of Equa-
tion (10) is shown in the Supporting Information.


After simple calculation, Table 1 gives the average size
and surface-area ratio of each type of product. Moreover,
the curve of Figure 5, which is based on the data in Table 1,
shows a trend in which a higher initial concentration results
in a higher average atom ratio, that is, the nanocrystals are
smaller, which means that the surface area of nanocrystals is
larger for the same amount of nanocrystals. This result com-
mendably validates the SCT mechanism discussed above; as


Table 1. The average size and d of Ba2F3Cl nanorods and nanowires.[a]


Initial [Ba2+]
ACHTUNGTRENNUNG[molL�1]


Average
width [nm]


Average
length [nm]


Average
d [%]


0.1000 �40 �120 14.7
0.0875 �60 �150 10.1
0.0750 �80 �180 7.7
0.0500 �80 �300 7.1
0.0375 �80 �1000 6.5
0.0250 �80 �1500 6.5


[a] All products were synthesized with all other reactant concentrations
kept at a constant ratio to [Ba2+].


Figure 3. a) A typical HRTEM image of nanorods and b) a HRTEM
image and electron diffraction pattern of the inside of a Ba2F3Cl nano-
rod.


Figure 4. Powder XRD patterns for a) Ba2F3Cl nanorods corresponding
to the sample in Figure 2a (the samples in Figure 2c, e, and g have a simi-
lar XRD pattern), b) Ba2F3Cl nanowires corresponding to the sample in
Figure 2i, and c) Ba2F3Cl nanowires corresponding to the sample in Fig-
ure 2k (JCPDS card No. 07-0029).


Figure 5. Concentration dependence of the d value of Ba2F3Cl nanocrys-
tals, (assuming a rod or wire shape). This curve shows the trend that the
value of d is higher if the initial concentration is greater.
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mentioned, this mechanism is applicable in a Ba2F3Cl prepa-
ration system. We also scrutinized other, similar systems,
and discovered that the synthesis of BaF2 nanocrystals also
obeys the rule that a high initial concentration gives a high
average atom ratio.


Orthorhombic BaF2 was also one of our targets for inves-
tigation. To the best of our knowledge, orthorhombic BaF2


nanorods have rarely been reported before. Herein, differ-
ent sizes of orthorhombic BaF2 nanorods have been pre-
pared by using an LSS strategy (Figure 6). Orthorhombic
BaF2 nanorods were gained when the initial values of [Ba2+]
were 0.0750 molL�1, 0.0625 molL�1, 0.0500 molL�1,
0.0375 molL�1, and 0.0250 molL�1 (see Figure 6a, b, c, d,
and e, respectively) with all other reactants being main-
tained at a constant ratio to [Ba2+]. Their powder XRD pat-
terns are all almost identical (Figure 7), and show that we
have obtained pure-phase orthorhombic BaF2 nanorods.
(JCPDS card No. 34-0200) The average size and surface/
atom ratio of each kind of orthorhombic BaF2 nanorods are
listed in Table 2, and the calculation results from Equa-
tion (10) were given by using a graph (Figure 8). The curve
of the graph suggests the trend is the same as described
above, that is, the surface atom ratio increases as the initial
concentration increases, as predicted herein based on the
SCT mechanism.


Conclusion


In a nutshell, an SCT mechanism was devised to explain the
experiment phenomena. Several systems, such as Ba2F3Cl
nanorods and nanowires and orthorhombic BaF2 nanorods,
were investigated to support this SCT mechanism. To the
best of our knowledge, all these systems are only scarcely
reported in the literature. The conclusion that higher con-
centration accounts for higher surface atom ratio (i.e. , small-


er nanocrystals) could introduce a convenient way to control
the size of nanocrystals. This shape- and size-controlling
condition is not only simple, but can also be executed easily;
the initial concentration of reactants was the only parameter
we changed in this work. The successful explanation of
these processes by using an SCT mechanism gave us the
confidence to use fundamental formulae and equations from


Figure 6. TEM images of orthorhombic BaF2 nanorods synthesized with
initial concentrations of Ba2+ of a) 0.0750 molL�1, b) 0.0625 molL�1,
c) 0.0500 molL�1, d) 0.0375 molL�1, and e) 0.0250 molL�1. All other reac-
tants were kept at a constant ratio to [Ba2+]. The scale bars are 100 nm
in a) and b) and 500 nm in c), d), and e).


Figure 7. Powder XRD pattern of orthorhombic BaF2 nanorods. (JCPDS
card No. 34-0200).


Table 2. The average size and d of orthorhombic BaF2 nanorods.
[a]


Initial [Ba2+]
ACHTUNGTRENNUNG[molL�1]


Average
width [nm]


Average
length [nm]


Average
d [%]


0.0750 �100 �250 1.9
0.0625 �150 �350 1.3
0.0500 �150 �500 1.2
0.0375 �200 �650 0.93
0.0250 �200 �800 0.91


[a] All products were synthesized with all other reactant concentrations
kept at a constant ratio to [Ba2+].


Figure 8. Concentration dependence of the d value of orthorhombic BaF2


nanorods (assuming a rod shape). This curve shows the trend that as the
initial concentration increases, so does the average atom ratio, which im-
plies that the nanocrystals are larger, just as for Ba2F3Cl nanocrystals.
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physical chemistry to understand the nucleation and growth
of nanocrystals. It is highly possible that this SCT mecha-
nism can be used to guide the preparation of nanocrystals in
the near future. However, it should be noted that we chose
only two systems to validate this mechanism herein, and
only one type of solvent and surfactant was considered.
More experiments examining other systems are required to
fully assess this conclusion.


Experimental Section


Materials : All chemicals were of analytical grade and were used as re-
ceived without further purification. Deionized water was used through-
out. BaCl2, Ba ACHTUNGTRENNUNG(NO3)2, HF (40 wt%), oleic acid, NaOH, and alcohol were
all supplied by the Beijing Chemical Reagent Company.


Synthesis of the nanocrystals : In a typical preparation of nanorods, oleic
acid (20 mL), NaOH (1.8 g), alcohol (10 mL), and barium salt (4 mmol)
in water (�7 mL) were mixed, and an even solution was obtained by vig-
orous stirring at RT for about 10 min. A white amorphous precipitate ap-
peared immediately after the dropwise addition of an aqueous solution
of HF (3.0 mL, 5 wt%) to this emulsion. After vigorous stirring at RT for
about another 10 min, the mixture was transferred into a 50 mL auto-
clave, sealed, and heated at 160 8C for 24 h. Then the system was allowed
to cool down to RT and the product deposited at the bottom of the
vessel.


For the synthesis of orthorhombic BaF2, Ba ACHTUNGTRENNUNG(NO3)2 was used as the pre-
cursor instead of BaCl2, and the quantity of HF used was changed appro-
priately. The autoclave was sealed and heated at 160 8C for 6 h. In fact,
these nanocrystals were prepared by adapting our groupKs previously re-
ported LSS synthetic strategy. Detailed initial concentrations of the reac-
tants have been summarized herein in Tables 1 and 2.


Powder X-ray Diffraction : The crystallinity and phase purity of the prod-
ucts were examined with XRD by using a Bruker D8-advance X-ray dif-
fractometer with CuKa radiation (l=1.5418 N), with an operating voltage
of 40 kV and a current of 40 mA.


Transmission electron microscopy : The size and morphology of the prod-
ucts were observed by using a JEOL JEM-1200EX transmission electron
microscope equipped with a tungsten filament at an accelerating voltage
of 100–120 kV. Samples were prepared by placing a drop of a dilute dis-
persion of nanocrystals in cyclohexane on the surface of a copper grid.
HRTEM images were obtained on a JEOL JEM-2010F transmission
electron microscope.


Scanning electron microscopy : The size and morphology of the nanorods
were examined by using a JEOL JSM-6301F scanning electron micro-
scope operating at 20 kV.
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Structures and Solvatochromic Phosphorescence of Dicationic Terpyridyl–
Platinum(II) Complexes with Foldable Oligo(ortho-phenyleneethynylene)
Bridging Ligands
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Introduction


Phosphorescent transition-metal complexes are useful opto-
electronic[1] and chemosensory[2] materials. Of particular in-
terest are those metal complexes supported by alkynyl li-
gands that have received much attention in recent years.[3]


Alkynyl ligands are strong s-donors, destabilize the HOMO
of metal ions, and consequently suppress the nonradiative
d–d state deactivation, resulting in high emission quantum
yields and long emission lifetimes.[3c,d] In this regard, platin-
um(II)–terpyridyl complexes containing alkynyl ligands are
particularly attractive, since they possess rich photophysical
and spectroscopic properties, For example, the [(tpy)Pt ACHTUNGTRENNUNG(C�
CAr)]+ (tpy=2,2’:6’,2’’-terpyridine) complexes have been
demonstrated to have long-lived triplet metal-to-ligand
charge-transfer (MLCT) and/or triplet ligand-to-ligand


charge-transfer (LLCT) excited states.[4] Due to the square-
planar geometry of platinum(II) complexes, their emissive
triplet excited states are usually influenced by intra- and in-
termolecular interactions, including Pt···Pt and p–p interac-
tions, which are sensitive to solvent composition, complex
concentration and nucleophiles.[5] Subtle variations in the
coordination sphere and the microenvironment of the plati-
num(II) complexes could lead to remarkable fluctuations in
both their supramolecular structures and spectroscopic prop-
erties. Recent developments in phosphorescent organogela-
tors derived from terpyridyl–platinum(II)–acetylide com-
plexes are examples of the above perspective.[6]


Poly(phenyleneethynylene)s are a class of carbon-rich ma-
terials with extended p conjugations and have received con-
siderable attention in materials chemistry.[7] When compared
to the rigid linear oligo(para-phenyleneethynylene) (para-
PE) compounds, oligo(meta-phenyleneethynylene) (meta-
PE) and oligo(ortho-phenyleneethynylene) (ortho-PE) ana-
logues each have a flexible, angular configuration that
would allow the occurrence of a folded helical conformation
with the repeating unit of six and three aryl rings, respec-
tively.[8] It is anticipated that the folding of angular meta-
and ortho-PEs would be affected by solvent, temperature,
hydrogen bonding and metal-ion coordination.[9] Thus meta-
and ortho-PEs could be useful linkers to construct phosphor-


Abstract: A series of binuclear organo-
platinum(II) complexes, [(tBu3tpy)Pt�
(C�C�1,2-C6H4)n�C�C�Pt ACHTUNGTRENNUNG(tBu3tpy)]-
ACHTUNGTRENNUNG[ClO4]2 (1–7, n=1, 2, 3, 4, 5, 6, 8;
tBu3tpy=4,4’,4’’-tri-tert-butyl-2,2’:6’,2’’-
terpyridine) with foldable oligo(ortho-
phenyleneethynylene) linkers were pre-
pared and characterized by spectro-
scopic methods and/or X-ray crystallo-
graphic analyses. In the crystal struc-
tures of 3·2.5CH3OH, 5·CH3CN, and
6·4CH3CN, each of the bridging ortho-
phenyleneethynylene ligands has a par-


tially folded conformation. In aerated
water/acetonitrile mixtures with water
percentages larger than 40%, the emis-
sion of complexes 3–7 are red-shifted
and enhanced when compared to those
recorded in acetonitrile. The red-shift
in emission energy and enhanced emis-
sion intensity can be attributed to the


inter- and/or intramolecular interac-
tions induced by the addition of water
to solutions of the platinum(II) com-
plexes in acetonitrile. Data from dy-
namic light scattering and transmission
electron microscopy studies revealed
that these binuclear platinum(II) com-
plexes aggregated into nanosized parti-
cles in acetonitrile/water mixtures. Hy-
drophobic folding of the ortho-phenyl-
ACHTUNGTRENNUNGeneethynylene linkers in acetonitrile/
water mixtures is postulated.
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escent metal–organic systems with folding properties arising
from p–p stacking and solvophobic interactions in solution.
Despite the extensive coordination chemistry of meta- and
para-PE ligands, metal complexes with ortho-PE ligands are
sparse in the literature.[10] Herein, we report the uniquely
red-shifted and enhanced phosphorescence of dicationic ter-
pyridyl–platinum(II) complexes containing ortho-PE
bridges, [(tBu3tpy)Pt�(C�C�1,2-C6H4)n�C�C�PtACHTUNGTRENNUNG(tBu3tpy)]-
ACHTUNGTRENNUNG[ClO4]2 (1–7, n=1, 2, 3, 4, 5, 6, 8; tBu3tpy=4,4’,4’’-tri-tert-
butyl-2,2’:6’,2’’-terpyridine), in aqueous medium. Two mono-
nuclear complexes [(tBu3tpy)Pt�C�CC6H5]ClO4 (8) and
[(tBu3tpy)Pt�(C�C-1,2-C6H4)2-C�CC6H5]ClO4 (9) were stud-
ied for comparison.


Results


Synthesis and characterization : The series of terpyridyl–plat-
inum(II) complexes (1–8) and 9 were synthesized through
Sonogashira coupling reactions between [(tBu3tpy)PtCl]ClO4
and the corresponding ortho-PEs (Scheme 1). For complexes


1–7, the molar ratios of [(tBu3tpy)PtCl]ClO4 to the
ACHTUNGTRENNUNG[ortho-PE(n)]H2 (ortho-PE(n)=C�C�1,2-C6H4�(C�C�1,2-
C6H4)n�1�C�C, where n=1, 2, 3, 4, 5, 6, and 8, respectively)
are 2:1; whereas for the mononuclear complexes 8 and 9,
the molar ratios of ((tBu3tpy)PtCl]ClO4 to the alkynyl
ligand [HC�CC6H5 and H(C�C�1,2-C6H4)2C�CC6H5, re-
spectively) are 1:1. Purification over a neutral Al2O3 column
with CH2Cl2/acetone (volume ratio 4:1) followed by CH2Cl2/
CH3OH (volume ratio 4:1) as eluents gave 1–9 as an orange
or a red solid in moderate to high yields. The highest prod-
uct yield was 90% (8) and the lowest was 47% (5). These
complexes are air stable and soluble in CH2Cl2, CHCl3,
CH3CN, and acetone and slightly soluble in CH3OH. They
were characterized by 1H and 13C NMR spectroscopy, and
fast atom-bombardment (FAB) mass spectrometry (MS, see
Experimental Section). As revealed by the 1H NMR spectra
of these complexes, the 2 and 6’’ protons of the terpyridyl
ligand appear as a doublet with two Pt satellites (3JPtH=


�40 Hz), which was previously reported for terpyridyl–plati-
num(II) systems.[4,5] The FAB mass spectra of 1–7 reveal
two major peaks corresponding to [M�ClO4]+ and
[M�2ClO4]+ , in which M represents the intact ion pair.


X-ray crystallography : Crystals of 3·2.5CH3OH, 5·CH3CN,
and 6·4CH3CN were obtained by slow diffusion of Et2O
into a solution of 3 in CH3OH or solutions of 5 and 6 in
CH3CN, and the crystal structures (Figure 1) were deter-
mined by X-ray crystal analysis. Crystallographic data col-
lection parameters are summarized in Table 1. The Pt�C
(1.94–1.99 L) and C�C (1.14–1.22 L) bond lengths and Pt�
C�C (170.0–178.18) and C�C�C (172.4-178.98) angles are
comparable to those of reported platinum(II)–s-alkynyl
complexes containing terpyridyl and/or cyclometalated li-
gands.[4–5]


The crystal structure of 3 (Figure 1, left) shows that two
[(tBu3tpy)Pt] moieties adopt a distorted planar geometry
and are linked to each other by ortho-PE(3) through Pt�C
bonds. The terpyridyl–platinum(II) planes and the phenyl
rings of the bridging ortho-PE(3) fold into a two-layered
helix as a result of the angular shape of the ortho-PE(3)
units and the p–p interactions between the [(tBu3tpy)Pt]
planes and their adjacent phenyl rings with interplanar dis-
tances of around 3.4 L. Two [(tBu3tpy)Pt] planes in the
same molecule have a dihedral angle of 268. The view along
the folding axis of the ortho-PE(3) moiety is close to a regu-
lar triangle. Despite the bulky tert-butyl groups at the pe-
riphery of terpyridyl ligand, there is a close intermolecular
Pt···Pt contact (distance 3.24 L) between two pairing cations
in a head-to-tail fashion. These cation pairs are packed into
infinite columns in the crystal structure. The intermolecular
and interplanar distance between two neighboring terpyridyl
planes is around 3.4 L, which would allow for p–p interac-
tions.
Each of the cations in 5 (Figure 1, middle) and 6


(Figure 1, right) folds into a three-layered sandwichlike
structure with two terpyridyl–platinum(II) planes, one
serves as the first and the other one as the third layer, whileScheme 1. Syntheses of complexes 1–7.
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the second layer is the central C6H4 ring of ortho-PE(5) for
5 and the central C6H4�C�C�C6H4 moiety of ortho-PE(6)
for 6. All the interlayer separations (�3.3 L for 5, �3.4 L


for 6) are typical distances for
p–p interactions. There are two
antiparallel folding axes for the
ortho-PE(5) moiety in 5 and
ortho-PE(6) moiety in 6. Thus,
the view along the folding axis
of the helical structure in 5 and
6 could be described as a twist-
ed “figure eight”, and the fold-
ing direction for each loop of
the figure eight is opposite to
each other. No inter- or intra-
molecular Pt···Pt interactions
are found in the crystal struc-
tures of both 5 and 6. In 5, in-
termolecular separations be-
tween the neighboring
[(tBu3tpy)Pt] planes are close
enough for p–p interactions
(3.50 L), whereas for 6, the
[(tBu3tpy)Pt] planes between
the neighboring cations have a
dihedral angle of 24.08.


Spectroscopic properties : The
photophysical properties of 1–9
are summarized in Table 2. The


electronic absorption spectra of 1–7 show an intense band at
312–365 nm (e�4O104 dm3mol�1 cm�1) with vibronic struc-
tures and a less intense broad absorption band at 452–


Figure 1. Left: Perspective view (top) of the cation in 3·2.5CH3OH with hydrogen atoms, perchlorate ions and solvated molecules omitted for clarity.
The side view (bottom) of the cations is shown to emphasize the conformation of the ortho-PE(3) bridges and the intramolecular folding through intra-
molecular p-p interactions and intermolecular Pt···Pt contacts (as indicated with dashed lines). Middle: Perspective view (top) and side view (bottom) of
the cation in 5·CH3CN with hydrogen atoms, perchlorate ions and solvated molecules omitted for clarity. Right: Perspective view (top) and side view
(bottom) of the cation in 6·4CH3CN with hydrogen atoms, perchlorate ions and solvated molecules omitted for clarity.


Table 1. Crystal data of complexes 3·2.5CH3OH, 5·CH3CN, and 6·4CH3CN.


3·2.5CH3OH 5·CH3CN 6·4CH3CN


formula C82.5H92Cl2N6O10.5Pt2 C98H93Cl2N7O8Pt2 C112H106Cl2N10O8Pt2
Mr 1796.70 1954.85 2181.15
color red orange red orange
T [K] 253 301 253
crystal size [mm] 0.35O0.15O0.1 0.7O0.15O0.1 0.3O0.3O0.1
crystal system monoclinic monoclinic triclinic
space group C2/c P21/c P1̄
a [L] 28.180(6) 17.777(4) 17.444(4)
b [L] 28.678(6) 30.505(6) 17.535(4)
c [L] 19.779(4) 20.462(4) 19.790(4)
a [8] 78.05(3)
b [8] 90.10(3) 112.78(3) 69.92(3)
g [8] 66.03(3)
V [L3] 15984(6) 10231(4) 5179(2)
Z 8 4 2
1calcd [gcm


�3] 1.493 1.269 1.399
m [mm�1] 3.625 2.836 2.810
F ACHTUNGTRENNUNG(000) 7224 3924 2204
2qmax [8] 49.84 50.52 50.64
reflns 26040 37975 26382
independent reflns 8788 [Rint=0.070] 12096 [Rint=0.056] 13222 [Rint=0.068]
variables 460 489 623
GOF on F2 0.81 0.89 0.90
R1


[a] 0.049 0.059 0.056
wR2


[b] 0.108 0.171 0.130
residual 1 [eL�3] +1.158, �0.771 +0.947, �1.299 +1.124, �1.045


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {�[w(F
2
o�F2c)]/�[w(F


2
o)
2]}


1=2 .
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482 nm (e�0.75–1.25O104 dm3mol�1 cm�1) in CH2Cl2 at
room temperature (Figure 2). When the bridging ortho-PE
is extended from one to eight (C�C�1,2-C6H4) repeating
units as in the case of 1–7, there is only a slight variation of
the low-energy absorption band maximum with no distinct
trend observed. For comparison, the spectroscopic data of
the two mononuclear complexes 8 and 9 containing the C�
CC6H5 and (C�C�1,2-C6H4)2�C�CC6H5 ligand, respectively,
were studied. The absorption spectra of 8 and 9 (a high-
energy band at 314–340 nm and a low-energy band at 413–
461 nm) resemble that of the binuclear complexes 1–7. The
solvent effect on the absorption spectrum of 5 has been ex-
amined: the low-energy absorption band maximum blue-
shifts from 467 nm to �434 nm when the solvent changes
from CH2Cl2 to CH3CN and CH3OH (Figure 3). Similar
hypsochromism on the absorption spectrum of 1 has also
been observed (from 482 nm in CH2Cl2 to �450 nm in
CH3CN and CH3OH). The low-energy absorption band of 5


Table 2. Photophysical data of 1–9.


Complex Medium labs [nm] (emax [10
3
m
�1 cm�1]) lem [nm] (tem [ms]) {fem}


[a]


1 CH2Cl2 (298 K) 314 (45.0), 329 (36.2), 345 (34.3), 482 (11.6) 607 (0.4) {0.010}
CH3CN (298 K) 311 (35.0), 326 (30.9), 340 (30.4), 447 (sh, 8.8) 604 (0.2) {0.003}
CH3OH (298 K) 311 (33.1), 327 (29.2), 342 (29.7), 455 (sh, 8.4) 606 (0.1) {0.003}
solid (298 K)[b] 647 (<0.1)
solid (77 K)[b] 670 (1.1)
glass (77 K)[c] 550 (17.3), 582 (sh)


2 CH2Cl2 (298 K) 312 (38.5), 325 (34.9), 341 (28.3), 453 (12.0) 650 (0.1) {0.005}
solid (298 K)[d] 644 (<0.1)
solid (77 K)[d] 664 (0.9)
glass (77 K)[c] 545 (10.1), 623


3 CH2Cl2 (298 K) 313 (45.2), 325 (38.3), 339 (31.0), 473 (9.0) 591 (0.9) {0.004}
solid (298 K)[b] 641 (0.2)
solid (77 K)[b] 638 (3.6)
glass (77 K)[c] 532, 611 (16.7)


4 CH2Cl2 (298 K) 314 (46.5), 325 (43.2), 340 (38.6), 362 (19.8), 452 (8.8) 605 (0.5) {0.006}
solid (298 K)[b] 705 (0.3)
solid (77 K)[b] 706 (0.8)
glass (77 K)[c] 519 (25.1), 554


5 CH2Cl2 (298 K) 314 (47.7), 325 (42.9), 340 (35.7), 365 (17.9), 467 (sh, 7.8) 584 (0.6) {0.059}
CH3CN (298 K) 313 (45.8), 326 (45.3), 339 (41.6), 364 (25.1), 434 (sh, 9.4) 567 (0.2) {0.004}
CH3OH (298 K) 314 (36.8), 326 (36.4), 340 (33.2), 366 (19.5), 435 (sh, 7.1) 563 (0.1) {0.002}
solid (298 K)[d] 663 (0.3)
solid (77 K)[d] 547 (2.7), 592 (3.3), 707 (0.9)
glass (77 K)[c] 523 (127.0), 564, 593


6 CH2Cl2 (298 K) 314 (47.9), 325 (44.9), 340 (40.5), 364 (22.5), 461 (sh, 8.3) 600 (2.3) {0.041}
solid (298 K)[b] 659 (<0.1)
solid (77 K)[b] 588 (4.9), 640 (sh, 1.9), 695 (1.2)
glass (77 K)[c] 529 (21.6), 564, 595 (sh)


7 CH2Cl2 (298 K) 316 (73.6), 325 (70.6), 339 (64.9), 364 (41.2), 457 (sh, 9.9) 604 (0.6) {0.024}
solid (298 K)[d] 662 (0.2)
solid (77 K)[d] 586 (2.0), 705 (1.0)
glass (77 K)[c] 526 (78.0), 561


8 CH2Cl2 (298 K) 315 (14.7), 340 (12.6), 413 (sh, 4.1) 593 (3.4) {0.111}
solid (298 K)[b] 644 (<0.1)
solid (77 K)[b] 643 (1.2)
glass (77 K)[c] 518 (10.0), 547 (sh), 605 (sh)


9 CH2Cl2 (298 K) 314 (28.3), 461 (sh, 4.1) 580 (0.6) {0.087}
solid (298 K)[b] 675 (0.2)
solid (77 K)[b] 567 (sh), 672, 700 (1.0)
glass (77 K)[c] 516 (23.9), 551 (sh, 17.0)


[a] Quantum yield for degassed solutions, using quinine sulfate in 0.1m H2SO4 (fem=0.546) as reference. [b] Microcrystalline solid. [c] CH3OH/
CH3CH2OH (v/v)=1:4 at 77 K. [d] Fine powder.


Figure 2. UV/Vis absorption spectra of 1–7 in CH2Cl2 at 298 K with the
inset showing the amplified 400–600 nm region.
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obeys BeerTs law in the concentration range of 10�5–
10�4 moldm�3 in CH3CN, suggesting no significant aggrega-
tion in this concentration range.
All these complexes are emissive in degassed solutions, in


solid state and in CH3OH/CH3CH2OH (v/v=1:4) glassy sol-
utions at 77 K. Emission lifetimes are in the microsecond
time region, and the emission quantum yields measured in
CH2Cl2 are in the range of 0.2–5.9% (the results are listed
in Table 2). The room-temperature emission lmax for 1–7 in
CH2Cl2 are 607, 650, 591, 605, 584, 600 and 604 nm, respec-
tively; while their corresponding solid-state emission
maxima are red-shifted (except for 2) to 647, 644, 641, 705,
663, 659 and 662 nm, respectively. For the mononuclear
complexes 8 and 9, their solid-state emissions are at lower
energies (644 nm for 8, 675 nm for 9) than in CH2Cl2
(593 nm for 8, 580 nm for 9). Complex 5 was chosen to illus-
trate the solvatochromic properties of this class of com-
plexes. Upon changing the solvent from CH2Cl2 to CH3CN
and CH3OH, its emission lmax (lifetime, quantum yield) is
blue-shifted from 584 (0.6 ms, 0.06) to 567 (0.2 ms, <0.01)
and 563 nm (0.1 ms, <0.01) (Figure 3). Increasing the coun-
terion concentration from 0.001m to 0.01m by adding a
LiClO4 salt to a solution of 5 in CH3OH at �1.0O
10�5 moldm�3 did not change its electronic absorption and
emission spectra.


Water-induced emission change : The emission properties of
1–7 in aerated H2O/CH3CN mixtures with increasing H2O
composition have been examined. The concentrations of the
platinum(II) complexes were fixed at 1.0O10�5 moldm�3,
and all the absorption and emission spectra were measured
under aerated conditions. The solutions or dispersions used
for the spectroscopic measurements remained transparent
for at least 30 days, even when the water fraction was as
high as 90%. A red-shift in emission energy and enhance-
ment of the emission intensity were found for 3–7 in aerated
H2O/CH3CN mixtures with a water composition of >40%
(v/v). Upon increasing the water fraction from 40 to 90%,


the emission maximum red-shifted from 583 to 699 nm
(2846 cm�1) for 3, 598 to 657 nm (1502 cm�1) for 4, 567 to
670 nm for (2711 cm�1) 5, 584 to 657 nm (1903 cm�1) for 6,
and 584 to 659 nm (1949 cm�1) for 7; the corresponding
quantum yield increased by 3.6, 22.7, 8.4, 16.4 and 3.0-fold
for 3–7, respectively. The emission lifetimes showed slight
increments (from 0.1 to 0.6 ms). Most notably, the red-shifted
emission lmax upon addition of water is comparable in
energy to the corresponding room-temperature solid-state
emission (lmax=641, 705, 663, 659 and 662 nm for 3–7, re-
spectively). Under the same conditions, 1 and 2, which have
shorter ortho-PE(n) (n<3) ligands, showed red-shifted lmax
(611 to 633 nm (569 cm�1) for 1, 645 to 721 nm (1634 cm�1)
for 2), but less than a 0.2-fold enhancement in the emission
intensity was observed.
The mononuclear complexes 8 with a C�CC6H5 moiety


and 9 with a (C�C�1,2-C6H4)2�C�CC6H5 moiety in aerated
H2O/CH3CN mixtures were studied for comparison. For 9,
the emission lmax red-shifts from 571 to 655 nm (2246 cm


�1)
with a concomitant 19-fold enhancement in intensity when
the water percentage increases from 40 to 90%. In contrast,
8 has no angular ortho-PE ligand, and its emission in aerat-
ed H2O/CH3CN mixtures diminishes in intensity without a
red-shift in lmax upon increasing the water fraction from 0 to
0.9 (see Supporting Information).
Complex 5 was chosen for further investigation. Upon in-


creasing the water content from 40 to 90%, the emission
lmax of 5 in aerated H2O/CH3CN mixtures red-shifted from
567 to 670 nm (2711 cm�1) (the emission spectra are depict-
ed in Figure 4, top); the emission quantum yield increased
from <0.01 to 0.03, and the lifetime increased from 0.1 to
0.4 ms. The UV/Vis absorption spectra of 5 in aerated H2O/
CH3CN mixtures (Figure 4, middle) with increased water
percentage showed a sharp decrease in absorbance at l=


350 nm, together with a concomitant increase in the low-
energy absorption band at �500 nm. This is consistent with
the finding of an absorption peak maximum at 475 nm in
the excitation spectrum recorded with a solution of 5 in a
90:10 H2O/CH3CN mixture (monitored at emission wave-
length 674 nm) (Figure 4, bottom). The former is red-shifted
from the corresponding peak maximum at 458 nm when the
excitation spectrum was recorded in a 40:60 H2O/CH3CN
mixture (monitored at emission wavelength 568 nm;
Figure 4, bottom). The spectroscopic properties of 5 in aer-
ated Et2O/CH3CN mixtures were studied. A solution of 5 in
an Et2O/CH3CN mixture containing 90% Et2O is not as
stable as in H2O/CH3CN mixtures. In the former, 5 precipi-
tated as a microcrystalline solid after standing for �24 h. In
contrast to the finding obtained with the H2O/CH3CN mix-
tures, upon gradually increasing the Et2O fraction from 40
to 90%, only slight changes in the UV/Vis absorption spec-
tra could be found, and the emission lmax remained at
�570 nm with a fourfold enhancement in intensity
(Figure 5).
As 5 is insoluble in water but a solution (or dispersion) of


5 in H2O/CH3CN mixtures (volume ratio varying from 40:60
to 90:10) at a concentration of 1.0O10�5 moldm�3 remained


Figure 3. UV/Vis absorption and normalized emission (inset) spectra of 5
in CH2Cl2, CH3CN, and CH3OH (lex=350 nm) at 298 K.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9736 – 97469740


C.-M. Che et al.



www.chemeurj.org





transparent, we envisage that 5 may exist as nanosized
spherical aggregates in these solution mixtures. Representa-
tive transmission electron micrograph (TEM) of the aggre-
gates formed by 5 in a 9:1 H2O/CH3CN mixture is depicted
in Figure 6 (top). Dynamic light scattering (DLS) measure-


ments showed that the average diameter of these spherical
aggregates was �33 nm (Figure 6, bottom). However, no
nanosized particles were observed by either DLS or TEM
studies in Et2O/CH3CN mixtures with volume ratio of 90:10.


Figure 4. Spectroscopic traces for 5 in aerated H2O/CH3CN mixtures
upon increasing the water fraction. Top: Emission traces (lex=350 nm)
with the inset showing the plot of emission intensity at 674 nm against
water fraction. Middle: UV/Vis absorption traces with the inset showing
the enlarged 400–600 nm region. Bottom: Excitation spectra monitored
at lem=568 (40% H2O) and 674 nm (90% H2O), respectively, with inset
showing the excitation spectra in 60% H2O/CH3CN mixture monitored
at lem=571 and 651 nm, respectively.


Figure 5. Emission traces (lex=350 nm) of complex 5 in Et2O/CH3CN
mixtures upon increasing the Et2O fraction.


Figure 6. Top: TEM image of 5 in H2O/CH3CN with a water fraction of
90%. Bottom: Histogram of particle size distribution of 5 in H2O/
CH3CN mixtures at 90% water fraction as determined by dynamic light
scattering.
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Similar submicron spherical structures were also found in a
9:1 H2O/CH3CN mixture of 6.


Variable-temperature NMR spectroscopy : In the literature,
1D and 2D (NOESY or ROESY) NMR have been utilized
to study the folding behavior of the ortho-PE(n) backbone
in polar solvents.[9f–h] In this work, a significant change in
the emission property of 5 was found in the aerated H2O/
CH3CN mixtures with a high water percentage. However,
under these conditions, the solubility of 5 is too low to allow
for a 2D (NOESY or ROESY) NMR study. An attempt to
replace the counterion of 5 from perchlorate to chloride by
using an anion-exchange resin (aiming to increase their
water solubility) was not successful. Instead, a variable-tem-
perature 1H NMR experiment was conducted, and a 1H–1H
COSY NMR measurement was also performed to assist in
the assignment of proton signals (see Supporting Informa-
tion for spectra). Again 5 was chosen for the study as its
1H NMR signals are well-resolved. Figure 7 displays the
NMR spectra of 5 in CD2Cl2 with a concentration of �5O
10�3m at �60, �50, �40, �20, 0 and 20 8C. When the tem-
perature decreases from 20 to �60 8C, the NMR signals of
the terpyridyl protons H1 and H4 in the aromatic region are
shifted upfield; the chemical shifts of the terpyridyl H2 and
H3 remain unchanged, while the signals of two protons on
the central phenyl ring (marked as ~) and other phenyl pro-
tons (except two protons) are shifted downfield. The NMR
signals of the terpyridyl protons H1, H2, H3 and H4 are
broadened upon decreasing temperature from 20 to �60 8C,
while the breadth of the other signal peaks remained almost
unchanged.


Discussion


Folded ortho-PE(n) moieties in crystal structures : Based on
the crystal structures of ortho-PEs or compounds containing
ortho-PE(n) bridges reported in literature, the ortho-PE
bridges can be summarized to adopt the following confor-
mations: I) transoid–transoid, II) transoid–cisoid, and III)
cisoid–cisoid (Figure 8). Grubbs and Kratz reported the


crystal structure of [ortho-PE(2)]Ph2 (Ph=phenyl) and
[ortho-PE(3)]Ph2, revealing a transoid–transoid and trans-
oid–cisoid helix, respectively.[8a] Youngs and co-workers re-
ported that [ortho-PE(4)]H2 and [ortho-PE(4)] ACHTUNGTRENNUNG(TMS)2
(TMS= trimethylsilane) adopt the transoid–transoid and
transoid–cisoid conformation, respectively, in the crystal
structures.[11] Substituted ortho-PE(2) and ortho-PE(3) with
pyridyl caps were reported by Bunz and co-workers to
adopt the transoid–transoid conformation in their crystal
structures.[9e] Two triethylphosphine–platinum complexes
containing a substituted ortho-PE(3) ligand and reported by
Haley and co-workers were regarded as a twisted transoid-
transoid conformation.[10e] In this work, the crystal structures
of 3, 5, and 6 revealed that each of the coordinated ortho-
PE(n) ligands of these complexes adopts a helical conforma-
tion. As depicted in Figure 8, 3 has a fully folded bridging
ortho-PE(3) ligand with cisoid–cisoid conformation; the
folding of ortho-PE(5) in 5 is considered to give rise to both
transoid–cisoid and cisoid–cisoid conformations; and the
folding of ortho-PE(6) in 6 has transoid–transoid and trans-


Figure 7. Variable-temperature 1H NMR spectra of 5 in CD2Cl2 solution
(�5O10�3m) at �60, �50, �40, �20, 0 and 20 8C.


Figure 8. Partially folded conformations, I) transoid–transoid, II) tran-
soid–cisoid, III) cisoid–cisoid, of the ortho-PE(n) moieties revealed by
the crystal structures of a) 3·2.5CH3OH, b) 5·CH3CN, and c) 6·4CH3CN.
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oid–cisoid conformations. The biaxially helical conforma-
tions of the ortho-PE(n) moieties in 5 and 6 are in contrast
to the uniaxially helical structures reported for meta-PE(n)
compounds.[12] The coordinated ortho-PE(n) ligands of the
dicationic platinum(II) complexes described in this work are
partially folded in their crystal structures, because p–p inter-
actions could occur between the phenyleneethynylene moi-
eties of the ortho-PE(n) ligands and the capping terpyridyl–
platinum(II) moieties, all of which have a large p surface.


Spectroscopic properties of complexes 1–9 : The UV/Vis ab-
sorption spectra of 1–9 are similar to mononuclear [Pt ACHTUNGTRENNUNG(tpy)-
ACHTUNGTRENNUNG(C�CC6H5)]PF6 and other terpyridyl–platinum(II) com-
plexes reported in the literature.[4] The corresponding free
ortho-PE ligands of 1–9 absorb strongly at 272–329 nm in
CH2Cl2 (see Supporting Information). With reference to
previous work, we assign the high-energy absorption band
of 1–9 at 313–365 nm to intra-ligand (IL) p!p* ACHTUNGTRENNUNG(tBu3tpy)
and p!p*[(C�C�1,2-C6H4)nC�C] transitions of the ortho-
PE bridge and the terpyridyl ligand, and the low-energy
band at 413–473 nm to a dp(Pt)!p* ACHTUNGTRENNUNG(tBu3tpy) metal-to-
ligand charge transfer (MLCT) transition.[3c,4]


In solution, the emission lmax, lifetimes, and quantum
yields of 1–9 are close to those of the reported terpyridyl–
platinum(II) complexes.[4] The emission lmax blue-shifts
when the solvent polarity increases, indicating the ground
state is more polar than the excited states. This is consistent
with the MLCT assignment. With reference to previous
work, a 3[dp(Pt)!p* ACHTUNGTRENNUNG(tBu3tpy)] excited state mixed with
3
ACHTUNGTRENNUNG[p!p* ACHTUNGTRENNUNG(ortho-PE)] is tentatively assigned to the emissions
of 1–9 recorded in anhydrous, organic solvents.[3c,4]


It is known that square-planar oligopyridyl–PtII complexes
usually absorb and emit at longer wavelengths in the solid
state and in solutions with high complex concentrations than
in diluted solutions. This is attributed to excimer/exciplex
formation through p–p interactions in the ground and/or ex-
cited states.[5] For example, the crystalline form of [Pt-
ACHTUNGTRENNUNG(tpy)Cl] ACHTUNGTRENNUNG[CF3SO3] is orange-red, while a solution of this com-
plex in CH3CN is light yellow.[5c] A high concentration
(>10�3 moldm�3) of [Pt ACHTUNGTRENNUNG(tpy)Cl]PF6 in EMD (ethanol/metha-
nol/DMF 5:5:1) at low temperatures displays red-shifted
MLCT and p–p excimer emission when compared with the
emission recorded with a diluted solution.[5a] The ortho-
PE(1) moiety in complex 1 is not long enough to be folded
into a helical conformation, thus the emission red-shift of 1
from lmax 604 nm in CH3CN to 647 nm in the solid state at
298 K could only be explained by intermolecular p–p inter-
actions and/or Pt···Pt interactions. In the cases of 3–7 with
the ortho-PE(n) (n�3) moieties, they fold into a compact
structure as revealed by their X-ray crystal structures. Be-
sides intermolecular p–p interactions and/or Pt···Pt interac-
tions, the intramolecular p–p interactions between the
phenyl rings of the bridging ortho-PEs and the terminal ter-
pyridyl planes can be a prominent cause to the red-shift.


Red-shifted and enhanced emission of complexes 3–7 and 9
in aerated H2O/CH3CN mixtures : In H2O/CH3CN mixtures


with increasing water percentage from 40 to 90%, a red-
shift of emission energy and enhancement in emission inten-
sity were observed for 3–7, and 9, the latter is a mononu-
clear PtII complex with the (C�C�1,2-C6H4)2�C�CC6H5
ligand. The emission energy of 3—7 and 9 in 9:1 H2O/
CH3CN mixtures are close to those recorded in solid state.
This may suggest the conformation of these complexes in
H2O/CH3CN mixtures with high H2O percentages could re-
semble the folded structures of the corresponding metal
complexes in the solid state. The red-shifts observed in the
UV/Vis absorption traces of these complexes in H2O/
CH3CN mixtures are in line with the aggregation and possi-
ble folding process upon increasing water contents. As de-
picted in Figure 4 (middle), the decrease in the absorbance
of a high-energy band of 5 (350 nm, assigned as IL p!p*
transitions) can be caused by an overlap of the pp orbitals of
the ortho-PE(5) moiety when the solvent polarity was in-
creased (hypochromicity),[8a] while the red-shift and increase
in the low-energy absorption (�500 nm, assigned as
dp(Pt)!p* ACHTUNGTRENNUNG(tBu3tpy) MLCT transitions) can be attributed to
Pt···Pt interactions and/or p–p interactions in solution. The
excitation peak maximum of 5 in a 90% H2O/CH3CN mix-
ture (monitored at lem=674 nm) red-shifted from that in
40% H2O/CH3CN mixture (monitored at lem=568 nm), re-
vealing that ground-state molecular interactions occurred in
the H2O/CH3CN solvent mixtures with high water percen-
tages (Figure 4, bottom). Nanoscale particles with an aver-
age diameter of �33 nm were found for 5 in a 9:1 H2O/
CH3CN mixture at a concentration of 1.0O10


�5 moldm�3.
In a dispersion of 5 in 9:1 Et2O/CH3CN mixture, although


nanosized particles were not detected in the TEM and DLS
observations, molecular aggregation is thought to occur be-
cause Et2O is a poor solvent for 5, and crystalline precipi-
tates were found after the mixture had stood for �24 h.
There was an enhancement in the emission intensity, but no
shift in the emission lmax upon increasing the Et2O content
from 40 to 90%, and the UV/Vis absorption spectra re-
mained almost unchanged. We suggest that, for 5 in Et2O/
CH3CN mixtures, aggregation leads to a diminished nonra-
diative decay of the emissive excited state as a consequence
of restricted motion of the molecules in the aggregates and
that this is the main reason for the enhanced emission inten-
sity. The intermolecular interactions resulting from aggrega-
tion may not significantly affect the emission energy. Similar
aggregation induced emissions have been observed in the lit-
erature.[13]


Considering the different polarity of H2O and Et2O, we
suggest that, in H2O/CH3CN solutions of 5, hydrophobic
folding is induced upon the addition of water. Intramolecu-
lar interactions between the [Pt ACHTUNGTRENNUNG(tBu3tpy)] planes and the
bridging ortho-PE(n) ligands account for the red-shifted
phosphorescence. This suggestion is further supported by
two experimental findings: 1) the emission energy (lem=


674 nm) of 5 in the 9:1 H2O/CH3CN mixture resembles the
one (lem=663 nm) recorded in the crystalline solid state at
298 K, and the crystal structure of 5 revealed a partially
folded conformation of the ortho-PE(5) moiety; and 2) com-
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plexes 3–7 and 9, which contain foldable ortho-PE(n) (n�3)
moieties were found to exhibit red-shifted and enhanced
emissions in aerated H2O/CH3CN mixtures upon increasing
the water percentages, whereas these red-shifted and en-
hanced emissions were not observed for complexes 1, 2 and
8, which contain only shorter ortho-PE(n)s (n<3) moieties.
The results of a variable-temperature 1H NMR study of 5


indicated that this complex may adopt an unfolded confor-
mation in CD2Cl2 at 298 K, but intermolecular p–p interac-
tions are possible at lower temperatures in this solvent
system. It has been reported that 1H signals are broadened
and shifted upfield as a result of p–p stacking interactions
due to self-association or aggregation of planar metal com-
plexes containing aryl p-conjugated organic ligands.[5f, 14] In
this work, the terpyridyl protonsT signals show broadening
and an upfield shift, presumably due to the intermolecular
p–p interactions of the terminal terpyridyl planes upon de-
crease in temperature. However, the signals of the protons
on the central phenyl ring (marked as ~) are shifted down-
field and do not show peak broadening (Figure 7). 2D
NOESY signals, corresponding to interactions between ter-
pyridyl protons and two protons on the central phenyl ring,
as would be expected for helical conformation, were not ob-
served in the variable-temperature 1H NMR spectra in solu-
tion. All these results exclude the possibility of 5 adopting a
folded helical conformation in CD2Cl2 upon decreasing tem-
perature from 20 to �60 8C. This is consistent with the spec-
troscopic studies on 5, in which the emission energies (lem=


584 nm for CH2Cl2 solution at 298 K and lem=523 nm for a
glassy solution at 77 K) suggest a different conformation in
solution from the folded structure in the crystal form (lem=


674 nm) of 5.


Conclusion


In conclusion, we prepared novel dicationic terpyridyl–plati-
num(II) complexes containing flexible ortho-PE(n) ligands
(PE=phenyleneethynylene), determined the helical confor-
mations of the ortho-PE(n) moieties in the crystal structures,
and demonstrated the uniquely red-shifted and enhanced
phosphorescence of these complexes in aerated H2O/
CH3CN solvent mixtures upon increasing the water percen-
tages. Intermolecular aggregation and intramolecular hydro-
phobic folding of the coordinated ortho-PE(n) (n=3) li-
gands are suggested as the main causes for these solvato-
chromic properties. These findings could benefit the molecu-
lar design of foldamers containing ortho-PE(n) moieties and
phosphorescent platinum(II) complexes with flexible struc-
tures and tunable emission properties.


Experimental Section


General procedures : All starting materials were purchased from commer-
cial sources and used as received unless stated otherwise. The solvents
used for synthesis were of analytical grade. The ortho-PEs, (H�(C�C�


1,2-C6H4�(C�C�1,2-C6H4)n�1�C�CH, n=1, 2, 3, 4, 5, 6 and 8, respective-
ly), and H(C�C�1,2-C6H4)2C�CC6H5 were prepared according to litera-
ture methods.[8a,12, 15] 1H and 13C NMR spectra were recorded on a Bruker
Avance 400 or DRX 300 FT-NMR spectrometer with TMS (1H and 13C)
as reference. Mass spectra (FAB) were obtained on a Finnigan MAT 95
mass spectrometer. Elemental analyses were performed by the Institute
of Chemistry, Chinese Academy of Sciences, Beijing. UV/Vis spectra
were recorded on a Perkin–Elmer Lambda 19 UV/Vis spectrophotome-
ter. The degassed solution samples for emission measurements underwent
at least four freeze-pump-thaw cycles. The aerated solution samples for
emission measurements were exposed to air. Emission spectra were ob-
tained on a SPEX Fluorolog-2 Model F111 fluorescence spectrophotom-
eter. Emission lifetime measurements were performed with a Quanta
Ray DCR-3 pulsed Nd:YAG laser system (pulse output 355 nm, 8 ns).
Luminescent quantum yields were referenced to quinine sulfate in 0.1m


H2SO4 solution (fem=0.546) with estimated error of �15%. The samples
for TEM observations were prepared by depositing a few drops of the
aqueous samples on the holey copper grid, which was then put into a des-
iccator. The TEM images were recorded on a Philips Tecnai 20 electron
microscope, with an accelerating voltage of 200 kV. The dynamic light
scattering (DLS) experiments were performed with a Malvern ZetaSizer
3000HSA. IR measurements were performed by using a Bio-Rad FT-IR
spectrometer.


Syntheses and characterization :


General procedure for the syntheses of complexes 1–9 : Complexes 1–9
were synthesized by the overnight reaction of corresponding ortho-PEs
(H�(C�C�1,2-C6H4)n�C�CH, n=1, 2, 3, 4, 5, 6, 8, respectively), HC�
CC6H5 or H�(C�C�1,2-C6H4)2C�CC6H5 with [(tBu3tpy)PtCl]ClO4 (molar
ratio 1:2 for 1–7, 1:1 for 8 and 9) in argon-bubbled CH2Cl2/iPr2NH
(volume ratio 4:1) solvent mixture with a catalytic amount of CuI at
room temperature. Chromatography on neutral Al2O3 with CH2Cl2/ace-
tone (volume ratio 4:1) to CH2Cl2/CH3OH (volume ratio 4:1) as eluent
gave 1–9 as orange or red solids.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�C�C�1,2-C6H4�C�C�Pt ACHTUNGTRENNUNG(tBu3tpy)]ACHTUNGTRENNUNG[ClO4]2 (1): Yield:
78%; 1H NMR (300 MHz, CD3CN, 25 8C): d =9.37 (d with Pt satellites,
3J=6.0 Hz, 4H; terpyridyl H), 8.31 (s, 4H; terpyridyl H), 8.15 (d, 4J=


1.7 Hz, 4H; terpyridyl H), 7.74 (dd, 3J=6.0 Hz, 4H; terpyridyl H), 7.59
(m, 2H; phenyl H), 7.31 (m, 2H; phenyl H), 1.53 (s, 18H; tert-butyl H),
1.22 ppm (s, 36H; tert-butyl H); 13C{1H} NMR (100 MHz, CD3CN, 25 8C):
d=168.8, 167.5, 159.1 and 154.9 (quaternary C on terpyridyl), 156.1 (ter-
tiary C on terpyridyl), 132.6, 130.4 and 127.4 (C on phenyl ring), 127.1,
124.1 and 122.5 (tertiary C on terpyridyl), 105.2 (Pt�C�C), 103.4 (Pt�C�
C), 38.2 and 37.0 (quaternary C on tert-butyl group), 30.6 and 30.1 ppm
(primary C on tert-butyl group); IR (KBr): ñ =2122 cm�1 (C�C); FAB-
MS (+ve): m/z : 1417 [M�ClO4]+ , 1317 [M�2ClO4]+ , 659 [M�2ClO4]2+ ;
elemental analysis calcd (%) for C64H74Cl2N6O8Pt2·H2O: C 50.10, H 4.99,
N 5.48; found: C 50.12, H 4.87, N 5.50.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�(C�C�1,2-C6H4)2�C�C�Pt ACHTUNGTRENNUNG(tBu3tpy)]ACHTUNGTRENNUNG[ClO4]2 (2): Yield:
66%; 1H NMR (300 MHz, CD3CN, 25 8C): d =9.04 (d with Pt satellites,
3J=6.0 Hz, 4H; terpyridyl H), 7.94 (d, 4J=1.7 Hz, 4H; terpyridyl H),
7.92 (s, 4H; terpyridyl H), 7.71 (dd, 4J=1.7 Hz, 2H; phenyl H), 7.46–7.35
(m, 6H; phenyl H), 7.28 (dd, 3J=8.4 Hz, 4H; terpyridyl H), 1.44 (s, 18H;
tert-butyl H), 1.39 ppm (s, 36H; tert-butyl H); 13C{1H} NMR (100 MHz,
CD3CN, 25 8C): d=168.9, 167.6, 158.6 and 154.8 (quaternary C on terpyr-
idyl), 156.2 (tertiary C on terpyridyl), 133.8, 133.6, 129.7 and 127.8 (C on
phenyl ring), 126.8 (tertiary C on terpyridyl), 126.5 (C on phenyl ring),
123.7 and 121.5 (tertiary C on terpyridyl), 106.8 (Pt�C�C), 103.9 (Pt�C�
C), 93.4 (C�C), 38.2 and 37.1 (quaternary C on tert-butyl group), 30.9
and 30.4 ppm (primary C on tert-butyl group); IR (KBr): ñ=2120 cm�1


(C�C); FAB-MS (+ve): m/z : 1516 [M�ClO4]+ , 1417 [M�2ClO4]+ , 708
[M�2ClO4]2+ ; elemental analysis calcd (%) for C72H78Cl2N6O8Pt2·H2O:
C 52.91, H 4.93, N 5.14; found: C 52.56, H 4.75, N 5.07.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�(C�C�1,2-C6H4)3�C�C�Pt ACHTUNGTRENNUNG(tBu3tpy)]ACHTUNGTRENNUNG[ClO4]2 (3): Yield:
52%; 1H NMR (300 MHz, CD3CN, 25 8C): d =9.09 (d with Pt satellites,
3J=6.0 Hz, 4H; terpyridyl H), 8.23 (s, 4H; terpyridyl H), 8.15 (d, 1.7J=


1.7 Hz, 4H; terpyridyl H), 7.35–7.27 (m, 4H; phenyl H), 7.22 (d, 3J=


6.0 Hz, 4H; terpyridyl H), 6.60 (t, 3J=8.0 Hz, 4H; phenyl H), 6.43 (t,
3J=8.0 Hz, 2H; phenyl H), 6.18 (t, 3J=8.4 Hz, 2H; phenyl H), 1.58 (s,
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18H; tert-butyl H), 1.36 ppm (s, 36H; tert-butyl H); 13C{1H} NMR
(100 MHz, CD3CN, 25 8C): d =167.8, 167.0, 159.3 and 154.9 (quaternary
C on terpyridyl), 154.6 (tertiary C on terpyridyl), 134.4, 132.5, 131.5,
131.3, 129.6, 128.6 and 127.5 (C on phenyl ring), 126.1 (tertiary C on ter-
pyridyl), 126.0 and 125.7 (C on phenyl ring), 123.9 and 122.2 (tertiary C
on terpyridyl), 102.8 (Pt�C�C), 95.2 (C�C), 91.9 (C�C), 38.1 and 37.0
(quaternary C on tert-butyl group), 30.7 and 30.3 ppm (primary C on tert-
butyl group); IR (KBr)): ñ=2120 cm�1 (C�C); FAB-MS (+ve): m/z :
1516 [M�2ClO4]+ , 759 [M�2ClO4]2+ ; elemental analysis calcd (%) for
C80H82Cl2N6O8Pt2·2H2O: C 54.82, H 4.95, N 4.80; found: C 54.58, H 4.77,
N 4.85.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�(C�C�1,2-C6H4)4�C�C�Pt ACHTUNGTRENNUNG(tBu3tpy)]ACHTUNGTRENNUNG[ClO4]2 (4): Yield:
51%; 1H NMR (300 MHz, CD3CN, 25 8C): d =8.88 (d with Pt satellites,
3J=6.0 Hz, 4H; terpyridyl H), 8.16 (s, 4H; terpyridyl H), 8.01 (d, 4J=


1.7 Hz, 4H; terpyridyl H), 7.37–7.28(m, 8H; phenyl H), 7.23 (td, 3J=


8.4 Hz, 2H; phenyl H), 7.08 (m, 2H; phenyl H), 7.00 (dd, 3J=6.0, 4J=


1.7 Hz, 4H; terpyridyl H), 6.84 (m, 4H; phenyl H), 1.51 (s, 18H; tert-
butyl H), 1.21 ppm (s, 36H; tert-butyl H); 13C{1H} NMR (100 MHz,
CD3CN, 25 8C): d=168.1, 167.1, 159.2 and 154.8 (quaternary C on terpyr-
idyl), 154.7 (tertiary C on terpyridyl), 134.5, 132.9, 132.5, 130.3, 129.6,
129.2, 129.0,127.2 and 126.5 (C on phenyl ring), 126.2, 123.7 and 122.1
(tertiary C on terpyridyl), 106.2 (Pt�C�C), 102.6 (Pt�C�C), 94.7 (C�C),
93.4 (C�C), 91.4 (C�C), 38.0 and 36.8 (quaternary C on tert-butyl group),
30.6 and 30.1 ppm (primary C on tert-butyl group); IR (KBr): ñ=


2117 cm�1 (C�C); FAB-MS (+ve): m/z : 1716 [M�ClO4]+ , 1617
[M�2ClO4]+ , 808 [M�2ClO4]2+ ; elemental analysis calcd (%) for
C88H86Cl2N6O8Pt2·H2O: C 57.61, H 4.83, N 4.58; found: C 57.66, H 4.83,
N 4.56.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�(C�C�1,2-C6H4)5�C�C�Pt ACHTUNGTRENNUNG(tBu3tpy)]ACHTUNGTRENNUNG[ClO4]2 (5): Yield:
47%; 1H NMR (400 MHz, CD3CN, 25 8C): d =8.80 (d with Pt satellites,
3J=6.0 Hz, 4H; terpyridyl H), 7.93 (d, 4J=1.7 Hz, 4H; terpyridyl H),
7.88 (s, 4H; terpyridyl H), 7.73 (d, 3J=7.9 Hz, 2H; phenyl H), 7.60 (dd,
3J=7.8 Hz, 2H; phenyl H), 7.52 (td, 3J=8.0 Hz, 2H; phenyl H), 7.42 (dd,
3J=8.0 Hz, 2H; phenyl H), 7.38 (td, 3J=7.9 Hz, 2H; phenyl H), 7.32 (td,
3J=8.0 Hz, 2H; phenyl H), 7.26 (td, 3J=8.2 Hz, 2H; phenyl H), 7.07 (dd,
3J=6.0, 4J=1.7 Hz, 4H; terpyridyl H), 6.62 (m, 2H; phenyl H), 6.51 (d,
3J=7.9 Hz, 2H; phenyl H), 5.87 (m, 2H; phenyl H), 1.29 (s, 36H; tert-
butyl H), 1.26 ppm (s, 18H; tert-butyl H); 13C{1H} NMR (100 MHz,
CD3CN, 25 8C): d=168.1, 166.7, 159.2 and 154.9 (quaternary C on terpyr-
idyl), 154.5 (tertiary C on terpyridyl), 134.3, 134.2, 132.7, 132.2, 131.5,
130.7, 129.9, 129.8, 129.7, 127.5, 127.1, 126.9 and 126.6 (phenyl C), 126.1,
123.3 and 121.8 (tertiary C on terpyridyl), 106.8 (Pt�C�C), 101.5 (Pt�C�
C), 95.4 (C�C), 93.8 (C�C), 92.5 (C�C), 91.6 (C�C), 37.8 and 36.8 (qua-
ternary C on tert-butyl group), 30.4 and 30.3 ppm (primary C on tert-
butyl group); IR (KBr): ñ=2119 cm�1 (C�C); FAB-MS (+ve): m/z : 1817
[M�ClO4]+ , 1718 [M�2ClO4]+, 859 [M-2ClO4]


2+ ; elemental analysis
calcd (%) for C96H90Cl2N6O8Pt2·CH2Cl2: C 58.20, H 4.63, N 4.20; found:
C 58.52, H 4.78, N 4.52.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�(C�C�1,2-C6H4)6�C�C�Pt ACHTUNGTRENNUNG(tBu3tpy)]ACHTUNGTRENNUNG[ClO4]2 (6): Yield:
65%; 1H NMR (400 MHz, CD3CN, 25 8C): d =8.80 (d with Pt satellites,
3J=6.0 Hz, 4H; terpyridyl H), 7.89 (s, 4H; terpyridyl H), 7.85 (d, 4J=


1.7 Hz, 4H; terpyridyl H), 7.73 (d, 3J=8.0 Hz, 2H; phenyl H), 7.57 (dd,
3J=8.0 Hz, 2H; phenyl H), 7.50 (td, 3J=7.9 Hz, 2H; phenyl H), 7.45 (d,
3J=7.8 Hz, 2H; phenyl H), 7.39–7.26 (m, 8H; phenyl H), 7.05 (td, 3J=


8.0 Hz, 2H; phenyl H), 7.00 (dd, 3J=6.0, 4J=1.7 Hz, 4H; terpyridyl H),
6.93 (d, 3J=8.2 Hz, 2H; phenyl H), 6.52 (td, 3J=8.4 Hz, 2H; phenyl H),
6.24 (d, 3J=8.2 Hz, 2H; phenyl H), 1.28 (s, 18H; tert-butyl H), 1.27 ppm
(s, 36H; tert-butyl H); 13C{1H} NMR (100 MHz, CD3CN, 25 8C): d=168.2,
166.9, 159.1 and 155.1 (quaternary C on terpyridyl), 154.7 (tertiary C on
terpyridyl), 135.4, 133.7, 132.8, 132.7, 132.0, 130.7, 130.5, 130.0, 129.8,
129.7, 129.1, 129.0, 127.3, 127.2, 127.1 126.6 and 126.2 (phenyl C), 126.1
(tertiary C on terpyridyl), 125.6 (phenyl C), 123.2 and 121.8 (tertiary C
on terpyridyl), 106.5 (Pt�C�C), 101.8 (Pt�C�C), 95.5 (C�C), 94.8 (C�C),
93.7 (C�C), 92.6 (C�C), 91.5 (C�C), 38.0 and 36.9 (quaternary C on tert-
butyl group), 30.5 and 30.3 ppm (primary C on tert-butyl group); IR
(KBr): ñ =2118 cm�1 (C�C); FAB-MS (+ve): m/z : 1818 [M�2ClO4]+ ,
909 [M�2ClO4]2+ ; elemental analysis calcd (%) for


C104H94Cl2N6O8Pt2·0.5CH2Cl2: C 60.95, H 4.65, N 4.08; found: C 60.80, H
4.70, N 4.12.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�C�C�1,2-C6H4)8�C�C�PtACHTUNGTRENNUNG(tBu3tpy)]ACHTUNGTRENNUNG[ClO4]2 (7): Yield:
57%; 1H NMR (300 MHz, CD3CN, 25 8C): d =8.68 (d with Pt satellites,
3J=6.0 Hz, 4H; terpyridyl H), 7.88 (s, 4H; terpyridyl H), 7.85 (d, 4J=


1.7 Hz, 4H; terpyridyl H), 7.54 (d, 3J=8.2 Hz, 2H; phenyl H), 7.47 (d,
3J=8.1 Hz, 2H; phenyl H), 7.37–7.28 (m, 8H; phenyl H), 7.24–7.09 (m,
12H; phenyl H), 6.96 (m, 2H; phenyl H), 6.91 (dd, 3J=6.0 Hz, 4H; ter-
pyridyl H), 6.64 (td, 3J=8.0 Hz, 2H; phenyl H), 6.53 (d, 2H; phenyl H),
6.35 (td, 3J=8.1 Hz, 2H; phenyl H), 1.27 (s, 18H; tert-butyl H), 1.20 ppm
(s, 36H; tert-butyl H); 13C{1H} NMR (100 MHz, CD3CN, 25 8C): d=167.8,
166.6, 159.0 and 154.8 (quaternary C on terpyridyl), 154.5 (tertiary C on
terpyridyl), 134.7, 133.5, 133.1, 132.9, 132.7, 132.5, 132.1, 131.7, 130.5,
129.7, 129.6, 128.6, 128.4, 127.0, 126.7, 126.4, 126.3 and 126.2 (phenyl C),
125.9 (tertiary C on terpyridyl), 125.8 and 125.4 (phenyl C), 123.3 and
121.7 (tertiary C on terpyridyl), 106.6 (Pt�C�C), 101.8 (Pt�C�C), 95.0
(C�C), 94.0 (C�C), 93.2 (C�C), 93.0 (C�C), 92.2 (C�C), 91.6 (C�C), 37.8
and 36.7 (quaternary C on tert-butyl group), 30.5 and 30.1 ppm (primary
C on tert-butyl group); IR (KBr): ñ=2119 cm�1 (C�C); FAB-MS (+ve):
m/z : 2116 [M�ClO4]+ , 2016 [M�2ClO4]+ , 1008 [M�2ClO4]2+ ; elemental
analysis calcd (%) for C120H102Cl2N6O8Pt2·1.5CH2Cl2: C 62.24, H 4.51, N
3.58; found: C 62.18, H 4.46, N 3.38.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�C�CC6H5]ClO4 (8): Yield: 90%; 1H NMR (400 MHz,
CD3CN, 25 8C): d=8.88 (d with Pt satellites, 3J=6.0 Hz, 2H; terpyridyl
H), 8.28 (s, 2H; terpyridyl H), 8.23 (d, 4J=1.8 Hz, 2H; terpyridyl H),
7.68 (dd, 3J=6.0, 4J=1.8 Hz, 2H; terpyridyl H), 7.43 (m, 2H; phenyl H),
7.35 (t, 3J=8.4 Hz, 2H; phenyl H), 7.28 (m, 1H; phenyl H), 1.52 (s, 9H;
tert-butyl H), 1.43 ppm (s, 18H; tert-butyl H); 13C{1H} NMR (100 MHz,
CD3CN, 25 8C): d=168.5, 167.9, 159.8 and 155.1 (quaternary C on terpyr-
idyl), 154.7 (tertiary C on terpyridyl), 132.7, 129.3, 128.0 and 127.6 (C on
phenyl ring), 126.9, 124.1 and 122.3 (tertiary C on terpyridyl), 104.4 (Pt�
C�C), 99.2 (Pt�C�C), 38.1 and 37.1 (quaternary C on tert-butyl group),
30.7 and 30.3 ppm (primary C on tert-butyl group); IR (KBr): ñ=


2118 cm�1 (C�C); FAB-MS (+ve): m/z : 697 [M�ClO4]+ ; elemental anal-
ysis calcd (%) for C35H40ClN3O4Pt: C 52.73, H 5.06, N 5.27; found: C
52.62, H 5.00, N 5.21.


ACHTUNGTRENNUNG[(tBu3tpy)Pt�(C�C�1,2-C6H4)2�C�CC6H5]ClO4 (9): Yield, 83%;
1H NMR (400 MHz, CD3CN, 25 8C): d=8.91 (d with Pt satellites, 3J=


6.0 Hz, 2H; terpyridyl H), 8.15 (s, 2H; terpyridyl H), 8.07 (d, 4J=1.7 Hz,
2H; terpyridyl H), 7.65 (dd, 3J=8.2 Hz, 1H; phenyl H), 7.59 (dd, 3J=


7.9 Hz, 1H; phenyl H), 7.50 (dd, 3J=8.1 Hz, 1H; phenyl H),7.43–7.26 (m,
5H; phenyl H), 7.12 (m, 4H), 6.67 (m, 3H; phenyl H), 1.53 (s, 9H; tert-
butyl H), 1.33 ppm (s, 18H; tert-butyl H); 13C{1H} NMR (100 MHz,
CD3CN, 25 8C): d=168.1, 167.2, 159.2 and 155.0 (quaternary C on terpyr-
idyl), 154.7 (tertiary C on terpyridyl), 134.0, 133.4, 133.3, 133.2, 132.9,
130.3, 129.8, 129.7, 129.5, 129.0, 128.6, 127.3 and 126.5 (C on phenyl ring),
126.2 (tertiary C on terpyridyl), 126.1, 126.0 and 124.1 (C on phenyl
ring), 123.8 and 122.1 (tertiary C on terpyridyl), 106.2 (Pt�C�C), 102.4
(Pt�C�C), 94.8 (C�C), 91.9 (C�C), 89.1 (C�C), 38.1 and 36.9 (quaternary
C on tert-butyl group), 30.7 and 30.3 ppm (primary C on tert-butyl
group); IR (KBr): ñ=2117 cm�1 (C�C); FAB-MS (+ve): m/z : 897
[M�ClO4]+ ; elemental analysis calcd (%) for C51H48ClN3O4Pt·H2O: C
60.32, H 4.96, N 4.14; found: C 60.10, H 4.98, N 4.10.


X-ray crystallography : Single crystals of 3·2.5CH3OH (slow diffusion of
Et2O into a solution of 3 in CH3OH), 5·CH3CN and 6·4CH3CN (slow dif-
fusion of Et2O into solutions of 5 or 6 in CH3CN) were obtained. X-ray
crystallographic data were collected on a MAR diffractometer with a
300 mm image plate detector using graphite-monochromated MoKa radia-
tion (l=0.71073 L). The crystallographic data collection parameters are
summarized in Table 1. CCDC-288275 (3·2.5CH3OH), -288276
(5·CH3CN), and -288277 (6·4CH3CN) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Introduction


Aluminum hydrides are widely used as reducing agents.[1]


They also have various applications, such as alkyne and
olefin hydroalumination[2] and hydrogen storage.[3] Hydri-
doaluminates are usually soluble in most ethereal solvents
but only marginally soluble in less polar organic solvents.
This has limited their application in organic synthesis.[4]


Therefore, discovery of new organoaluminum hydride com-
pounds with high solubility in common organic solvents is
important for organic synthesis and related applications.[5]


One way to increase the solubility of aluminum hydride is
to add an organic substrate to the aluminum atom, forming
organoaluminum compounds. Various methods have been
used to synthesize organoaluminum hydrides, which exist as
monomeric,[6] dimeric,[7] or oligomeric[8] molecular struc-


tures; LiAlH4 and H3Al·NMe3
[9] are two important starting


materials for these syntheses. Aluminum hydrides react
readily with a variety of organometallic molecules such as
zirconocenes,[10] R2SbSiMe3,


[11] and organic molecules such
as 1-octyne and bipyridine.[12,13] We have been interested in
finding new organoaluminum hydrides with ketiminate or
donor-substituted pyrrole ligands, and have studied their re-
actions with PhNCO, CO2, H2O, and tertiary alcohols.[14]


Donor-substituted pyrrolyl ligands can bind to the metal
atoms in either a h1 or a h5 fashion,[15,16] but only a few ex-
amples exist in which the pyrrolyl units bind to metal atoms
in both ways simultaneously.[17] Herein we report the synthe-
sis, characterization, and reactions of donor-substituted pyr-
rolyl aluminum compounds with such h1 and/or h5 bonding
modes. We also studied their applicability to ring-opening
polymerizations of e-caprolactone.


Results and Discussion


Synthesis and characterization of 1–4 : The reaction of
AlH3·NMe3, generated in situ from the reaction of LiAlH4


and Me3N·HCl, with [C4H3NH(2-CH2NHtBu)] in diethyl
ether afforded the dimeric aluminum hydride [{[C4H3N(2-
CH2NtBu)]AlH2}] (1) in 69% yield (Scheme 1). The
1H NMR spectrum of 1 shows one set of resonances for the


Abstract: A series of dialuminum com-
pounds have been synthesized and
their reactivity and application for lac-
tide polymerization have been studied.
The reaction of AlH3·NMe3 with
[C4H3NH(2-CH2NHtBu)] in diethyl
ether generated a dimeric aluminum
hydride compound, [{[C4H3N(2-
CH2NtBu)]AlH}2] (1). The structure of
1 was confirmed by spectroscopy of a
deuterated analogue of 1 with an Al�D
function. Direct treatment of


[C4H3NH(2-CH2NHtBu)] with LiAlH4


in diethyl ether resulted in colorless
crystals of [{Li[m-h1:h5-C4H3N(2-
CH2NtBu)]2Al}2] (2) in 80% yield after
recrystallization from a toluene solu-
tion. The m-h1:h5-pyrrolyl protons ex-
hibit high-field shifts at d=5.73, 6.15,


and 6.72 comparable to a similar h5-
bonding mode in the literature. Treat-
ment of 1 with 1 equiv acetone oxime
or acetone in dichloromethane gave
[{[C4H3N(2-CH2NtBu)]Al-
ACHTUNGTRENNUNG[kO,kN-ACHTUNGTRENNUNG(ON=CMe2)]}2] (3) and
[{[C4H3N(2-CH2NtBu)]Al ACHTUNGTRENNUNG(O�
CHMe2)}2] (4) in 67% and 60% yield,
respectively. Compounds 1–4 have
been characterized by X-ray diffrac-
tometry and were used as catalysts for
e-caprolactone polymerization.


Keywords: aluminum · caprolac-
tone · lithium · ring-opening poly-
merization · sandwich complexes
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substituted pyrrolyl ligands with the methylene protons of
CH2NtBu appearing as an AB system with two doublets at
d=4.43 and 3.90 ppm. The pyrrolyl protons are in the
normal h1 model range (d=6.22, 6.67, and 6.88 ppm). The
terminal hydride was not observed in the 1H NMR spec-
trum, presumably due to the quadrupole interaction with
the aluminum nucleus (I=5/2).[19] However, the solid-state
IR spectrum supports the existence of a terminal Al�H in 1
as evidenced by the absorption at ñ=1912 cm�1. To confirm
the structure of 1, LiAlD4 was used to prepare 1-D, in which
an Al�D function is present. The 1H and 13C NMR spectra
of 1 and 1-D exhibit the same resonance pattern with very
similar chemical shifts. The Al�D stretching frequency of 1-
D is shifted to ñ=1388 cm�1 owing to the isotopic effect,
which predicts it to be at ñ=1376 cm�1.


Direct treatment of [C4H3NH(2-CH2NHtBu)] with 1 equiv
or an excess of LiAlH4 in diethyl ether (Scheme 1) resulted
in an off-white residue after the solution had been filtered
through Celite and the solvent had been removed. The resi-
due was recrystallized from a toluene solution to afford col-
orless crystals of [{Li[m-h1:h5-C4H3N(2-CH2NtBu)]2Al}2] (2)
in 80% yield. The 1H and 13C NMR spectra of 2 exhibit a
symmetrical pattern with only one set of [C4H3N(2-
CH2NtBu)] signals. The m-h1:h5-pyrrolyl protons exhibit
high-field shifts at d=5.73, 6.15, and 6.72 ppm, comparable
to a similar h5-bonding mode in the literature.[20] Again, the
methylene protons of the CH2NtBu gave a pseudo-AB spin
system showing two very close doublets at d=3.99 and
4.03 ppm.


Compounds 1 and 2 are highly air- and moisture-sensitive.
Treatment of 1 with 1 equiv acetone oxime or acetone in di-
chloromethane gave [{[C4H3N(2-CH2NtBu)]Al ACHTUNGTRENNUNG[kO,kN- ACHTUNGTRENNUNG(ON=


CMe2)]}2] (3) and [{[C4H3N(2-CH2NtBu)]Al ACHTUNGTRENNUNG(O�CHMe2)}2]
(4) in 67% and 60% yield, respectively (Scheme 2). Com-
pound 3 is highly thermolabile and decomposes at room


temperature in solution within hours, forming unidentified
aluminum compounds. The 1H NMR spectra showed a t-
butyl resonance at d=1.13 and 0.91 ppm for 3 and 4, respec-
tively, and two doublets for the methylene protons of
CH2NtBu at d=4.53 and 4.07 ppm for 3 and d=4.90 and
3.94 ppm for 4. The 13C NMR spectrum of 3 also showed a
singlet at d=157.07 ppm corresponding to the carbon atom
bound to the oximate group. Further study of the reactivity
of 3 is ongoing.[21]


Crystal structures of 1–4 : Compounds 1–4 have been charac-
terized by X-ray crystallography. A summary of the data
collection and selected bond lengths and angles are given in
Tables 1 and 2. The 1 molecule (Figure 1) contains a center
of symmetry and contains an almost regular Al2N2 square, in
which two t-butylamino groups bridge the two aluminum
atoms. The Al(1A)-N(2)-Al(1) and N(2A)-Al(1)-N(2)
angles are 90.4(1) and 89.6(1)8, respectively, and the Al(1)�
N(2) and Al(1)�N(2A) bond lengths are very similar
(1.963(1) and 1.957(1) N, respectively). The two aluminum
atoms adopt tetrahedral structures with the dianionic substi-
tuted pyrrolyl ligand bound to the aluminum atom at an
angle (91.4(1)8) that is much smaller than the tetrahedral
angle. The Al�N ACHTUNGTRENNUNG(pyrrolyl) bond (1.834(1) N) is much short-
er than the bridging Al�N ACHTUNGTRENNUNG(amide) bonds (1.963(1) N).


Crystals of 2 were obtained from a saturated toluene solu-
tion at �20 8C. Its molecule (Figure 2) contains two toluene
molecules in the unit cell. Compound 2 contains two bis(pyr-
rolylmethylamide)aluminate units linked by two lithium cat-
ions bonded to the pyrrolyl ligand C4H3N(2-CH2NtBu) in a
h1:h5 manner. Although pyrrolyl ligands can coordinate to
metals in a h1 or h5 fashion, only a few limited examples of
pyrrolyl ligands bound to two metals with h1:h5 modes have
been structurally characterized.[20,22] The dihedral angle be-
tween the two AlN2C2 five-membered rings is 97.18. The
lithium ions are coordinated to pyrrole rings in h5 modes in


Scheme 1.
Scheme 2.
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a staggered sandwich geometry.
The pyrrolyl ligands are bound
to the hard lithium atoms simi-
larly to a p-fashion, quite differ-
ently from other h1-pyrrolyl
lithium compounds recorded in
the literature.[23] The measured
centroid distances between the
h5-pyrrolyl moiety and the lithi-
um atoms are around 2.22 N,
which is quite similar to the
values reported for other heter-
ocyclic lithium sandwich geo-
metries.[22b]


Colorless crystals of 3 were
obtained from a saturated tolu-
ene solution at �20 8C. The 3
molecule (Figure 3) can be re-
garded as an aluminum oxi-
mate. Oximates have several
possible bonding modes with
metals such as group 13,[24]


Zn,[25] and others,[26] as shown
(a–d). Some metal oximates
have been reported and struc-


turally characterized.[21,27] The structure of 3 retains an
Al2N2 core as in 1, the Al(1A)-N(2)-Al(1) and N(2A)-Al(1)-
N(2) angles being 91.7(1)8 and 88.3(1)8, respectively. The
aluminum centers have tetrahedral geometries with the oxi-
mate fragments (O�N=CMe2) bound to the aluminum cen-
ters in a h2-fashion through the N and O atoms. This is the
first observation of a h2 binding mode of an oximate in
group 13 chemistry. In all other known cases, the oximate
bridges two metal ions, but is always h1-bonded to one
atom. The O(1)-N(3)-C(11) bond angle (117.2(1)8) and
N(3)–C(11) bond length (1.278(2) N) are in the normal
range compared to those in the ACHTUNGTRENNUNGliterature.[28]


Table 1. Summary of crystallographic data for 1–4.


1 2·2toluene 3 4


formula C18H30Al2N4 C50H72Al2Li2N8 C24H40Al2N6O2 C24H42Al2N4O2


FW 356.42 853.00 498.58 472.58
T [K] 150(2) 150(2) 150(2) 150(2)
crystal system monoclinic monoclinic monoclinic triclinic
space group C2/c P21/c P21/c P1̄
a [N] 17.4235(7) 19.015(4) 9.9108(11) 9.938(7)
b [N] 6.5794(3) 14.690(3) 13.1651(15) 9.957(7)
c [N] 17.2047(7) 18.149(4) 10.3241(12) 16.532(12)
a [8] 90 90 90 88.939(15)
b [8] 95.751(2) 90.672(13) 98.393(2) 73.097(13)
g [8] 90 90 90 60.083(13)
V [N3] 1962.35(14) 5069.3(17) 1332.6(3) 1340.7(17)
Z 4 4 2 2
1c [Mgm�3] 1.206 1.118 1.243 1.171
m [mm�1] 0.155 0.098 0.141 0.135
F ACHTUNGTRENNUNG(000) 768 1840 536 512
crystal size [mm] 0.35Q0.32Q0.28 0.35Q0.2Q0.28 0.33Q0.28Q0.22 0.20Q0.19Q0.16
l [N] 0.71073 0.71073 0.71073 0.71073
rflns collected 11028 45312 27924 17351
independent rflns 2607


(Rint =0.0147)
9913
(Rint =0.1447)


3564
(Rint =0.1044)


5762
(Rint =0.0764)


data/restraints/parameters 2607/0/116 9913/0/573 3564/0/159 5762/0/299
goodness-of-fit on F2 1.051 1.001 0.941 0.973
R1, wR2 (I>2s(I)) 0.0293, 0.0836 0.0653, 0.1836 0.0364, 0.0963 0.0505, 0.1372
R1, wR2 (all data) 0.0313, 0.0850 0.1370, 0.2151 0.0569, 0.1012 0.0939, 0.1781
largest diff. peak, hole
[eN�3]


0.302, �0.251 0.335, �0.363 0.452, �0.234 0.538, �0.716


Table 2. Selected bond lengths [N] and angles [8] for compounds 1–4.


1
Al(1)�N(2A) 1.957(1) Al(1)�N(2) 1.963(1)
Al(1)�N(1) 1.834(1)
Al(1A)-N(2)-Al(1) 90.4(1) N(2)-Al(1)-N(2A) 89.6(1)
N(2)-Al(1)-N(1) 91.4(1) N(1)-Al(1)-N(2A) 117.1(1)
2
Al(1)�N(1) 1.891(3) Al(1)�N(2) 1.804(3)
Al(1)�N(3) 1.881(3) Al(1)�N(4) 1.790(3)
Al(2)�N(5) 1.883(3) Al(2)�N(6) 1.803(3)
Al(2)�N(7) 1.878(3) Al(2)�N(8) 1.797(3)
Li(1)�N(3)cent 1.955 Li(1)�N(7)cent 1.949
Li(2)�N(1)cent 1.932 Li(2)�N(5)cent 1.918
N(3)-Al(1)-N(4) 88.7(1) N(1)-Al(1)-N(2) 89.3(1)
N(7)-Al(2)-N(8) 88.5(1) N(5)-Al(2)-N(6) 89.6(1)
N(7)cent-Li(1)-N(3)cent 152.7 N(1)cent-Li(1)-N(5)cent 144.1
3
Al(1)�N(1) 1.830(1) Al(1)�N(2) 2.002(1)
Al(1)�N(3) 2.035(1) Al(1)�N(2A) 1.942(1)
Al(1)�O(1) 1.772(1) O(1)�N(3) 1.440(1)
N(3)�C(11) 1.278(2)
Al(1A)-N(2)-Al(1) 91.7(1) N(2A)-Al(1)-N(2) 88.8(1)
O(1)-Al(1)-N(1) 120.6(1) N(2)-Al(1)-N(1) 89.8(1)
N(2)-Al(1)-O(1) 113.7(1) O(1)-N(3)-C(11) 117.2(1)
4
Al(1)�O(1) 1.701(2) Al(1)�N(1) 1.855(2)
Al(1)�N(2) 1.956(3) Al(1)�N(2A) 1.956(3)
Al(2)�O(2) 1.696(2) Al(1)�N(3) 1.842(2)
Al(2)�N(4) 1.969(2) Al(2)�N(4A) 1.974(3)
Al(1A)-N(2)-Al(1) 90.9(1) N(2A)-Al(1)-N(2) 89.1(1)
O(1)-Al(1)-N(1) 118.3(1) N(2)-Al(1)-N(1) 118.5(1)
N(2)-Al(1)-O(1) 108.6(1) N(2A)-Al(1)-N(1) 91.9(1)
N(2A)-Al(1)-O(1) 127.5(1) Al(2A)-N(4)-Al(2) 90.5(1)
O(2)-Al(2)-N(3) 118.4(1) N(4A)-Al(2)-O(2) 127.6(1)
N(4)-Al(2)-O(2) 108.7(1) N(4)-Al(2)-N(3) 118.3(1)
N(4A)-Al(2)-N(3) 91.5(1) N(4A)-Al(2)-N(4) 89.5(1)


Figure 1. Molecular structure of 1. The thermal ellipsoids are drawn at
the 30% probability level and all hydrogen atoms except those directly
bonded to aluminum are omitted for clarity.
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Pale pink crystals of 4 were obtained from a toluene/pen-
tane mixed solution at �20 8C. There are two independent
molecules in a unit cell. However, their bond lengths and


angles are relatively similar and
only one of them is described
and shown here (Figure 4). The
4 structure also contains an
Al2N2 core with angles and
lengths close to a perfect
square. The bite angles of
[C4H3N(2-CH2NtBu)] with alu-
minum atoms for 1 and 4


(91.4(1) and 91.9(1)8) are smaller than those for 2 and 3
((89.3(1) and 89.8(1)8), presumably because the ions in 2
and 3 have higher steric-congestion.


Ring-opening polymerization of e-caprolactone catalyzed by
1, 2, 3, and 4 : The conditions and results of the ring-opening
polymerizations of e-caprolactone using compounds 1, 2, 3,
and 4 as catalysts in dichloromethane (1, 3, and 4) or tolu-
ene (2) at room temperature are summarized in Table 3.
The range of the polydispersity index (PDI) of the poly(e-
caprolactone) product (1.29 to 1.75) was comparable to or a
little broader than that of the polymer obtained with other
aluminum compounds.[29] Compounds 1–4 were all found to
catalyze the polymerization of e-caprolactone, but 3 and 4


Figure 2. Molecular structure of 2. The thermal ellipsoids are drawn at
the 30% probability level and all hydrogen atoms are omitted for clarity.


Figure 3. Molecular structure of 3. The thermal ellipsoids are drawn at
the 30% probability level and all hydrogen atoms are omitted for clarity.


Figure 4. Molecular structure of 4. The thermal ellipsoids are drawn at
the 30% probability level and all hydrogen atoms are omitted for clarity.


Table 3. Polymerization of e-caprolactone using 1, 2, 3, and 4 as initiators
at room temperature.


Initiator[a] Monomer
[g]


Product
[g]


Mn ACHTUNGTRENNUNG(obs)[b] Mn/
Mw


[c]
Yield
[%][d]


Activity[e]


1 0.97 0.2314 25000 1.39 20.75 2.75Q103


2 0.52 0.2951 25900 1.29 51.23 3.51Q103


3 0.69 0.7072 38900 1.75 97.56 8.40Q103


4 0.73 0.7581 48200 1.36 99.48 9.01Q103


[a] [Al]*= initialized catalyst with [M]/[I]=100. [b] Obtained directly
from GPC data. [c] Mn/Mw =Weight-average molecular weight/number-
average molecular weight. [d] Yield [%]= (Product ACHTUNGTRENNUNG[g]�initiator [g])/mon-
omer [g]. [e] Activity=product [g]/initiator ACHTUNGTRENNUNG[mol].
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showed higher reactivities and yields than 1 and 2. This is
consistent with the results reported in the literature that a
large number of metal alkoxides are active in ring-opening
polymerization.[30]


Conclusion


This work provides a good method for synthesis and charac-
terization of organoaluminum hydrides from aluminum tri-
hydride. Compound 1 shows good reactivity toward unsatu-
rated organofunctional groups such as C=O or C=NOH to
form aluminum alkoxides or aluminum oximates. A further
study of the reactivity and reaction pathways of 1 with vari-
ous organic functional groups is in progress. The PDIs of the
poly-e-caprolactone polymerized using the aluminum com-
pounds synthesized are relatively broad, but fine tuning of
the steric properties of the aluminum alkoxides may make it
possible to obtain to obtain a better PDI value for the
ACHTUNGTRENNUNGpolymers.


Experimental Section


General procedure : All reactions were performed under a dry nitrogen
atmosphere by using standard Schlenk techniques or in a glove box. Tolu-
ene and diethyl ether were dried by refluxing over sodium benzophenone
ketyl. CH2Cl2 was dried over P2O5. All solvents were distilled and stored
in solvent reservoirs which contained 4 N molecular sieves and were
purged with nitrogen. 1H and 13C NMR spectra were recorded by using a
Bruker Avance 300 spectrometer. Chemical shifts for 1H and 13C spectra
were recorded in ppm relative to the residual protons of CDCl3 (d=7.24,
77.0 ppm) and C6D6 (d= 7.15, 128.0 ppm). Elemental analyses were per-
formed by using a Heraeus CHN-OS Rapid Elemental Analyzer at the
Instrument Center of the NCHU. [C4H3NH(2-CH2NHtBu)] was prepared
by a similar procedure to that reported in the literature.[14] LiAlH4,
Me3N·HCl and acetone oxime (Aldrich) were used as received.


ACHTUNGTRENNUNG[{[C4H3N(2-CH2NtBu)]AlH}2] (1): A flask was charged with Me3N·HCl
(2.00 g, 20.9 mmol) and diethyl ether (20 mL) and cooled to 0 8C. A
LiAlH4 (0.95 g, 25.1 mmol)/diethyl ether (20 mL) suspension was added
to the solution dropwise and stirred for another 2 h after the addition
was complete. The solution was then filtered through Celite to yield a
Me3N·AlH3/diethyl ether solution, to which a [C4H4N(2-CH2NHtBu)]
(3.19 g, 20.9 mmol)/diethyl ether (20 mL) solution was added dropwise
with stirring at 0 8C. The mixture was allowed to warm to room tempera-
ture and was stirred for 12 h. The resulting suspension was vacuum-dried,
then the residue was extracted with toluene and filtered through Celite.
The filtrate was concentrated to a small amount and recrystallized to
generate 1 (2.56 g, 68.6% yield). 1H NMR (C6D6): d=0.74 (s, 18H;
NtBu), 3.90, 4.43 (dd, 4H; 2JHH =16.8 Hz, CH2N), 6.22, 6.67, 6.88 (m, 6H;
pyrrolyl protons); 13C NMR (C6D6): d=28.7 (q, JCH =126 Hz, NCMe3),
45.3 (t, JCH =138 Hz, CH2N), 56.6 (s, NCMe3), 104.4 (d, JCH =167 Hz, pyr-
role), 115.2 (d, JCH =170 Hz, pyrrole), 120.7 (d, JCH =180 Hz, pyrrole),
138.1 ppm (s, pyrrole); elemental analysis calcd (%) C18H30N4Al2
(356.42): C 60.66, H 8.48, N 15.72; found C 61.28, H 9.08, N 15.84.


ACHTUNGTRENNUNG{[C4H3N(2-CH2NtBu)]AlD}2 ACHTUNGTRENNUNG(1-D): The procedure was the same as for 1,
except that the LiAlH4 was substituted with LiAlD4.


[{Li[m-h1:h5-C4H3N(2-CH2NtBu)]2Al}2](2): A [C4H4N(2-CH2NHtBu)]
(3.19 g, 20.9 mmol)/diethyl ether (25 mL) solution was added dropwise at
0 8C to a 100 mL Schlenk flask charged with LiAlH4 (1.25 g, 33 mmol)
and diethyl ether (25 mL). The mixture was stirred for another 8 h and
filtered through Celite. The volatiles were removed under vacuum and
the residue was recrystallized from a toluene solution to yield the final


product (8.78 g, 80% yield). 1H NMR (C6D6): d =1.16 (s, 26H; NtBu),
3.99, 4.03 (dd, 4H; CH2N), 5.73, 6.15, 6.72 ppm (m, 6H; pyrrolyl pro-
tons); 13C NMR (C6D6): d=30.2 (q, JCH =124 Hz, NCMe3), 42.9 (t, JCH =


134 Hz, CH2N), 50.7 (s, NCMe3), 102.2 (d, JCH =169 Hz, pyrrole), 111.3
(d, JCH =169 Hz, pyrrole), 119.6 (d, JCH =182 Hz, pyrrole), 145.5 ppm (s,
pyrrole).


ACHTUNGTRENNUNG[{[C4H3N(2-CH2NtBu)]Al ACHTUNGTRENNUNG[kO,kN- ACHTUNGTRENNUNG(O�N=CMe2)]}2] (3): Acetone oxime
(0.2 g, 2.8 mmol)/CH2Cl2 solution (20 mL) was added dropwise at �78 8C
to a CH2Cl2 (20 mL) solution of 1 (0.5 g, 1.4 mmol) in a 100 mL Schlenk
flask . The solution was stirred at room temperature for 1 h and volatiles
were removed under vacuum. The resulting solid was recrystallized from
a saturated toluene solution to generate final product (0.47 g, 67.2%
yield). 1H NMR (C6D6): d=1.13 (s, 18H; NtBu), 1.57 (s, 6H; ON=CMe),
1.69 (s, 6H; ON=CMe), 4.07, 4.53 (dd, 4H; 2JHH =16.7 Hz, CH2N), 6.29,
6.80, 6.99 ppm (m, 6H; pyrrolyl protons); 13C NMR (C6D6): d= 15.4 (q,
JCH =130 Hz, ON=CMe), 21.0 (q, JCH =128 Hz, ON=CMe), 28.7 (q, JCH =


126 Hz, NCMe3), 44.2 (t, JCH =138 Hz, CH2N), 57.1 (s, NCMe3), 103.4 (d,
JCH =165 Hz, pyrrole), 114.1 (d, JCH =169 Hz, pyrrole), 120.9 (d, JCH =


180 Hz, pyrrole), 137.8 (s, pyrrole), 157.1 ppm (s, ON=C); elemental anal-
ysis calcd (%) C24H40N6O2Al2 (498.28): C 57.82, H 8.09, N 16.86; found C
67.19, H 7.62, N 17.09.


ACHTUNGTRENNUNG[{[C4H3N(2-CH2NtBu)]Al ACHTUNGTRENNUNG(O-CHMe2)]}2] (4): Acetone (0.2 mL,
2.8 mmol)/CH2Cl2 solution (20 mL) was added dropwise at 0 8C to a
CH2Cl2 (20 mL) solution of 1 (0.5 g, 1.4 mmol) in a 100 mL Schlenk flask
. The solution was stirred at room temperature for 0.5 h and volatiles
were removed under vacuum. The resulting pale pink powder was recrys-
tallized from a saturated toluene/pentane mixed solution to generate
final product (0.40 g, 59.7% yield). 1H NMR (C6D6): d =0.91 (s, 18H;
NtBu), 1.19 (d, 6H; 3JHH =6.0 Hz, OCHMe2), 1.25 (d, 6H; 3JHH =6.0 Hz,
OCHMe2), 3.94, 4.90 (dd, 4H; 2JHH =16.7 Hz, CH2N), 4.27 (m, 2H;
OCHMe2), 6.22, 6.71, 6.92 ppm (m, 6H; pyrrolyl protons); 13C NMR
(C6D6): d =27.4 (q, JCH =125 Hz, OCHMe2), 28.1 (q, JCH =128 Hz,
OCHMe2), 28.5 (q, JCH =126 Hz, NCMe3), 44.2 (t, JCH =140 Hz, CH2N),
56.6 (s, NCMe3), 64.9 (d, JCH =140 Hz, OCHMe2), 104.0 (d, JCH =166 Hz,
pyrrole), 115.0 (d, JCH =171 Hz, pyrrole), 120.4 (d, JCH =180 Hz, pyrrole),
137.2 ppm (s, pyrrole); elemental analysis calcd (%) C24H42Al2N4O2


(472.58): C 61.00 ,H 8.96, N 11.86; found: C 60.66, H 9.03, N 11.66.


Polymerization : Polymerizations of e-caprolactone were carried out in
toluene solutions under a nitrogen-filled Schlenk line. In a typical reac-
tion, catalyst was first dissolved in CH2Cl2 or toluene (2.5 mL) and e-cap-
rolactone monomer was added ([M]/[I]=100). The reaction mixture was
stirred to produce a gel- or solid-like polymer. The reaction was
quenched with acidified water (3% CH3COOH) and the resulting solid
was washed with hexane, dried and weighed for yield.


The molecular weight of the polymers was determined on gel permeation
chromatography (GPC) instruments (Waters, RI 2414 and pump 1515).
Mn and Mw values were determined from calibration plots established
with polystyrene standards.


Crystallographic structural determination of 1, 2, 3, and 4 : Crystal data
collection, refinement parameters, and bond lengths and angles are listed
in Tables 1 and 2, respectively. The crystals were mounted in capillaries,
transferred to a goniostat and then observations were made at 150 K.
Data were collected on a Bruker SMART CCD diffractometer with
graphite-monochromated MoKa radiation. Structure determinations were
performed by using the SHELXTL package of programs. All refinements
were carried out by full-matrix least-squares methods using anisotropic
displacement parameters for all non-hydrogen atoms. All the hydrogen
atoms were included in calculated positions in the refinements.


CCDC 659272 (2), 659273 (4) and 659994 (5) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Catechol Derivatives as Fluorescent Chemosensors for Wide-Range pH
Detection
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Ramon Alib0s,[b] F0lix Busqu0,*[b] and Daniel Ruiz-Molina*[d]


Introduction


In the last few years, the design, characterization, and
device implementation of chemosensors has emerged as an
active area of research owing to their wide-ranging applica-
tions in various fields of science and industry.[1] Because of
its high sensitivity and selectivity as well as its noninvasive
character, fluorescence is very often selected as the trans-
duction signal for chemical sensing events.[2] Thus, great
effort has been devoted to developing new materials for the
luminescent detection of chemically and biologically rele-
vant ions[3] and molecules.[4] Among them, fluorescent che-
mosensors that report on acidity changes are becoming in-


creasingly interesting owing to the need for monitoring pH
values in many chemical and biological processes, clinical
analysis, and environmental-protection analyses.[5] In addi-
tion, pH-responsive molecular systems displaying optical ac-
tivity have been proposed as logical operators to perform
molecular computing.[6]


In contrast to glass electrodes, fluorescent chemosensors
are usually not suitable for measurements over wide pH
ranges, but they allow acidity detection in narrow pH-value
windows.[5e–g] In fact, the dynamic range of most common
chemosensors, which present only a single pH-responsive
group leading to one fluorescent and one non-fluorescent
state upon pH variation (i.e. “on–off” or “off–on” probes),
is limited to approximately two pH units.[5f] Several strat-
egies can be followed to broaden the sensing range of fluo-
rescent pH chemosensors. On the one hand, this can be ach-
ieved by mixing different systems that respond to distinct
pH values.[5f,g] More interestingly, pH detection over large
intervals can also be attained with specific chemosensors,
provided that they possess multiple pH-responsive groups
that give rise to several protonation states with distinct opti-
cal properties.[5e,7] Multistate molecular systems displaying
pH-induced “off–on–off”[7e,8] or “on–off–on”[9] fluorescence
profiles are particularly relevant examples of this latter case.
For “off–on–off” fluorescent pH chemosensors, minimal
emission is detected in strongly acid and basic media, where-
as maximal fluorescence is emitted at intermediate pH
values. On the contrary, “on–off–on” systems become in-
creasingly fluorescent at extreme pH values.


Abstract: The synthesis and characteri-
zation of a new family of catechol de-
rivatives designed to behave as fluores-
cent chemosensors for wide-range pH
detection has been described. These
compounds were prepared by covalent-
ly coupling a catechol unit with other
aromatic rings, thus obtaining p-delo-
calized systems with both pH-respon-


sive groups and fluorescent behavior.
In the case of a pyridine–catechol de-
rivative, this leads to up to three differ-
ent protonation states with distinct op-


tical properties in organic media, as
corroborated by density functional
theory calculations. By applying dual-
wavelength detection techniques, this
compound shows complementary “off–
on–off” and “on–off–on” emission pro-
files upon pH variation, a behavior
that can be exploited to perform acidi-
ty detection over a broad pH range.
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The vast majority of multistate fluorescent pH chemosen-
sors so far reported are complex molecular systems com-
posed of a fluorophore and electronically uncoupled pH-
sensitive units capable of modulating its luminescent proper-
ties. The mechanisms for such modulation are various, in-
cluding photoinduced electron transfer and electronic
energy transfer, among others.[5e,7–9] Alternatively, another
approach has been the development of intrinsic fluorescent
probes[2d] for wide-range pH detection, that is, chemosensors
in which multiple pH-responsive groups are part of the p sy-
stem of the fluorophore, whose inherent emissive properties
therefore vary with pH. This allows a relatively simple syn-
thesis of the chemosensors as well as an easier manipulation
of the resulting structures.
Inspired by the behavior of well-known pH-responsive


fluorescent probes such as fluorescein,[6a,10] our approach has
consisted of the synthesis of new fluorophores that contain
several groups with acid–base activity. Specifically, we have
focused our attention on catechol derivatives because of its
intrinsic acid–base properties (pKa=9.2 and 13.0 for pure
catechol in water)[11] and their other interesting features. For
instance, catechol derivatives have been successfully used in
the design of molecular switches[12] and have significant im-
plications in relevant biological processes such as the activa-
tion of small molecules like O2 and N2.


[13] Herein, we de-
scribe the synthesis and the experimental and theoretical in-
vestigation of the optical properties of the catechol-derived
compounds 1 and 2. Compounds 1 and 2 have been pre-
pared by covalently coupling a catechol unit with phenyl
and pyridine moieties, respectively (see Scheme 1). p-Elec-
tron delocalization along both constituent groups is expect-
ed to lead to fluorescence emission in the visible region of
the spectrum with a significant pH sensitivity thanks to the
hydroxy groups of the catechol unit. More importantly, the
additional acid–base activity of pyridine (pKa=5.2 for the
pyridinium ion in water[14]) should make compound 2 a suit-
able fluorescent probe for acidity detection over a broad pH
interval, as recently assessed.[15]


Results and Discussion


Synthesis : The sequence of reactions leading to target com-
pounds began with commercially available 5-bromovanillin.
Thus, cleavage of the methyl ether group of 5-bromovanillin
by using anhydrous AlCl3 in the presence of pyridine fur-
nished catechol 3[16] in 77% yield. Next, protection of the
hydroxy groups of 3 as their tert-butyldiphenylsilyl (TBDPS)


derivatives was accomplished by using TBDPSCl and anhy-
drous 1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) in a mix-
ture of THF and N,N-dimethylformamide (DMF), affording
compound 4 in 58% yield along with the monoprotected
product 5 in 7% yield. This reaction failed when bases other
than anhydrous DBU were used. A Wittig reaction of alde-
hyde 4 with benzyl-triphenylphosphonium chloride by using
tBuOK as the base yielded an inseparable 1:2 mixture of the
E and Z isomers of olefin 6 in 75% yield. This mixture was
treated with triethylamine trihydrofluoride, affording a 1:2
mixture of the neutral form of the E and Z isomers of 1 in
78% yield (n1; Scheme 2). These isomers were separated by
means of successive column chromatography. The isolated
E isomer proved to be stable enough to be used for further
experiments. On the contrary, the Z isomer isomerized back
in a few days to the original (Z)- and (E)-1 mixture even
upon storage in the dark and at 4 8C.


Wittig reaction of intermediate 4 and triphenyl-(2-pyridyl-
methyl)phosphonium chloride hydrochloride by using
tBuOK as the base afforded (E)-olefin 7 in 83% yield. Final
removal of the protecting silyl groups of 7 was achieved by
using triethylamine trihydrofluoride, affording, after addi-
tion of 35% HCl, the hydrochloride salt of 2 in 65% yield
(c2 ; Scheme 3). This yield decreased when tetrabutylammo-
nium fluoride (TBAF) was used as a fluoride source for this
reaction.


X-ray structure : All the attempts to obtain single crystals of
1 were unsuccessful in spite of the recurrent use of different
crystallization techniques and solvents. More successful
were the attempts to crystallize compound 2. Yellow needles
suitable for X-ray diffraction were obtained by slow evapo-
ration of a solution of 2 in dichloromethane. Compound 2
crystallizes as the hydrochloride salt with one molecule in
the asymmetric unit. Figure 1 shows the atom labeling and


Scheme 1. Chemical structures of compounds 1 and 2.


Scheme 2. Synthesis of compound n1: a) AlCl3, pyridine, CH2Cl2, 24 h,
reflux, 77%; b) TBDPSCl, DBU, THF/DMF, RT, 3 h, 58%; c) (Ph)3P


+


CH2-Ph Cl�, tBuOK, THF, RT, 2 h, 75%; d) TEA/3HF, THF, RT, 2 h
78%.
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the anisotropic displacement ellipsoids of 2. The resolved
structure is planar (C5-C6-C7-C8 dihedral angle 1738), and
the intramolecular bond lengths and angles agree with those
expected. Hydrochloric acid is connected to the molecule
through a very strong hydrogen bond (N····Cl: 2.218 U
NHCl: 178.3 8). Although the molecular packing shows that
the different molecules are organized in parallel rows, no
p–p interactions are expected between them owing to the
long intermolecular separation distance observed (5.583 U).
We ascribe this result to the presence of the voluminous
halogenated atoms.


Acid–base equilibria : The acid–base activity of the catechol
and phenyl/pyridine moieties in compounds 1 and 2 was in-
vestigated by UV/Vis absorption spectroscopy. Figure 2 dis-
plays the changes measured in the absorption spectrum of
an acetonitrile solution of n1 (c1=1V10�5m) upon base ad-
dition (tetrabutylammonium hydroxide; TBAH). Clearly, a
new band at labs=388 nm appears with increasing pH,
whereas the intensity of the initial peak at labs=319 nm de-
creases. Similar results are obtained in other solvents
(Table 1). The absorption red-shift encountered upon base
addition is consistent with the deprotonation of a hydroxy
group in the neutral form n1 to yield an anionic species


(a1), as previously reported for monohydroxystilbenes.,[17, 18]


Importantly, this process can be fully reverted back upon
acid addition (hydrochloric acid), thus recovering the ab-
sorption spectrum of n1.
The acid–base equilibrium between n1 and a1 is depicted


in Scheme 4. Deprotonation to yield a1 has been tentatively
assigned to take place on the OH moiety at the para posi-
tion of the catechol group according to inductive and conju-
gation considerations. This fact was confirmed by quantum-
chemical calculations (see below). From the variations of
the absorption spectra with pH,[19] an acidity constant value
of pKa=22.6 has been determined for this process in aceto-
nitrile, which is in good agreement with that reported for 2-
bromophenol in the same solvent (pKa=23.9).[14] As the au-
toprotolysis constant of acetonitrile is pKACN�33,[20] n1 be-
haves as a weak acid in this solvent. Further basification of
a1 to yield the double phenolate form of 1 (pH>25 in ace-
tonitrile) was unsuccessful and resulted in irreversible degra-


Scheme 3. Synthesis of compounds c2 and a2 : a) (Ph)3P
+CH2-Py-HCl


Cl�, tBuOK, THF, RT, 2 h, 83%; b) i) TEA-3HF, THF, RT, 2 h; ii) HCl
35%, 65%; c) 1m NaOH, CH2Cl2, 94%.


Figure 1. ORTEP view of the asymmetric unit of 2. Hydrogen atoms,
with the exception of the hydrogen atom that is implicated in the hydro-
gen bond with Cl1, are omitted for clarity.


Figure 2. Variation of the absorption spectrum of 1 upon pH increase in
acetonitrile (c1=1V10�5m). The spectra shown were measured at pH
values of 17.0, 17.7, 19.0, 20.5, 21.9, 22.4, 22.6, 23.1, 23.2, 23.5, and 24.0.


Table 1. Experimental and TD-DFT energies and intensities of the UV/
Vis absorption bands of the different protonation states of 1 and 2.


State Solvent Experimental[a] TD-DFT[b,c]


labs [nm] eabs [Lmol�1 cm�1] labs [nm]


n1 THF 325 21259
acetonitrile 319 25098 346
DMSO 329 20711


a1 THF 398 24621
acetonitrile 388 30385 406
DMSO 399 21274


c2 THF 379 22248
acetonitrile 371 24558 408
DMSO 382 22164


n2 THF 334 25095
acetonitrile 327 26773 350
DMSO 338 24178


a2 THF 424 32169
acetonitrile 406 32362 422
DMSO 421 28564


[a] Measured at the absorption maxima. [b] B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) level
and accounting for acetonitrile solvent. [c] The ratios of the computed os-
cillator strengths (f) are: fa1/fn1=1.0, fc2/fn2=0.8, and fa2/fn2=1.0.
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dation of the compound, which we ascribe to either (photo-
induced) addition of water to the ethylenic double bond[21]


or a polymerization process.
A more complex acid–base activity was encountered for


compound 2 (see Scheme 4). The absorption spectrum of a
1V10�5m solution of c2 in acetonitrile displays two different
bands at labs=327 and 371 nm. The relative intensities of
these bands varies with the addition of HCl and TBA with
the peaks at 327 and 371 nm becoming predominant at
pH 14.1 and 8.5, respectively (Figure 3). This indicates that
even though complex 2 was originally in its cationic form,
an equilibrium between the cationic form c2 (labs=371) and
its neutral state in which the pyridinium group is deproton-
ated (n2, labs=327) occurs in solution in acetonitrile. Inter-
estingly, this process can be controlled and reversibly dis-
placed forward or backwards by acid–base titration, as al-


ready reported for related styrylpyridine compounds.[22–23]


Moreover, from the variations of the absorption spectra
with pH, an acidity constant value of pKa=12.5 has been
determined for the deprotonation of the pyridinium group
in acetonitrile. This result nearly matches the acidity con-
stant reported for the pyridinium ion in acetonitrile (pKa=


12.3–12.6) and it demonstrates the behavior of c2 as a weak
acid in this solvent.[14]


Subsequent deprotonation of n2 to yield the anionic
monophenolate state a2 leads to additional variations in the
absorption bands, as depicted in Figure 3. Such variations
are indeed in agreement with those previously found for
compound 1, that is, red-shifted absorption upon base addi-
tion. This confirms deprotonation of the hydroxy group at
the para position of the catechol moiety of 2 at larger pH
values (pKa=21.8 in acetonitrile). Remarkably, this second
acid–base equilibrium is also fully reversible, that is, the a2
species can be reverted back to the n2 species, making feasi-
ble the three-state device shown in Scheme 4. However, as
already described for compound 1, further basification to
deprotonate the second -OH group of 2 leads to a degrada-
tion process (at pH>25 in acetonitrile), thereby preventing
reversible conversion of a2 into the double anionic dipheno-
late form of this compound. Similar results are obtained in
other solvents different from acetonitrile as summarized in
Table 1 in which the experimental energies and intensities of
the UV/Vis absorption bands of the different protonation
states of 2 are shown.


Quantum-chemical calculations : Theoretical calculations
were performed to further investigate the correspondence
between the different absorption bands found in our spec-
trophotometric acid–base titration experiments and the dis-
tinct states of compounds 1 and 2. Density functional theory
(DFT) calculations employing the B3LYP hybrid functional
and the 6–311+GACHTUNGTRENNUNG(d,p) basis set and accounting for acetoni-
trile solvent were carried out to obtain the ground electronic
state energies and optimal geometries of the different proto-
nation states of 1 and 2. Initially, computations of the mono-
phenolate forms a1 and a2 in which the deprotonated hy-
droxy group was systematically modified to lay at either the
para or meta position of the catechol moiety were per-
formed. Noticeably, the ground electronic state energy of
the former molecules (phenolate at the para position) was
found to be approximately 10 kcalmol�1 lower in energy
than that of the meta position. These results confirm the as-
signment of a1 and a2 to the structures shown in Scheme 4,
thus demonstrating the larger acidity of the OH substituent
at the para position of the catechol ring.
As is well-known for stilbene derivatives,[24] each one of


the protonation states of 1 and 2 can present several differ-
ent conformations associated with the rotation of the cate-
chol and pyridine rings around the C1�C2 and C3�C4
bonds, respectively. This fact is illustrated in Scheme 5, in
which the optimal geometries computed for the four possi-
ble rotamers of c2 are shown (a, b, c, and d) as a representa-
tive example.


Scheme 4. Molecular structures of the neutral (n1) and anionic (a1)
states of 1 as well as of the cationic (c2), neutral (n2), and anionic (a2)
states of 2. The acidity constants determined spectrophotometrically for
the reversible acid–base equilibria between these states in acetonitrile
are indicated.


Figure 3. Variation of the absorption spectrum of 2 upon pH increase in
acetonitrile (c2=1V10�5m). Left: The changes arising from the acid–base
equilibrium between c2 and n2, which were measured at pH values of
8.5, 9.9, 10.7, 11.4, 11.8, 12.4, 12.5, 12.6, 12.9, 13.0, 13.7, and 14.1. Right:
The acid–base equilibrium between n2 and a2, which were registered at
pH 14.1, 15.0, 16.9, 18.5, 19.8, 20.4, 20.9, 21.5, 22.2, 22.8, 23.1, 23.9, 24.2,
and 24.8.
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Similar planar structures were calculated for n2 and a2.
For n1 and a1, only two different conformers are possible,
which also present planar geometries. In all cases, our calcu-
lations yield very similar ground-electronic-state energies
for all possible rotamers of a given protonation state of 1
and 2 (less than 2.5 kcalmol�1 of difference). Thus, very
small energy differences were computed for the four differ-
ent rotamers of c2 shown in Scheme 5, which fall below the
accuracy of the calculation method employed. In spite of
this, the occurrence of an equilibrium mixture of different
rotamers in acetonitrile solution is anticipated, as previously
observed for other stilbene derivatives.[24] This has been con-
firmed by means of NMR spectroscopy measurements.
ROESY spectroscopy experiments of c2 in deuterated di-
methyl sulfoxide (DMSO) show a nuclear Overhauser effect
(NOE) between both ethylenic protons and all the hydrogen
atoms at the ortho positions of the pyridine and catechol
rings. Together with the presence of only one series of
proton signals in the 1H NMR spectrum, this indicates the
occurrence of a dynamic equilibrium between different rota-
tional conformers in solution and at room temperature. An
average behavior is therefore measured in our spectroscopic
experiments.
Finally, time-dependent functional theory (TD-DFT) cal-


culations at the B3LYP/6–311+GACHTUNGTRENNUNG(d,p) level and accounting
for acetonitrile solvent were carried out to compute the ex-
citation energies and oscillator strengths of the absorption
bands of the different protonation states of 1 and 2. To ac-
count for conformational equilibria, TD-DFT calculations
on the ground-electronic-state optimal geometries of all pos-
sible rotamers were performed. Although minor differences
of their spectroscopic parameters were observed for a given
protonation state, the final values of absorption energies
and oscillator strengths were averaged over all possible ro-
tamers by taking into account the Boltzmann distribution of
conformer populations at room temperature. The resulting
values are compared with the experimental ones in Table 1.
As can be seen, a good agreement between quantum-chemi-
cal calculations and spectrophotometric measurements is ob-
served. Thus, our computations reproduce, to a good extent,
the spectral shifts obtained experimentally upon pH varia-
tion as the deviations between the calculated excitation en-
ergies and the experimental absorption maxima (in energy


units) fall below 10% in all cases. We partly ascribe these
differences to the polarizable continuum model employed to
account for acetonitrile solvent. Although this method
allows accurate description of the electrostatic solvent ef-
fects, it does not consider the microscopic interactions be-
tween the solute and solvent molecules, such as hydrogen-
bond formation.[25] Proper evaluation of all these solvent ef-
fects would require computationally demanding calculations
in which both continuum and discrete solvation models
were considered.[25]


On the other hand, TD-DFT calculations also reveal that
the absorption transitions measured occur between the
HOMO and LUMO states of all investigated molecules.
These frontier orbitals are delocalized over both the cate-
chol and phenyl/pyridine rings, thereby explaining why the
absorption spectrum changes upon protonation/deprotona-
tion of substituents located in any of the two constituent
units of compounds 1 and 2.


pH-modulated fluorescence : The emission properties of the
different protonation states of compounds 1 and 2 have
been evaluated. According to their stilbene character, the
different protonation states derived from them exhibit fluo-
rescence. The fluorescence spectral maxima (lf) and quan-
tum yields (Ff) measured on different solvents are shown in
Table 2, whereas the corresponding fluorescence spectra in
acetonitrile are given in Figure 4. Clearly, n1 and a1 as well
as c2, n2, and a2 show distinct emissive behaviors, which
confirm their potential use as fluorescent pH chemosensors.
Both the neutral forms of 1 and 2 display a large red-shift


in fluorescence spectra upon deprotonation (�100 nm), as
previously observed for related monohydroxystilbenes[17,18]


and in the absorption measurements. Similarly, protonation


Scheme 5. Optimal geometries computed for the different rotamers of c2
at the B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) level and accounting for acetonitrile sol-
vent. The ground-electronic-state energies of these conformers relative to
that of a are 0 (a), 1.3 (b), �1.4 (c), and �0.1 kcalmol�1 (d).


Table 2. Fluorescence properties of the different protonation states of 1
and 2.


State Solvent[a] lf [nm][b] Ff


n1 THF 388 0.065
acetonitrile 392 0.031
DMSO 414 0.072


a1 THF 488 0.036
acetonitrile 484 0.066
DMSO 501 0.054


c2 THF 500 0.19
acetonitrile 511 0.069
DMSO 501 <0.01


n2 THF 406 0.097
acetonitrile 409 0.053
DMSO 442 0.34


a2 THF 523 0.20
acetonitrile 524 0.22
DMSO 532 0.36


[a] Solvent dielectric constants are eTHF=7.5, eACN=36.6, and eDMSO=


47.2, whereas the Kamlet–Taft b factors accounting for their hydrogen-
bond acceptor capacity are bTHF=0.55, bACN=0.31, and bDMSO=0.76.[26]


[b] Measured at the emission maxima.
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of n2 to yield c2 not only leads to bathochromic absorption,
but additionally results in red-shifted fluorescence, which is
in agreement with previous reports on the luminescence of
related styrylpyridine compounds.[22,23] Solvatochromic ef-
fects on the fluorescence spectra of compounds 1 and 2 are
also observed, which we ascribe to both changes in solvent
polarity as well as in solvent hydrogen-bond accepting ca-
pacity, as quantified by means of the Kamlet–Taft b


factor.[26] Thus, similar fluorescence maxima are, in general,
observed in THF and acetonitrile as the higher hydrogen-
bond accepting capacity of the former (bTHF=0.55, bACN=


0.31) is counterbalanced by the larger polarity of the latter
(eTHF=7.5, eACN=36.6). In case of DMSO as the solvent, its
higher e (eDMSO=47.2) and b (bDMSO=0.76) values lead to
red-shifted emission for n1, a1, n2, and a2. Opposite behav-
ior is found for c2, for which larger hydrogen-bond interac-
tion between the pyridinium group and THF or DMSO mol-
ecules results in hypsochromic displacement of the emission
spectrum. Our experimental data show that fluorescence
quantum yields also vary for different solvents and protona-
tion states of 1 and 2 (see Table 2).
In the case of compound 1, both n1 and a1 states present


relatively low Ff values within the 0.03–0.07 range. Howev-
er, while larger fluorescence quantum yields are obtained
for n1 in solvents with high hydrogen-bond accepting capaci-
ty (THF and DMSO), an opposite trend is observed for a1.
Most importantly, larger Ff values are determined for 2
under selected conditions, which is a relevant feature for po-
tential fluorescent-sensing applications. This contrasts with
previous studies on the effect of introducing a nitrogen
atom in the styryl system, in which a decrease in fluores-
cence emission from stilbene to 2-styrylpyridine was ob-
served.[27] Most probably, this difference arises from the
effect of the hydroxyl group and bromo substituents of the
catechol ring. Indeed, a tenfold increase in Ff has been re-
ported for 3-hydroxystilbene with respect to stilbene in or-
ganic solvents,[17] thus demonstrating the critical effect of
meta substitution with OH moieties on the photochemical
properties of styryl systems. Consequently, the combined


effect of the nitrogen atom and the substitution of the hy-
droxyl group must account for the larger values of Ff that
are typically obtained in this work for 2 with respect to 1
and stilbene (Ff=0.04 in hexane[27]).
All protonation states of compound 2 display significant


solvent effects on their fluorescence quantum yields. In the
case of c2, a Ff value as high as 0.19 is determined in THF.
Nevertheless, increasing solvent polarity results in a dramat-
ic decrease in fluorescence quantum yield, which leads to
nearly complete suppression of emission for polar solvents
such as DMSO (see Table 2), DMF, ethanol, and water
(data not shown). A different behavior is encountered for
the neutral state n2, whose fluorescence quantum yield rises
with increasing hydrogen-bond accepting capacity of the sol-
vent, as also observed for n1. Unfortunately, such large
emission efficiencies of n2 in organic media are lost in aque-
ous solutions, as has previously been reported for other hy-
droxystilbenes.[17] For the anionic form a2, solvent effects on
the fluorescence quantum yield seem less important because
large and similar Ff values are measured in THF, acetoni-
trile, and DMSO. In this case, however, major effects are en-
countered when a2 is dissolved in solvents with hydrogen-
bond donor capacity that can interact with the deprotonated
hydroxy group of the phenolate. This results in very low Ff


values (data not shown). Thus, for instance, aqueous solu-
tions of a2 in water are nearly not fluorescent, as also ob-
served for c2 and n2. In spite of this, the large emission effi-
ciencies and different spectral properties observed for these
species in several other solvents allows us to envisage com-
pound 2 as a potential fluorescent pH chemosensor in or-
ganic media.


Fluorescence pH-sensing : If a wide-range pH sensor based
on compound 2 is to be achieved, the capacity of this species
to univocally respond to acidity changes over a large inter-
val of pH values must be proved. Herein we discuss how the
pH-sensitive fluorescence properties of 2 can be exploited
to ensure the accomplishment of this condition.
In the previous section, we have shown that the fluores-


cence spectrum of the neutral form n2 is approximately
100 nm blue-shifted with respect to c2 and a2, whereas these
two ionic species emit in the same spectral region but with
different quantum yields (see Figure 4). As a consequence,
if selective detection at the maximum of the emission spec-
trum of n2 is performed (�400 nm), the fluorescence signal
measured will be maximal at intermediate pH values and it
will decrease for increasingly acid or basic media. This
means that compound 2 behaves as an “off–on–off” pH
sensor under such detection conditions,[7e,8] as is depicted in
Figure 5a. On the contrary, if the fluorescence detection
window is centred on the maximum of emission of c2 and a2
(�500 nm), the response of the system upon pH variation
becomes of the “on–off–on” type.[9] Therefore, maximal
fluorescence signal is detected at extreme values of pH in
this case, as also illustrated in Figure 5a. In Figure 5a, the
fluorescent “off–on–off” and “on–off–on” behaviors of 2 in
acetonitrile at different detection conditions are compared


Figure 4. Fluorescence emission spectra of the different protonation
states of compounds 1 (lexc=280 nm, c1=1V10�5m) and 2 (lexc=310 nm,
c2=1V10�5m) in acetonitrile. Each spectrum is normalized with respect
to the absorption at the excitation wavelength. Acid (HCl) or base
(TBA) was added to adjust the pH of the solution to the values at which
full conversion into the desired protonation state was achieved in each
case: pH 17.0 (n1), 24.0 (a1), 8.5 (c2), 14.5 (n2), and 24.0 (a2).
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with simulations performed by using the values of pKa, ab-
sorption extinction coefficients, and fluorescence quantum
yields that were previously determined for this species.
Clearly, a good agreement exists between the simulated and
experimental data. Thus, the dependence of fluorescence in-
tensity at lem=409 nm is rather symmetric around pH 17, as
expected from the calculations. More importantly, an asym-
metric curve describes the variation of the emission intensity
with pH at lem=524 nm, which arises from the different Ff


values of c2 and a2. This situation contrasts with the behav-
ior observed for previously reported fluorescence “on–off–
on” systems.[9]


The coexistence of the fluorescent “off–on–off” and “on–
off–on” behaviors of 2 in acetonitrile at different detection
conditions is an excellent scenario for the development of
the sensing routine. Fluorescent molecular chemosensors ex-
clusively displaying “off–on–off” or “on–off–on” profiles are
mainly suited for the detection of pH windows. Unfortu-
nately, they can hardly provide any information on the pH
values at which point the system is “off”, thus preventing
the device from sensing over larger pH intervals. This draw-
back can be overcome by the use of 2 as the fluorescent pH


probe as this compound shows both “off–on–off” and “on–
off–on” responses upon pH variation when dual-wavelength
detection is applied. However, this condition is not sufficient
for univocal pH sensing. To be capable of discerning low
from high pH values at which the fluorescence of the system
simultaneously turns “off” (at lem�400 nm) or “on” (at lem


�500 nm), the compound must display an asymmetric “on–
off–on” profile, that is, it must show different luminescent
properties at those two pH ranges. As mentioned above, this
is accomplished by 2 in some organic media owing to the
different fluorescence quantum yields of the c2 and a2
states. Consequently, each pH value will result in an univo-
cal set of emission intensities at the two monitored wave-
lengths. This is demonstrated by the 3D plot in Figure 5b,
which shows the correspondence between pH values and the
fluorescence intensities measured for 2 in acetonitrile at two
different emission wavelengths, lem=409 nm (F409) and
524 nm (F524). Remarkably, a single value of pH can be re-
covered from a given pair of F409 and F524 values measured
by means of dual-wavelength detection. Therefore, we envis-
age compound 2 as a potential acidity chemosensor over
large pH intervals in organic media. Furthermore, because
of the fluorescent nature of all protonation states of this
species, future application of compound 2 for pH detection
could benefit from the use of ratiometric methods, thus pre-
venting the need for prior calibration of the sensing sys-
tem.[5d, f, 7d]


Conclusion


Herein we describe the synthesis and characterization of a
new chemosensor for a wide-range pH detection based on a
fluorescent system decorated with several pH-responsive
groups. With this aim, two catechol derivatives were pre-
pared by covalently coupling a catechol unit to phenyl (1)
and pyridine (2) rings. This led to p-delocalized systems that
display pH-sensitive fluorescence emission in the visible
region. Although 1 presents two stable protonation states
with distinct optical properties, both experimental measure-
ments and DFT calculations reveal that compound 2 shows
up to three different luminescent protonation states in or-
ganic media owing to the combined acid–base activity of its
constituent catechol and pyridine units. Importantly, the op-
tical behavior of these states is such that compound 2 dis-
plays complementary “off–on–off” and “on–off–on” emis-
sion profiles upon pH variation by applying dual-wavelength
detection techniques. This not only allows application of ra-
tiometric methods, but, more importantly, it can be exploit-
ed to perform acidity detection over a broad pH range in or-
ganic solvents.


Experimental Section


General procedures : Commercially available reagents were used as re-
ceived. The solvents were dried by distillation over the appropriate


Figure 5. a) pH dependence of the fluorescence intensity (F) of 2 in ace-
tonitrile (lexc=310 nm, c2=1V10�5m) at lem=409 nm (black) and lem=


524 nm (gray). Experimentally measured intensities are represented as
points shown on the graphs. The solid lines plot the simulated emission
intensities that were computed by using the pKa constants, absorption ex-
tinction coefficients, and fluorescence quantum yields determined for 2 in
acetonitrile. b) 3D plot showing the correspondence between pH and the
fluorescence intensities measured for 2 in acetonitrile by means of dual-
wavelength detection at lem=409 and 524 nm (F409 and F524).
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drying agents. All reactions were performed avoiding moisture by stan-
dard procedures and under nitrogen atmosphere and monitored by ana-
lytical thin-layer chromatography (TLC) by using silica gel 60 F254 pre-
coated aluminum plates (0.25 mm thickness). Flash column chromatogra-
phy was performed by using silica gel 60 U, particle size 35–70 mm. NMR
spectroscopy experiments were performed at the Servei de RessonFncia
Magn7tica Nuclear of the Universitat AutCnoma de Barcelona. 1H NMR
spectra were recorded on Bruker DPX250 (250 MHz) and Bruker
DPX360 (360 MHz) spectrometers. Proton chemical shifts are reported
in ppm (d) (CDCl3, d=7.26 ppm or [D6]DMSO, d=2.50 ppm). 13C NMR
spectra were recorded on Bruker DPX250 (62.5 MHz) and Bruker
DPX360 (90 MHz) spectrometers with complete proton decoupling.
Carbon chemical shifts are reported in ppm (d) (CDCl3, d=77.2 ppm or
[D6]DMSO, d =39.5 ppm). NMR signals were assigned with the help of
COSY, HSQC, HMBC, and NOESY experiments. Infrared spectra were
recorded on a Sapphire-ATR spectrophotometer; peaks are reported in
cm�1. High-resolution mass spectra (HRMS) were recorded at Micro-
mass-AutoSpec by using (ESI+ or ESI�).
3-Bromo-4,5-dihydroxybenzaldehyde (3):[16] Anhydrous aluminum chlo-
ride (3.2 g, 23.8 mmol) was suspended in a solution of 5-bromovanillin
(5.0 g, 21.6 mmol) in CH2Cl2 (50 mL). While cooling to maintain the tem-
perature at 30–35 8C, pyridine (7.7 mL, 95.2 mmol) was added slowly. The
resulting clear solution was heated to reflux for 24 h, allowed to warm to
room temperature, quenched by the slow addition of 10% HCl solution
(60 mL), and further diluted with CH2Cl2 (30 mL). The resulting suspen-
sion was filtered to afford catechol 3 as a white solid (3.60 g, 16.6 mmol;
77%). M.p. 225–227 8C.


3-Bromo-4,5-bis(tert-butyldiphenylsilyloxy)benzaldehyde (4): DBU
(6.5 mL, 43.8 mmol) was added dropwise over 20 min to a stirred solution
of 3 (3.8 g, 17.5 mmol) and TBDPSCl (10.5 mL, 40.3 mmol) in a mixture
of dry THF (100 mL) and anhydrous DMF (20 mL) at 0 8C. After the
mixture had been stirred at room temperature for 3 h, ethyl ether
(100 mL) was added and the resulting suspension filtered. The filtrate
was concentrated under vacuum and the resulting yellowish wax was pu-
rified by column chromatography on silica gel (gradient, hexanes/CH2Cl2
4:1 to 1:1) to afford the following fractions: i) 3-bromo-4,5-bis(tert-butyl-
diphenylsilyloxy)benzaldehyde (4) as a solid (7.10 g, 10.2 mmol; 58%);
and ii) 3-bromo �5-(tert-butyldiphenylsilyloxy)-4-hidroxybenzaldehyde
(5) as a solid (0.56 g, 1.20 mmol; 7%). 4 : m.p. 151–153 8C (ethyl ether);
1H NMR (250 MHz, CDCl3): d=9.29 (s, 1H), 7.83–7.72 (m, 4H), 7.61 (d,
J=1.9 Hz), 7.53–7.20 (m, 16H), 6.86 (d, J=1.9 Hz), 1.13 (s, 9H),
0.76 ppm (s, 9H); 13C NMR (62.5 MHz, CDCl3): d=189.4, 149.3, 147.6,
135.5, 135.3, 133.0, 132.0, 130.1, 130.0, 129.9, 127.9, 127.8, 127.3, 122.2,
117.0, 27.1, 26.4, 20.7, 19.3 ppm; IR (ATR): ñ=3267, 2930, 2856, 1669,
1428, 1314, 1300, 1100, 885, 701 cm�1; HRMS (ESI): m/z : [M+2+Na+]+


calcd for C39H41BrNaO3Si2 717.1657; found: 717.1640. 5 : m.p. 126–127 8C
(ethyl ether); 1H NMR (250 MHz, CDCl3): d =9.42 (s, 1H), 7.75–7.64 (m,
4H), 7.60 (d, J=1.7 Hz, 1H), 7.53–7.34 (m, 6H), 6.84 (d, J=1.7 Hz, 1H),
6.57 (s, 1H), 1.15 ppm (s, 9H); 13C NMR (62.5 MHz, CDCl3): d=189.3,
150.3, 143.5, 135.5, 130.9, 129.8, 128.5, 128.4, 117.9, 109.2, 26.8, 19.7 ppm;
IR (ATR): ñ =2960, 2856, 1696, 1424, 1310, 1107, 917, 870, 697 cm�1;
HRMS (ESI+ ): m/z : [M+2+Na]+ calcd for C23H23BrNaO3Si 479.0475;
found: 479.0464.


(E)-3-Bromo-5-(2-phenyl-1-ethenyl)-1,2-di(tert-butyldiphenylsilyloxy)-
benzene (6): tBuOK (0.419 g, 3.75 mmol) was added portionwise at 0 8C
to a solution of benzyltriphenylphosphonium chloride (1.23 g, 3.17 mmol)
in dry THF (25 mL). After the mixture had been stirred for 30 min at
room temperature, a solution of 4 (2.0 g, 2.88 mmol) in dry THF (5 mL)
was added. The mixture was stirred for 2 h at room temperature,
quenched with brine (0.3 mL), diluted with ethyl ether (20 mL), and fil-
tered. The filtrate was concentrated under vacuum and the resulting
crude material was purified by column chromatography on silica gel (gra-
dient, hexanes/CH2Cl2 5:1 to 3:1) to afford a 1:2 mixture of E and
Z isomers of 3-bromo-5-(2-phenyl-1-ethenyl)-1,2-di(tert-butyldiphenylsilyl-
oxy)benzene (6) as a wax (1.65 g, 2.15 mmol; 75%). 1H NMR (360 MHz,
CDCl3): d=7.88–7.70 (m, 4H), 7.50–6.90 (m) + 6.84 (d, J=1.8 Hz, Z)
(22H), 6.56 (d, J=1.8 Hz, E) + 6.26 (d, J=1.8 Hz, Z) (1H), 6.49 (d, J=


16.2 Hz, E) + 6.22 (d, J=12.2 Hz, Z) (1H), 6.05 (d, J=16.2 Hz, E) +


5.89 (d, J=12.2 Hz, Z) (1H), 1.09 (s, E) + 1.07 (s, Z) (9H), 0.76 (s, E) +


0.73 ppm (s, Z) (9H); 13C NMR (90 MHz, CDCl3): d=147.2, 147.1, 143.4,
143.0, 137.3, 136.7, 135.6, 135.5, 135.4, 133.7, 133.01, 132.8, 130.9, 130.8,
130.0, 129.9, 129.8, 129.7, 129.7, 128.9, 128.7, 128.4, 128.2, 128.1, 127.9,
127.8, 127.7, 127.6, 127.2, 126.8, 126.4, 125.9, 124.8, 121.7, 118.3, 116.0,
115.7 ppm; HRMS (ESI+ ): m/z : [M+Na]+ calcd for C46H47BrNaO2Si2
791.2180; found: 791.2168.


(E)-3-Bromo-5-(2-phenyl-1-ethenyl)-1,2-benzenediol (n1): Triethylamine
trihydrofluoride (0.63 mL, 3.92 mmol) was added dropwise at 0 8C to a
solution of 6 (1.50 g, 1.96 mmol) in dry THF (20 mL). The mixture was
stirred for 2 h at room temperature, quenched with brine (0.3 mL), dilut-
ed with ethyl ether (20 mL), and filtered. The filtrate was concentrated
under vacuum and the resulting crude material was purified by chroma-
tography on silica gel (gradient, hexanes/CH2Cl2 5:1 to 3:1) to afford a
1:2 mixture of E and Z isomers of 3-bromo-5-(2-phenyl-1-ethenyl)-1,2-
benzenediol (7) as a solid (0.443 g, 1.52 mmol; 78%). Repeated column
chromatography allowed isolation of the pure E isomer and a Z-enriched
mixture (4:1) of isomers. (E)-8 : m.p. 95–96 8C (ethyl ether); 1H NMR
(250 MHz, CDCl3): d=7.50–7–39 (m, 2H), 7.39–7.28 (m, 2H), 7.28–7.18
(m, 1H), 7.14 (d, J=2.7 Hz, 1H), 7.03 (d, J=2.7 Hz, 1H), 6.93 (d, J=


16.3 Hz, 1H), 6.86 (d, J=16.3 Hz, 1H), 5.52 ppm (br s, 2H); 13C NMR
(62.5 MHz, CDCl3): d=144.7, 139.9, 137.2, 132.2, 128.9, 128.6, 127.9,
127.0, 126.6, 121.9, 112.8, 109.9 ppm; IR (ATR): ñ=3422, 3356, 1590,
1521, 1427, 1291, 959, 858, 830, 750, 692 cm�1; HRMS (ESI): m/z :
[M�H+]� calcd for C14H10BrO2 288.9859; found: 288.9861. Mixture (4:1)
of (Z)- and (E)-7 isomers: 1H NMR (360 MHz, CDCl3): d=7.50–7.43 (m,
E) + 7.39–7.31 (m, E) + 7.30–7.15 (m) (5H), 7.17 (d, J=1.8 Hz, E) +


7.06 (d, J=1.8 Hz, E) + 6.75 (d, J=1.6 Hz, Z), + 6.92 (d, J=1.6 Hz, Z)
(2H), 6.96 (d, J=16.2 Hz, E) + 6.90 (d, J=16.2 Hz, E) + 6.55 (d, J=


12.0 Hz, Z) + 6.40 (d, J=12.0 Hz, Z) (2H), 5.52 (br s, E) + 5.48 (br s,
Z) + 5.39 (br s, Z) + 5.29 ppm (br s, E) (2H); 13C NMR (90 MHz,
CDCl3): d =144.7, 144.1, 139.9, 139.5, 137.2, 137.0, 132.2, 131.6, 130.6,
129.0, 128.9, 128.6, 128.5, 128.5, 127.9, 127.5, 127.0, 126.6, 124.1, 121.9,
115.5, 112.8, 109.9, 109.3 ppm.


(E)-2-[3-Bromo-4,5-di(tert-butyldiphenylsilyloxy)phenyl]-1-ethenyl]pyri-
dine (7): tBuOK (1.11 g, 9.94 mmol) was added portionwise at 0 8C to a
solution of triphenyl-(2-pyridylmethyl)phosphonium chloride hydrochlo-
ride (1.84 g, 4.32 mmol) in dry THF (40 mL). After the mixture had been
stirred for 30 min at room temperature, a solution of 4 (3.0 g, 4.32 mmol)
in dry THF (10 mL) was added. The mixture was stirred for 2 h at room
temperature, quenched with brine (0.5 mL), diluted with ethyl ether
(30 mL), and filtered. The filtrate was concentrated under vacuum and
the resulting crude material was purified by flash chromatography on
silica gel (gradient, hexanes/EtOAc 6:1 to 4:1) to afford (E)-2-[3-bromo-
4,5-di(tert-butyldiphenylsilyloxy)phenyl]-1-ethenyl]pyridine (7) as a solid
(2.76 g, 3.58 mmol; 83%). M.p. 182–185 8C (ethyl ether); 1H NMR
(360 MHz, CDCl3): d =8.52–8.47 (m, 1H), 7.81–7.75 (m, 4H), 7.56 (dt,
J=7.9 Hz, J=1.8 Hz, 1H), 7.45–7.20 (m, 16H), 7.22 (d, J=2.2 Hz, 1H),
7.07 (d, J=15.8 Hz, 1H), 7.09–7.02 (m, 1H), 7.02 (d, J=7.9 Hz, 1H), 6.60
(d, J=2.2 Hz, 1 h), 6.21 (d, J=15.8 Hz, 1H), 1.10 (s, 9H), 0.75 ppm (s,
9H); 13C NMR (90 MHz, CDCl3): d =155.4, 149.7, 147.2, 144.0, 136.6,
135.5, 135.4, 133.6, 132.8, 130.9, 130.3, 129.9, 129.7, 127.9, 127.7, 127.1,
125.1, 122.6, 122.0, 119.2, 116.1, 27.1, 26.5, 20.7, 19.3 ppm; IR (ATR): ñ=


2932, 2858, 1584, 1563, 1547, 1477, 1333, 1307, 1265, 1107, 929, 701 cm�1;
HRMS (ESI+ ): m/z : [M+H]+ calcd for C45H47BrNO2Si2 770.2313;
found: 770.2289.


(E)-2-[(3-bromo-4,5-dihydroxyphenyl)-1-ethenyl]pyridinium chloride
(c2): Triethylamine trihydrofluoride (0.38 mL, 2.34 mmol) was added
dropwise at 0 8C to a solution of 7 (0.60 g, 0.78 mmol) in dry THF
(10 mL). After the mixture had been stirred for 2 h at room temperature,
35% HCl was added (0.5 mL) and the resulting suspension was stirred
for 10 min at room temperature and then filtered. The solid was washed
with ethyl ether (2V5mL) and dried under vacuum to afford (E)-2-[(3-
bromo-4,5-dihydroxyphenyl)-1-ethenyl]pyridinium chloride (c2) as a
yellow solid (0.166 g, 0.51 mmol; 65%). M.p. 210–212 8C (acetone);
1H NMR (360 MHz, [D6]DMSO): d =10.44 (br s, 1H), 9.93 (br s, 1H),
8.70 (d, J=5.0 Hz, 1H), 8.43 (t, J=7.7 Hz, 1H), 8.26 (d, J=8.3 Hz, 1H),
7.96 (d, J=16.6 Hz, 1H), 7.75 (t, J=6.8 Hz, 1H), 7.31 (d, J=2.0 Hz, 1H),
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7.19 ppm (d, J=2.0 Hz, 1H); 13C NMR (90 MHz, [D6]DMSO): d=150.5,
146.6, 145.6, 144.8, 141.4, 139.2, 127.2, 124.0, 123.7, 123.5, 116.9, 113.2,
110.0 ppm; IR (ATR): ñ=3049, 2811, 1637, 1614, 1593, 1429, 1296, 1163,
964, 830, 760 cm�1; HRMS (ESI�): m/z : [M�HCl�H+]� calcd for
C13H9BrNO2 289.9822; found: 289.9817.


Crystal data : Owing to the low diffraction intensity of the crystals, the
diffraction data were collected under synchrotron radiation (l=0.977 U)
at 150 K with a CCD detector in the BM16 Spanish beamline at the
ESRF (Grenoble). The crystal was coated in paratone. The structure was
solved by direct methods and refined by full-matrix least-squares tech-
niques on F2 with SHELX-97.[30] Crystal adsorption was corrected by
Scalepack.[31] Non-hydrogen atoms were refined anisotropically. Crystal-
lographic details for 2 : Mr=441.84, crystal size 0.3V0.2V0.03, monoclinic
phase, space group P21/c, a=9.975(2), b=20.793(3), c=16.760(2) U, V=


3578(5) U3, Z=8, 1calcd=1.078 gcm�3, F ACHTUNGTRENNUNG(000)=23926, m ACHTUNGTRENNUNG(MoKa)=


0.642 mm�1. A total of 17129 reflections were measured in the range of
5.66�2q�56.788, of which 13560 were unique (Rint=0.0235). Final R in-
dices: R1=0.0746 [I/2s(I)], wR2=0.1821 (all data) for 682 parameters;
max./min. residual electron density 0.733/�1.130 eU�3.
Steady-state absorption and fluorescence spectroscopy : UV/Vis spectra
were recorded at room temperature by using a Varian Cary05e spectro-
photometer. Fluorescence spectra were recorded at room temperature in
a Perkin Elemer LS 45 fluorescence spectrophotometer. The fluores-
cence quantum yields of all solutions investigated were determined rela-
tive to N,N’-bis(1-hexylheptyl)perylene-3,4,9,10 in acetonitrile (Ff=1).[28]


pH measurements : pH measurements upon acid–base addition to aceto-
nitrile solutions of 1 and 2 were performed at room temperature with a
Crison 52–01 pH electrode in a Crison BASIC 20 potentiometer. pH
values are given relative to the acetonitrile solvent (sspH scale).[29] To cal-
ibrate the electrode system, we used reference buffer solutios in acetoni-
trile (pyridine–pyridinium bromide and phenol–sodium phenolate),
whose s


spH can be derived from the Henderson–Hasselbach equation by
using the pKa values in acetonitrile reported for these systems.[29]


Quantum-chemical calculations : Quantum-chemical calculations were
performed by employing the Gaussian 03 package of programs[30] on a
32-bit multiprocessor computer. DFT geometrical optimization of ground
electronic states of all investigated molecules was carried out at the
B3LYP hybrid functional level with the 6–311+G ACHTUNGTRENNUNG(d,p) basis set. To ac-
count for solvent polarity effects, calculations were performed in acetoni-
trile solvent by means of the polarizable continuum model (PCM, e =


36.64). The resulting geometries and molecular orbitals were plotted by
using Molden. The excitation energies and oscillator strengths (f) of the
UV/Vis absorption transition bands were then computed by means of
time-dependent DFT at the B3LYP/6–311G+ (d,p) level on the B3LYP/
6–311+G ACHTUNGTRENNUNG(d,p) ground-state geometries and accounting for acetonitrile
solvent (PCM). For each protonation state of 1 and 2, the spectroscopic
properties of all possible rotamers were calculated and the final average
values were obtained by using Boltzmann coefficients at room tempera-
ture (exp(�Erotamer/kBT)/� exp(�Erotamer/kBT)) as weighting factors.
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Introduction


Nanostructured platinum plays an important role in many
industrial applications, with the catalytic properties of Pt es-
pecially emphasized. For example, platinum can catalyze the
reduction of pollutant exhaust gases from automobiles.
These catalytic properties are closely related to its dimen-
sion, morphology, and structures.[1] Therefore, much effort
has been devoted to the synthesis of Pt nanostructures with
controlled sizes and well-defined morphology and struc-
ture.[2] Among such structures, porous nanoscale structures
are especially desirable due to the enlarged surface area.[3]


Apart from monometallic Pt, bimetallic nanostructures have
also attracted a great deal of attention due to their im-


proved properties over the monometallic counterpart for
special cases.[4] For example, for CO-contaminated H2 fuels
at low-temperature, CO-tolerant H2 electrocatalysts are de-
sired. Au nanoparticles can effectively catalyze the CO oxi-
dation, but they are ineffective as the electrocatalysts for H2


oxidation. In contrast, Pt nanoparticles, albeit efficient for
H2 activators, are poisoned by CO below 100 8C. Zhou et al.
synthesized an Au/Pt heteroaggregate with an 11 nm Au
core and 5 nm of dendritic Pt on the Au surface.[5] The Au/
Pt heteroaggregate catalysts showed a remarkable enhance-
ment in CO tolerance (1000 ppm), while maintaining their
catalytic activity. Both the bimetallic nature and heteroag-
gregate architecture were believed to play a key role. In an-
other case, Zhao et al. demonstrated a Au/Pt core-shell
nanostructure with an improved Pt utilization of nearly
100% for methanol electro-oxidation.[6]


In contrast to the catalytic properties, the surface plasmon
resonance (SPR) properties of Pt and Pd nanoparticles
remain largely unexplored, because their SPR bands (with
particle sizes less than 10 nm) are located in the UV region.
Recently, by tailoring the shape and structure of Pd and Pt
nanoparticles, their SPR bands have been pushed to the visi-
ble region. For example, Xia9s group has synthesized palladi-
um triangles, hexagons, and cubes of several nanometers. By
tailoring the shape of Pd nanoparticles to triangular and
hexagonal nanoplates, their SPR bands can be pushed into
the visible region (520 nm).[7a] In addition, they further dem-


Abstract: Pt nanodots were formed on
Au nanorods (NRs) by using a simple
seed-mediated growth. Their density
and distribution on the Au NR can be
finely tuned by varying the reaction pa-
rameters. At lower Pt/Au ratios, the Pt
nanodots mainly appear at endcaps
and side edges of the Au rod. At
higher Pt/Au ratios, they distribute ho-
mogeneously over the whole Au rod.
The obtained Pt nanostructure is a


single crystal owing to the epitaxial
growth of Pt on the Au rod. Due to the
unique surface plasmon resonance
(SPR) features of the Au NRs, the Au
core/Pt shell (Au@Pt) nanostructures
also exhibit well-defined and red-shift-


ed longitudinal SPR bands in the visi-
ble and near-infrared region. The posi-
tion and intensity can be regulated by
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onstrated that the formation of hollow structures could also
push the SPR band into the visible region. In the case of Pd
nanoparticles with the same size of 48 nm, simply changing
the structure allows the SPR band to be tuned from 410 nm
for nanocubes, to 450 nm for nanoboxes, and further to
520 nm for nanocages with a wall thickness of 6 nm.[7b] This
makes the use of their SPR characteristics possible. Due to
the improved SPR properties, their applications in surface
enhanced Raman scattering (SERS) have also been ex-
plored.[7] Apart from tuning the size and shape of Pt and Pd
nanoparticles, another way to improve their optical proper-
ties is the formation of the bimetallic structure.[8] Tradition-
ally, Au and Ag nanoparticles exhibit strong and sharp SPR
features and high SERS activities. By forming core/shell
structures with Au or Ag, the optical properties of Pt and
Pd can be improved. For instance, by assembling Au/Pt
core/shell (Au@Pt) nanoparticles on a glass carbon anode
surface, Zhang et al. found good SERS signals for CO and
thiocyanate (SCN�) absorbed on the anode.[8b] With respect
to depositing a Pt film directly on a coarse Au anode, one
advantage of Au@Pt nanoparticles is that the SERS activi-
ties can be adjusted by changing the shell structure and
thickness.


Considering the improved properties of bimetallic nano-
particles over monometallic ones, controlled syntheses with
desired size and structure become important. A variety of
methods has been developed to prepare Au@Pt nanoparti-
cles.[9] For example, Au/Pt bimetallic nanoflowers have been
fabricated on a polyamidoamine dendrimer-modified surface
through electrodeposition.[10] Recently, high-quality single-
crystalline gold nanorods (NRs) have been synthesized by
seed-mediated growth.[11] The greatly enhanced SPR fea-
tures and SPR positions that are easily tunable by simply
changing the aspect ratios (length versus width) make them
attractive for SPR and SERS-based sensing.[12] Herein, using
Au NRs as seeds, we report a simple method for the prepa-
ration of Au@Pt nanostructures under mild conditions. Pt
nanodots were formed on the Au nanorod, and their density
and distribution could be finely controlled, with both edge
growth and homogeneous growth realized. Importantly, due
to the unique SPR features of the Au core, the Au@Pt nano-
structures exhibit well-defined and red-shifted longitudinal
SPR (LSPR) bands in the visible and near-infrared region.
The origin of these bands can be considered as the combina-
tion of the Au core and the Pt shell. With a fixed Au core,
the LSPR features of Au@Pt nanostructures can be regulat-
ed by the thickness of the Pt shell. At a thinner Pt thickness,
the LSPR band of the Au core still dominates, albeit
damped and broadened a little by the Pt shell. A well-de-
fined LSPR band in the visible and near-infrared region
makes the exploration of its dielectric sensitivity possible.
At a thinner Pt thickness, the red-shifted and slightly broad-
ened LSPR band exhibits an even higher dielectric sensitivi-
ty than the LSPR band of the corresponding Au core. This
therefore opens up the potential of using Pt nanostructures
for SPR-based sensing.


Results and Discussion


The morphology and SPR features of the Au@Pt nanostruc-
tures : Figure 1a is a typical SEM image of the gold nanorods
obtained through seed-mediated growth. The Au NR has a


cylindrical shape with eight side surfaces. Often, three edges
are observed. The average aspect ratio of the Au NRs here
is 3.5. The deposition of Pt on the Au NR can be divided
into three cases according to the molar ratio of Pt/Au. At
Pt/Au ratios less than 0.2 (case 1), small Pt nanodots are ob-
served mainly at the endcaps and edges of the Au rod, thus
making the edges more evident (Figure 1b and c). At Pt/Au
ratios larger than 0.2 (case 2), small Pt nanodots also appear


Figure 1. SEM images of a) the Au NRs, and b)–f) the Au@Pt nanostruc-
tures with calculated Pt/Au ratios of b) 0.17, c) 0.25, d) 0.5, e) 1.17, and
f) 2. The scale bar is 50 nm, and the AA/Pt ratio is 10. g) The relationship
between the calculated Pt/Au molar ratios and those measured by EDX
analysis.
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on the flat side surfaces; thus the Pt nanodots cover the Au
rod homogeneously (Figure 1d and e). The density of Pt
nanodots increases with increasing Pt/Au ratios (from 0.2 to
1.2). The overall aspect ratio decreases with an increasing
amount of Pt. At the Pt/Au ratio of 0.5, instead of separate
nanorods, end-to-end connected nanorods often appear. At
the Pt/Au ratio of 2 (case 3), much larger Pt nanostructures
form (Figure 1f). By checking the broken Pt nanostructures,
it is found that several gold nanorods are involved in the
formation of one Pt nanostructure, and the original shape of
the Au NR is not easily distinguishable. Additionally, aggre-
gates are the dominant morphologies.


Energy-dispersive X-ray (EDX) analysis verified the de-
ACHTUNGTRENNUNGposition of Pt. The actual Pt/Au molar ratios (averaged from
five consecutive measurements) by EDX show a good linear
relationship with the calculated ones, indicating that a deter-
mined amount of ionic Pt is transformed into Pt atoms.


Figure 2 shows the UV/Vis/NIR absorption spectra of the
as-prepared Au NRs and Pt-coated Au NRs. According to
the calculated amount of Pt deposited on the Au NRs, we


named the obtained nanorods as Au@Ptn, in which n de-
notes the molar ratio of Pt/Au within the Au@Pt nanorod.
To compare the effect of the Pt amount on the SPR features
of the Au NRs, each spectrum was normalized by its absorp-
tion at 400 nm. The as-prepared Au NRs show a strong
LSPR band centered at 760 nm, with a full width at half
maximum (FWHM) value of 0.33 eV and a weak transverse
SPR band around 512 nm. By depositing Pt on the nanorods
the LSPR band is gradually red-shifted, accompanied by a
great reduction in intensity and an evident broadening in
width. From Au@Pt0.1 to Au@Pt0.25 (Figure 2b–d), the Pt-
coated gold NRs remain as separate entities. The increased
reduction and broadening of the LSPR band are due to the
enhanced damping of Pt. Interestingly, although the overall
aspect ratio is decreasing, the LSPR band is red-shifted. For
Au@Pt0.5 (Figure 2e) the changes in the LSPR features are
more complex, due to the contribution of coupling between


the connected Pt nanostructures, and will not be discussed
here. For Au@Pt1.17 and Au@Pt2, due to the severe aggre-
gation of the Pt nanostructures, we could not obtain the
proper UV/Vis absorption spectra.


Using Au NRs as templates, Au@Pt and Au@Pd nanorods
with homogeneously coated Pt or Pd nanodots have been
reported.[13,14] The structure of the Pt shell, however, has not
been investigated. In the case of Au@Pd nanorods, Pd nano-
dots with a polycrystalline structure were suggested.[14] The
large lattice mismatch between Pd (0.389 nm) and Au
(0.408 nm) was believed to induce the random nucleation of
the Pd nanodots, thus a polycrystalline structure. To gain
more insight into the structure of the Pt shell, high-resolu-
tion TEM (HRTEM) images were measured. In Figure 3A–
C, one sample with Pt nanodots grown at two endcaps and
edges of the Au NR was employed. The SEM image verified
the locations of these Pt nanodots (Figure 3A). From the
HRTEM image, we can see that the Pt shell is a single crys-
talline structure. The lattice plane distance is 0.196 nm, cor-
responding to a lattice plane distance of Pt {002}. This is
also confirmed by the corresponding fast Fourier transform
(FFT) analysis (in the inset): the FFT pattern corresponds
to only one set of diffraction spots: {002}. This means that
instead of random nucleation, there exists an epitaxial Pt
layer on the surface of the Au NR. Small Pt nanodots with
sizes of 3–4 nm are epitaxial protrusions of the Pt shell on
the endcaps and edges of the Au NR. In Figure 3D–F, an
Au@Pt nanostructure with Pt nanodots grown homogene-
ously over the whole surface of the Au NR was checked. In
the SEM image, the Pt nanostructure covers the Au NR ho-
mogeneously. In the low-magnification TEM image, the Au
core and Pt shell can be distinguished clearly. The obtained
Pt shell is thicker and more compact than that of Figure 3C.
The HRTEM image verified that the Pt shell is still single
crystalline in nature. In Figure 3F, the {002} lattice planes of
Pt are imaged, indicating that the electron beam is aligned
in the [001] direction. In addition, apart from the {002}, in
the FFT, high lattice indices were also observed. They are
different from the low lattice indices, indicating the appear-
ance of nanodots with different orientations at higher Pt/Au
ratios. Based on these observations, we suggest the following
growth mode: an epitaxial Pt layer first formed on the sur-
face of the Au NR. At lower Pt/Au ratios, epitaxial protru-
sions preferentially formed at edges and endcaps, possibly
due to more structural defects and fewer orderly packed
CTAB molecules at these locations. At higher Pt/Au ratios,
due to a large number of available Pt ions for each Au NR,
the preferential edge-growth conditions were destroyed. Pt
protrusions formed both at edges and on the flat surfaces.
Recently, spherical Pt nanodendrites have been made with a
single-crystalline structure, for which a seeding/autocatalytic
growth mechanism was suggested.[15] The same growth
mechanism, we believe, also works here. Recently, by coat-
ing Pd on the Au NR, we synthesized rectangular Au@Pd
nanobars with a single-crystalline structure.[16] The lattice
mismatch between Pt and Au (3.8%) is smaller than that
between Pd and Au (4.7%). Therefore, the lattice mismatch


Figure 2. UV/Vis/NIR absorption spectra of a) the Au NRs, and b–e) the
Au@Pt nanostructures. The calculated Pt/Au molar ratios were b) 0.1,
c) 0.17, d) 0.25, and e) 0.5.
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is not a critical factor in determining the morphologies of
the Au@Pt nanorods and the rectangular Au@Pd nanobars.
Further investigation is needed to understand the different
growth behaviors of Pt and Pd on the Au NR.


Tuning the LSPR positions of the Au@Pt nanorods by vary-
ing Pt thickness : As shown in Figure 2, at Pt/Au ratios lower
than 0.25, the LSPR band of the Au@Pt nanorods is red-
shifted with decreasing overall aspect ratio. Therefore, other
factors must exceed the effect of aspect ratio, inducing a net
red-shift. To understand the SPR features of the Au@Pt


nanorods better, we investigated the effect of the l-ascorbic
acid (AA) to Pt ratios on the formation of Pt nanostruc-
tures. Growth conditions with Pt nanodots grown at edges
were employed. Figure 4 shows the UV/Vis/NIR absorption


spectra of pure Au NRs and Pt-coated Au NRs with differ-
ent AA/Pt ratios and with the Pt/Au ratio fixed at 0.17. The
effect of the AA/Pt ratio on the Pt/Au ratio of the obtained
Au@Pt nanorods (by EDX analysis) is exhibited in the inset
of Figure 4. At AA/Pt ratios <10, the Pt/Au ratio in the
Au@Pt nanorod increases with increasing AA/Pt ratio. At
AA/Pt ratios >10, the obtained Pt/Au ratio reaches a pla-
teau, indicating a complete conversion of the Pt ions to Pt
atoms. The SEM images in Figure 5 support this conclusion.
At AA/Pt ratios <10, the number of Pt nanodots is much
smaller than those at AA/Pt ratios >10. For AA/Pt ratios of
10–200, the morphologies of the Pt shells are quite similar.
Checking the LSPR bands, it is observed that both the de-
crease in intensity and the broadening in width indicate the
damping due to the deposition of Pt. For the peak position
of the LSPR band, an initial red-shift is seen at AA/Pt
ratios <10 and then a blue-shift follows at AA/Pt ratios
>10 (Figure 4 inset). Relative to the Au NRs, a maximum
red-shift up to 135 nm has been achieved for the Au@Pt
nanorods at the AA/Pt ratio of 10. By increasing AA/Pt
ratios further, the LSPR is shifted back and a maximum
blue-shift of 60 nm is reached at the AA/Pt ratio of 200 (in
comparison with the AA/Pt ratio of 10). Commonly for
metal nanorods, the shift of the LSPR band can be caused
by changes in the aspect ratio, the surrounding dielectric
constant, the composition, and the structure. The Au NRs
have an LSPR band centered at 758 nm, corresponding to
an aspect ratio of 3.55. The Au@Pt nanorods obtained at the


Figure 3. SEM and TEM images of the Au@Pt nanostructures with Pt
nanodots coated at edges (A, B, and C) and on the whole surface (D, E,
and F) of the Au NR. The electron beam was aligned along the [001] di-
rection for C and F.


Figure 4. UV/Vis/NIR absorption spectra of a) the as-prepared Au NRs
and b)–h) the Au@Pt NRs with AA/Pt molar ratios of 1, 5, 10, 25, 50,
100, and 200, respectively. The calculated Pt/Au molar ratio was kept at
0.17. Each spectrum was normalized by its absorption at 400 nm. Inset:
Pt/Au molar ratio by EDX and peak position of LSPR band versus the
AA/Pt ratio.
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AA/Pt ratio of 10 have an average length of 68 nm and an
average width of 19 nm (average for 100 nanorods). The
average aspect ratio is thus 3.58. There is no evident differ-
ence in the aspect ratio between the Au NRs and Au@Pt0.
17 NRs. Therefore, the large red-shift is not caused by the
change in aspect ratio. Recently, it has been found that the
SPR properties of noble metal nanoparticles are strongly re-
lated to their detailed structures. For instance, for a Pd
nanocage with a wall thickness of 6 nm, its SPR band is cen-
tered at 520 nm.[7b] By decreasing the wall thickness to 3 nm,
the SPR position can be pushed to 870 nm.[7b] Based on this,
we believe that a very thin Pt layer shows an LSPR band at
the near-infrared region. For the Au@Pt nanostructures, the
SPR features can be considered as the combination of the
Au core and Pt shell. Both the amount and the thickness of
Pt determine its contribution to the final position and the
strength of the overall SPR features. For a very thin Pt
layer, on one hand, it has an SPR position at a longer wave-
length; on the other hand, the low percentage of Pt in the
core/shell structure leads to a small contribution and thus a
small overall red-shift and less damping. With a further in-


crease in the Pt thickness, although the SPR position of the
Pt shell is blue-shifted a little (still at the longer wavelength
compared to the Au core), its contribution to the core/shell
nanorod increases, leading to more overall red-shift and
stronger damping. A fine combination of Pt thickness and
percentage gives rise to a maximum red-shift. This explana-
tion can be extended to the red-shift of the LSPR maximum
in Figure 2a–d. The blue-shift from the AA/Pt ratio of 10 to
200 can be explained by the tiny difference in the Pt thick-
ness at the end and side. As shown in the inset of Figure 4,
the obtained Pt/Au ratios are quite similar in these AA/Pt
ratios and the SEM images also show no evident difference
in morphology. However, due to the difference in growth
rate, the thickness of the Pt layer at the end and at the side
can be different. As is already known for the Au NR-seeded
growth,[12,17] slow deposition favors the preferential deposi-
tion of metal at the two ends of the nanorod, thus inducing
a greater thickness at the endcap compared with that at the
side. In contrast, fast deposition deteriorates this preference
and leads to more deposition at the side. In the case of Pt
coating, the deposition rate can be tailored by the AA/Pt
ratio. Increasing the AA/Pt ratio, more Pt is deposited at
the side, thus inducing a greater side thickness and blue-
shifting. Our results agree with the theoretical calculations
by Grzelczak et al. They showed that the Pt thickness differ-
ence at the end and side of the Au NR can influence the
LSPR position of Au@Pt nanorods.[12c] The 60 nm blue-shift
therefore comes from variations in the detailed structure of
the Pt shell obtained at different deposition parameters.


The increased dielectric sensitivity of Au@Pt nanorods : Due
to the sharp and strong SPR features of Ag and Au nano-
structures, one of their important applications is SPR-based
sensing.[18,19] In contrast, for pure Pt nanostructures, owing
either to an SPR band in the UV region (for spherical parti-
cles) or to quite a broad SPR band (for nonspherical parti-
cles), their potential in this aspect has not been exploited.
However, Au@Pt nanorods with a thin Pt thickness have a
well-defined LSPR band with a reasonable FWHM
ACHTUNGTRENNUNG(�0.42 eV) in the visible and near-infrared region, thus
making a study of their LSPR-based sensing possible. To in-
vestigate the dielectric sensitivity of Au@Pt nanorods, their
absorption spectra were collected in water, dimenthyl sulf-
oxide (DMSO), and mixtures of water/DMSO in different
volume ratios (Figure 6). The spectra show no evident
changes in the width of the LSPR band, indicating that indi-
vidual nanorods remain. As expected, the LSPR peak is
red-shifted with the increase in the refractive index of the
solvent. A good linear relationship is achieved with a slope
of 441 nmRIU�1 (RIU= refractive index unit). For compari-
son, the results of the corresponding Au NR core are also
demonstrated (Figure 7). Surprisingly, the Au@Pt nanorods
had an even higher dielectric sensitivity than the Au core
(361 nmRIU�1).


To gain more insight into the increased dielectric sensitivi-
ty of the Au@Pt nanorods, we synthesized four Au NRs
with different LSPR peak positions, and Au@Pt nanorods


Figure 5. SEM images of A) the Au NRs and Au@Pt nanostructures ob-
tained at AA/Pt ratios of B) 1, C) 5, D) 10, E) 25, F) 50, G) 100, and
H) 200. The Pt/Au ratio was kept at 0.17. The scale bar is 50 nm.
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using the four Au NRs as seeds. As is already known, for
the Au nanorods the dielectric sensitivity increases with in-
creasing aspect ratio of the nanorod. The absorption spectra
of Au NRs and Au@Pt nanorods are shown in Figure 8a.
The number after the Au indicates the concentration of Ag+


ions in the growth solution (see Experimental Section). Ag+


ions are used to control the aspect ratio of the Au NRs. As
illustrated in Figure 8a, with increasing Ag+ concentration,
the LSPR band of the Au NRs shifts to a longer wavelength
due to an increase in aspect ratio. Upon deposition of a thin
Pt shell, the LSPR bands of the Au@Pt nanorods are red-
shifted compared with those of the Au cores. Although the
LSPR band is damped and broadened a little, a well-defined
band still exists. The dielectric sensitivities of the Au NRs


and Au@Pt nanorods are illustrated in Figure 8b. For the Au
NRs, by pushing the LSPR maximum from 658 to 891 nm,
the sensitivity increases from 154 to 440 nmRIU�1. In the
case of Au@Pt nanorods, by shifting the LSPR maximum
from 727 to 1034 nm, the sensitivity increases from 241 to
524 nmRIU�1. All Au@Pt nanorods show increased sensitiv-
ity compared to their corresponding Au cores, verifying
their enhanced dielectric sensitivity. Raschke et al. investi-
gated the dielectric sensitivity of Au2S@Au core/shell nano-
particles and pure Au nanoparticles.[18c] It was found that
Au2S@Au nanoparticles have a higher dielectric sensitivity
than Au nanoparticles of the same size. Interestingly, they
also show a red-shifted SPR maximum compared with the
Au nanoparticles. Similar observations have been obtained
by other groups.[18a] We therefore believe that the enhanced
sensitivity of the Au@Pt nanorods comes from the red-shift-
ed LSPR band. A plot of the dielectric sensitivity versus the
LSPR band maximum is shown in Figure 9. It is very inter-
esting that the same straight line holds both for the Au NRs
and for the Au@Pt nanorods. For the Au NRs, this linear re-


Figure 6. UV/Vis/NIR absorption spectra of the Au@Pt nanorods in the
mixtures of water and DMSO with different volume ratios. The calculat-
ed Pt/Au molar ratio was kept at 0.17. Inset: Plot depicting the linear re-
lationship between the solvent refractive index and the LSPR lmax.


Figure 7. UV/Vis/NIR absorption spectra of Au NRs in the mixtures of
water and DMSO with different volume ratios. Inset: Plot depicting the
linear relationship between the solvent refractive index and the LSPR
lmax.


Figure 8. a) UV/Vis/NIR absorption spectra of the Au NRs with different
aspect ratios and the corresponding Au@Pt nanorods. For the Au@Pt
nanorods, the calculated Pt/Au molar ratio is kept at 0.17. b) Comparison
of refractive index sensitivity for the Au NRs and the corresponding
Au@Pt nanorods.
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lationship has been verified. For the Au@Pt nanorods, we
guess, due to the very thin Pt layer, the LSPR properties are
still dominated by the Au core. Thus, the linear relationship
for pure Au NRs can be extended to Au@Pt nanorods.


Conclusion


We have presented a simple wet-chemical method to tailor
finely the growth of Pt nanodots on the Au nanorod. Both
edge-growth and homogeneous coating can be achieved. By
forming a core/shell structure with the Au NR, the LSPR
band of the Pt nanostructures can be easily pushed to the
visible and near-infrared region. At thin Pt thickness, the
Au@Pt nanorods show a well-defined and red-shifted LSPR
band in comparison with the Au cores. Beneficial from the
red-shift, they exhibit a higher dielectric sensitivity than the
corresponding Au NRs. Thus the potential of Pt nanostruc-
tures for SPR-based sensing are opened up.


Experimental Section


Sodium borohydride (NaBH4; AR, purity >98.0%), chlorauric acid
(HAuCl4·3H2O; AR, Au content �47.8%), cetyltrimethylammonium
bromide (CTAB; AR, purity >99.0%), poly(sodium-p-styrensulfonate)
(PSS, Mw 70000; AR), silver nitrate (AgNO3; AR) and l-ascorbic acid
(AA; AR, purity >99.0%), and potassium tetrachloroplatinate(II)
(K2PtCl4; AR, Pt content �46.0%) were obtained from Alfa and used as
received without further purification. Milli-Q water (18mWcm) was used
for all solution preparations. All glassware used in the following proce-
dures was cleaned in a bath of a piranha solution (H2SO4/30%H2O2 =7:3
v/v) and boiled for 30 min.


Synthesis of the Au NRs : Au NRs were synthesized by using a seed-
mediated growth procedure. CTAB-capped Au seeds were synthesized
by chemical reduction of HAuCl4 with NaBH4: CTAB (7.5 mL, 0.1m)


was mixed with HAuCl4 (100 mL, 24 mm), diluted with water to 9.4 mL,
and stirred with a magnetic stirrer. Then, ice-cold NaBH4 (0.6 mL,
0.01m) was added. The solution color immediately turned from bright


yellow to brown, indicating the formation of good seeds. The Au seeds
were used within 2–5 h. The growth solution for the formation of the Au
nanorods consisted of CTAB (100 mL, 0.1m), HAuCl4 (2.04 mL, 0.024m),
H2SO4 (2 mL, 0.5m), AgNO3 (1 mL, 10 mm), and AA (800 mL, 0.1m).
Then the seed solution (240 mL) was added to the above growth solution
to initiate the growth of the Au NRs. After 12 h, the reaction was stop-
ped. The obtained Au nanorods were purified by centrifuging the solu-
tion at 12000 rpm for 5 min twice. The precipitates were collected and re-
dispersed in deionized water, and the volume changed to half that of the
original solution.


Synthesis of Au@Pt nanostructures with different Pt/Au ratios : Six sam-
ples of the purified Au NR solutions (1 mL) were each mixed with a dif-
ferent volume (46.8, 79.6, 117, 234, 550, or 937 mL) of 2 mm PtCl4


2�


[K2PtCl4 (0.0688 g) was dissolved in aqueous HCl solution (2 mL, 0.2m)


and then diluted to 100 mL with deionized water]. The corresponding Pt/
Au ratios are 0.1, 0.17, 0.25, 0.5, 1.17, and 2, respectively. Then, different
amounts of AA (keeping AA/PtCl4


2� molar ratio=10) were added and
the total solution volume was diluted to 3 mL. The mixtures were then
shaken vigorously and placed in a water bath at 30 8C. Within several mi-
nutes, the color of the solution changed from pink-red to dark gray, sug-
gesting the formation of a Pt shell. After being undisturbed for 14 h in
the water bath, the Au@Pt nanostructures were separated from the
growth solution by centrifugation (12000 rpm, 10 min). The precipitates
were redispersed in deionized water.


Synthesis of Au NRs with different aspect ratios and Au@Pt nanorods
with different Au cores : The aspect ratio of the Au NRs can be tuned
simply by changing the concentration of silver ions in the growth solu-
tion. Therefore, we distinguish the different Au NRs using the concentra-
tions of silver ions. For example, in the above case, the concentration of
silver ions in the growth solution is �100 mm ; we therefore named the ob-
tained Au NRs as Au100. Similarly, for silver concentrations of 50, 75,
and 150 mm, the corresponding Au NRs are named as Au50, Au75, and
Au150, respectively. For the formation of Au@Pt nanorods on different
Au cores, the growth conditions for Au@Pt nanorods with the Pt/Au
ratio of 0.17 were employed.


Modification of the Au NRs and the Au@Pt nanorods with PSS : To in-
vestigate the dielectric sensitivity of the LSPR band, mixtures of water
and DMSO in different volume ratios were used to fabricate solvents
with different refractive indices. The refractive indices of water, DMSO,
and water/DMSO mixtures were measured with an Abbe refractormeter.
Due to the aggregation of CTAB-capped Au NRs in the mixtures of
water and DMSO, PSS-modified Au NRs were employed for dielectric
sensitivity measurements. The preparation of PSS-modified Au NRs is as
follows: CTAB-coated nanorod solution (12 mL, either Au NRs or Au@
Pt nanorods) was centrifuged at 12000 rpm for 10 min, and the precipi-
tate was dispersed in PSS aqueous solution (2 mgmL�1, 12 mL, contain-
ing 6 mm NaCl). Then the solution was stirred magnetically for 3 h. After
that, it was centrifuged at 12000 rpm for 10 min, and the precipitate was
redispersed in water, dimethyl sulfoxide (DMSO), or a mixture of water/
DMSO with different volume ratio.


UV/Vis/NIR absorption spectra were recorded using a Perkin–Elmer
Lamdba 950. For transmission electron microscopy (TEM, Tecnai F30)
and scanning electron microscopy (SEM, Hitachi S-5200) measurements,
centrifugations (12000 rpm 10 min) were applied twice.
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Recent Advances in “Formal” Ruthenium-Catalyzed [2+2+2] Cycloaddition
Reactions of Diynes to Alkenes


Silvia Garc)a-Rub)n, JesfflsA. Varela, Luis Castedo, and Carlos Sa0*[a]


Introduction


The development of new reactions that allow an increase in
molecular complexity from readily available starting materi-
als, but in an environmentally friendly way and with atom
economy, is one of the major goals in modern synthetic or-
ganic chemistry.[1] Among the reactions available for this
purpose, transition-metal-catalyzed cycloadditions represent
a powerful tool for the construction of polycyclic molecules
under very mild conditions.[2] Metal catalysts can complex to
an olefin, diene, or acetylene and significantly modify the
reactivity of this moiety to provide new opportunities for
highly selective cycloaddition reactions. For carbocyclic sys-
tems containing six-membered rings, the inter- and intramo-
lecular metal-catalyzed [2+2+2] cycloaddition reactions of
alkynes are very well established for the preparation of nu-
merous benzene and polycyclic benzene derivatives (reac-
tion type 1, Scheme 1).[3] Heteroarenes and unsaturated het-
erocycles have also been obtained by using alkynes and
carbon–heteroatom multiple bonds, such as nitriles (reaction type 2), heterocumulenes (reaction type 3), or carbonyls (re-


action type 4).[4]


However, the corresponding metal-catalyzed [2+2+2] cy-
cloadditions between alkynes and alkenes to give 1,3-cyclo-
hexadienes are much less developed owing to either the ne-
cessity of equimolar amounts of metal promoters[5] or to the
lack of generality (reaction types 5 and 6, Scheme 1).[6]


As a further contribution to the above methodology, we
recently described a new “formal” [2+2+2] cycloaddition of


Abstract: “Formal” and standard RuII-
catalyzed [2+2+2] cycloaddition of 1,6-
diynes to alkenes gave bicyclic 1,3-cy-
clohexadienes in relatively good yields.
When terminal 1,6-diynes 1 were used,
two isomeric bicyclic 1,3-cyclohexa-
dienes 4 or 6 were obtained, depending
on the acyclic or cyclic nature of the
alkene partner. When unsymmetrical
substituted 1,6-diynes 7 were used, the
reaction with acyclic alkenes took


place regio- and stereoselectively to
afford bicyclic 1,3-cyclohexadienes 8. A
cascade process that behaves as a
“formal” RuII-catalyzed [2+2+2] cyclo-
addition explained these results. Initial-
ly, a Ru-catalyzed linear coupling of


1,6-diynes 1 and 7 with acyclic alkenes
occurs to give open 1,3,5-trienes of
type 3, which after a thermal disrotato-
ry 6e� p-electrocyclization led to the
final 1,3-cyclohexadienes 4 and 8.
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arose from a competitive reaction path-
way.
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Scheme 1. Metal-catalyzed [2+2+2] cycloaddition reactions.
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terminal 1,6-diynes 1 with acyclic alkenes 2 in the presence
of 10% of an equimolar amount of [Ru ACHTUNGTRENNUNG(CH3CN)3Cp*]PF6


(Cp*=pentamethylcyclopentadienyl) and Et4NCl to give
1,3-cyclohexadienes 4 (Scheme 2).[7]


We also found that cyclic alkenes 5 reacted with diynes 1
to afford tricyclic cyclohexadienes 6 (Scheme 3).[7] Unlike
their acyclic alkene analogues 2, the double bonds in cyclo-
hexadienes 6 are in the position expected for a [2+2+2] cy-
cloadduct (as observed by Itoh).[6f,g]


Our mechanistic hypothesis for the Ru-catalyzed reaction
of diynes and alkenes involves two possible pathways, de-
pending on the alkene used (Scheme 4).[8] When mixed with


Et4NCl, the cationic catalyst [RuACHTUNGTRENNUNG(CH3CN)3Cp*]PF6 probably
generates the neutral complex [RuL2ClCp*] (I, L=


CH3CN), as suggested by changes in the 1H NMR spec-
trum.[9] Coordination to diyne 1 followed by oxidative cou-
pling would form the bis-carbene species III, which after co-
ordination to the alkene would give rise to ruthenacyclic
species of type IV for acyclic alkenes (endo approach) or
VIII for cyclic alkenes (exo approach). Formation of Ru-bi-
cyclic complexes V and IX followed by electrocyclic opening
would afford ruthenacycloheptadienes VI and X, from
which two alternatives can be envisioned depending on the
nature of the alkene: 1) the well-established reductive elimi-
nation to cyclohexadienes 6 in the case of cyclic alkenes[6g]


and 2) a new b-elimination leading to the ruthenium hydride
VII, followed by a reductive elimination to give the open
hexatrienes 3 in the case of acyclic alkenes. The hexatrienes
3 undergo a pure thermal disrotatory 6e� p-electrocycliza-
tion to give the observed cyclohexadienes 4.


Herein, we present our recent advances in the regioselec-
tivity of the “formal” Ru-catalyzed [2+2+2] cycloaddition
when using unsymmetrical diynes and also interesting new
reaction avenues when using disubstituted diynes as part-
ners.[10]


Results and Discussion


Regioselectivity : For a better understanding of the rutheni-
um-catalyzed cycloaddition of diynes to alkenes, we now de-
cided to explore the regioselectivity of the reaction by using
unsymmetrical 1,6-diynes. For this purpose, reactions be-


tween selected alkenes and un-
symmetrical 1,6-diynes 7 were
performed. Slow addition of a
solution of 7a in DMF to a
heated DMF solution of
methyl acrylate (2a) and the
usual catalytic mixture afford-
ed exclusively the cyclohexa-
diene 8aa in excellent yield
(moderate-to-good yields were
obtained with heterosubstitut-
ed diynes 7’a and 7’’a, Table 1,
entry 1).[11] When the substitut-
ed alkene 2b, with a metal-co-
ordinating heteroatom, and the
nonactivated alkene 2c were
used, disubstituted cyclohexa-
dienes 8ab and 8ac were ob-
tained in quite good yields (en-
tries 2 and 3). As expected, all
the observed products derive
from the corresponding Ru
complexes V (proposed inter-
mediate), in which the inser-
tion of the alkene occurs at the
less-substituted Ru�C bond of


Scheme 2. “Formal” Ru-catalyzed [2+2+2] cycloaddition of terminal 1,6-
diynes 1 with acyclic alkenes 2.


Scheme 3. Standard RuII-catalyzed [2+2+2] cycloaddition of 1,6-diynes 1
with cyclic alkenes 5.


Scheme 4. Proposed mechanisms for the “formal” and standard Ru-catalyzed [2+2+2] cycloadditions of termi-
nal 1,6-diynes with acyclic and cyclic alkenes.
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ruthenacyclopentadienes IV and the less-bulky substituent
(R2=H) is located a to the ruthenium (steric control).


To gain further insight into the cata-
lytic species operative in the reaction,
we carried out the above experiments
by using a preformed neutral rutheni-
um complex, [RuCl ACHTUNGTRENNUNG(cod)Cp*] (cod=


1,5-cyclooctadiene) instead of the
equimolar mixture of the cationic


complex [Ru ACHTUNGTRENNUNG(CH3CN)3Cp*]PF6 with Et4NCl (Table 1, en-
tries 1–4, yields in brackets). In all cases, comparable yields
were obtained, which showed that most probably the neutral
species “RuClCp*”, generated in situ when the cationic
complex is used, is the operative catalytic species. Thus, for
convenient reasons we used the mixture of [Ru-
ACHTUNGTRENNUNG(CH3CN)3Cp*]PF6 with Et4NCl throughout the whole study.


We then evaluated the influence of other substituents in
the diyne partner by reaction of selected alkenes with un-
symmetrical 1,6-diyne 7b containing a conjugated methoxy-
carbonyl group and 7c containing a phenyl group (Table 1,
entries 5–8 and 9–12, respectively). Both electron-poor and
conjugated diynes showed similar or slightly lower reactivity
than the electron-rich diyne 7a when reacted with monosub-
stituted alkenes. As above, the reaction took place regiose-
lectively producing the expected products (steric control)
for a “formal” RuII-catalyzed [2+2+2] cycloaddition with
acyclic alkenes.


Interestingly, the reaction also took place stereoselectively
illustrated by the fact that the reaction of 7a with dimethyl


maleate (2d) only gave the trans-substituted cyclohexadiene
8ad (Table 1, entry 4). Diynes 7b and 7c failed to react with
dimethyl maleate 2d, probably due to severe steric hin-
drance (entries 8 and 12).


Unexpectedly, when 2,5-dihydrofuran (5a) was used, the
bis-cyclopropanated product 9 was obtained in a reasonably
good yield (Scheme 5). The structure of 9 was elucidated by


X-ray analysis (Figure 1, see the Supporting Information for
details).[12] Interestingly, this result clearly contrasts with
that obtained between 5a and 1a (X=C ACHTUNGTRENNUNG(CO2Me)2) in which


an excellent 92% yield of cyclohexadiene 6a was ob-
tained.[7] The formation of the bis-cyclopropane 9 is proba-
bly due to the presence of the methyl group in 7a, which in-
hibits the standard [2+2+2] cycloaddition mechanism from
the corresponding ruthenabicyclocarbene IX favoring the
reductive elimination to a cyclopropane ring; then, a second
cyclopropanation of the resulting Ru–carbene species gives
the observed bis-cyclopropane product 9.[13]


Cycloadditions of disubstituted 1,6-diyne 10 with acyclic al-
kenes : We next turned our attention to the Ru-catalyzed re-
action of 2,7-nonadiyne 10, which possesses two internal


Table 1. “Formal” RuII-catalyzed [2+2+2] cycloaddition of unsymmetri-
cal diynes 7 with acyclic alkenes 2.


Entry R3 Diyne R1 R2 Alkene 8 Yield [%][a]


1 Me 7a CO2Me H 2a 8aa 90 (82)
7’a 8’aa 60
7’’a 8’’aa 50


2[b] Me 7a CH2OEt H 2b 8ab 70 (73)
3 Me 7a C5H11 H 2c 8ac 69 (66)
4 Me 7a CO2Me CO2Me 2d 8ad 70 (60)
5 CO2Me 7b CO2Me H 2a 8ba 68
6 CO2Me 7b CH2OEt H 2b 8bb 70[b]


7 CO2Me 7b C5H11 H 2c 8bc 63
8 CO2Me 7b CO2Me CO2Me 2d – –[c]


9 Ph 7c CO2Me H 2a 8ca 40
10 Ph 7c CH2OEt H 2b 8cb 78[b]


11 Ph 7c C5H11 H 2c 8cc 47
12 Ph 7c CO2Me CO2Me 2d – –[c]


[a] Isolated yields from reactions performed at 80 8C by slow addition,
over 4 h, of 0.5 mmol of 7 in DMF to a mixture of 3 equiv of 2, 10%
Et4NCl, and 10% [RuACHTUNGTRENNUNG(CH3CN)3Cp*]PF6 in DMF (conditions A). In
brackets, yields when neutral [RuCl ACHTUNGTRENNUNG(COD)Cp*] complex was used under
the same reaction conditions. [b] Reaction performed by using 10 equiv
of 2 without slow addition of 7 (conditions B). [c] Unreacted alkene 2
and diyne 7 were recovered.


Scheme 5. RuII-catalyzed reactions of diynes 7a and 1a with dihydrofuran
5a.


Figure 1. ORTEP diagram of the structure of bis-cyclopropane 9.
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alkyne termini,[14] with selected acyclic alkenes (Table 2). To
our surprise, when a solution of diyne 10 in DMF was
slowly added over 4 h to a heated solution of alkene 2a and
the usual catalytic mixture, an almost 1:1 ratio of the unex-
pected cyclohexadiene regioisomer 11a and the new methyl-
ene derivative 12a[15] was obtained in a 55% combined yield
(Table 2, entry 1). This is the first time that the observed
product, cyclohexadiene 11a, does not present the substitu-
ent (CO2Me) in the diene moiety. Furthermore, methylene
derivative 12d, with the two esters in relative trans positions,
was exclusively obtained in a moderate 42% yield when the
alkene partner was maleate 2d (entry 2).[16] Conversely,
when allylic ether 2b was used, the major product was the
expected cyclohexadiene 11b (65%) with the open hexa-
triene 13 (12%) formed as an unexpected minor product
(entry 3). Nonactivated 1-heptene (2c) gave the expected
“formal” [2+2+2] cycloadduct 11c in low yield (31%)
(entry 4), thus demonstrating the lower reactivity of the
starting disubstituted diyne 10 in these reactions (see
Table 1 for comparison).


For a better understanding of the above reactions, we per-
formed experiments at room temperature by using alkenes
2a and 2b under conditions B. Addition of diyne 10 at room
temperature to a DMF solution of 10 equiv of methyl acry-
late (2a) containing the catalytic mixture afforded exclusive-
ly the open triene 14[17] in a 35% yield (Scheme 6). It was
necessary to heat a solution of the open triene in CDCl3 at
50 8C for 36 h to obtain cyclohexadiene 11a in quantitative


yield through a 6e� p-electrocyclization. Further heating of
11a at 80 8C for several hours did not lead to any change,
which indicated that neither 14 nor 11a are intermediates in
the formation of 12a (Scheme 6).


The formation of the open triene 14 can be explained on
the basis of the formation of the less-
crowded ruthenabicycle Va’ (pro-
posed intermediate), which results
from the coordination and addition
of alkene 2a to the ruthenium bis-
carbene, thus locating the alkene
substituent a to the ruthenium, in which coordination of the
carbonyl group to the ruthenium cannot be ruled out.


Reaction of alkene 2b with diyne 10 at room temperature
in the presence of the Ru catalyst gave the two isomeric tri-
enes 15 and 13 in 49 and 15% yields, respectively. Heating
triene 15 at 50 8C for 22 h smoothly afforded cyclohexadiene
11b in quantitative yield (Scheme 7).


Formation of isomeric tri-
enes 15 and 13 can be ex-
plained by considering the two
regioisomeric ruthenacycles
VIb and VIb’ (Scheme 8). b-
Hydride elimination from VIb
followed by reductive elimina-
tion would afford triene 15,
whereas b-hydride elimination
of the exocyclic hydrogen[18]


from VIb’ followed by reduc-
tive elimination and a subse-
quent [1,5]-hydrogen shift of
the resulting triene 16 would
afford 13 (Scheme 8).


Finally, dimethyl maleate
(2d) did not participate in the
reaction with diyne 10 at room
temperature, with only a small
amount of the dimer of the
diyne isolated from the reac-
tion.[19] Surprisingly, the slow
addition (4 h) of a solution of
diyne 10 in DMF to a heated
solution of dimethyl fumarate
(2d’)[20] containing the catalytic
mixture gave the same yield of
the same methylenecyclohex-
ene derivative 12d as when 2d


Table 2. “Formal” RuII-catalyzed [2+2+2] cycloaddition of disubstituted diyne 10 with acyclic alkenes 2.


Entry Alkene Products Yield [%][a]


1 R1=CO2Me R2=H 2a 55[b]


2 R1=CO2Me R2=CO2Me 2d 42


3[c] R1=CH2OEt R2=H 2b 65, 12


4 R1=C5H11 R2=H 2c 31


[a] Isolated yields following conditions A as in Table 1. [b] Isolated yield of a 1.25:1 mixture of 11a and 12a.
[c] Conditions B, as in Table 1 were used.


Scheme 6. “Formal” Ru-catalyzed [2+2+2] cycloaddition of disubstituted
diyne 10 and methyl acrylate (2a).


Chem. Eur. J. 2008, 14, 9772 – 9778 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9775


FULL PAPERRuthenium-Catalyzed [2+2+2] Cycloaddition Reactions



www.chemeurj.org





was used (Table 2, entry 2). The formation of compounds
12a and 12d and the reactivity shown by trans alkenes sug-
gests the possibility of a new competitive pathway to the
“formal” RuII-catalyzed [2+2+2] cycloaddition of diynes to
alkenes, which is operative only when internal alkynes such
as 10 are used (Scheme 9).


The proposed mechanism would start with the formation
of Ru–bis-carbene XI by coordination of diyne 10 to I fol-
lowed by oxidative coupling. If the reaction is performed at
80 8C or above, activation of a C�H bond of an a-substitu-
ent by an electrophilic carbene would occur to afford the
ruthenium carbene XII,[21] which rearranges to the allyl–
ruthenium species XIII. These types of complexes (XII and
XIII) have been observed and characterized by X-ray dif-
fraction in the group of Kirchner when monosubstituted al-
kynes were reacted with an equimolecular amount of the
cationic Ru complex [Ru ACHTUNGTRENNUNG(CH3CN)2(Cp)SbPh3]PF6.


[22] If a
conjugated alkene is present, it is able to insert into the Ru
h3-allyl bond to give rise to the ruthenacycloheptene XIV
that, after reductive elimination, would afford the methyle-
necyclohexene derivative 12 and, therefore, make the whole
process catalytic. The observed relative trans geometry in
12, regardless of whether maleate 2d or fumarate 2d’ is
used, can be explained only if the trans-alkene 2d’ is in-
volved in the reaction.[23]


Conclusion


The course of the RuII-catalyzed [2+2+2] cycloaddition be-
tween 1,6-diynes and alkenes to give 1,3-cyclohexadienes
changes with the nature of the starting alkene: 1) if cyclic al-
kenes are present, standard tricyclic 1,3-cyclohexadienes are
obtained from the reductive elimination of intermediate X ;
2) if acyclic alkenes are used, linear coupling of diynes and
alkenes to give 1,3,5-hexatrienes occurs through b-elimina-
tion of intermediate VI followed by reductive elimination.
Then, a pure thermal 6e� p-electrocyclization gives the bicy-
clic 1,3-cyclohexadienes. The whole cascade process can be
considered as a “formal” [2+2+2] cycloaddition of alkynes
and alkenes. Experimental observations and DFT calcula-
tions support this mechanism. When a nonterminal 1,6-
diyne 10 and conjugated alkenes were used, new methylene-
cyclohexene derivatives 12 were obtained from the initially
formed substituted Ru–bis-carbene of type XI.


Experimental Section


General procedures for the Ru-catalyzed reactions between alkenes and
1,6-diynes


Conditions A: synthesis of trimethyl 7-methyl-1,3,6,7-tetrahydro-2H-
indene-2,2,5-tricarboxylate (8aa). Alkene 2a (129 mg, 0.14 mL, 1.5 mmol,
3 equiv) was added to a stirred solution of [Ru ACHTUNGTRENNUNG(CH3CN)3Cp*]PF6 (25 mg,
10% mol) and Et4NCl (8 mg, 10% mol) in DMF (1.5 mL) at room tem-
perature. After stirring for 10 min, a solution of diyne 7a (111 mg,
0.5 mmol, 1 equiv) in DMF (2 mL) was added over 4 h by syringe pump
and the solution was heated at 80 8C. Stirring was continued for 1 h after
completion of the slow addition. The reaction was quenched with saturat-
ed aqueous NH4Cl (10 mL) and extracted with diethyl ether (3R10 mL).
The organic layers were combined, dried over anhydrous Na2SO4, and
evaporated under vacuum. The resulting residue was chromatographied


Scheme 7. “Formal” Ru-catalyzed [2+2+2] cycloaddition of disubstituted
diyne 10 and ethyl allyl ether (2b).


Scheme 8. Formation of trienes 15 and 13 from ruthenacycloheptadiene
intermediates VIb and VIb’.


Scheme 9. New RuII-catalyzed cycloisomerization of diyne 10 and conju-
gated alkenes 2.
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on silica gel by using ethyl acetate/hexane 2:8 as the eluent to afford 1,3-
cyclohexadiene 8aa in 90% yield.


Conditions B: synthesis of dimethyl 6-(ethoxymethyl)-4-methyl-1,3,4,5-tet-
rahydro-2H-indene-2,2-dicarboxylate (8ab). A solution of [Ru ACHTUNGTRENNUNG(CH3CN)3
Cp*]PF6 (25 mg, 10% mol) and Et4NCl (8 mg, 10% mol) in DMF
(1.5 mL) was prepared in a 10 mL round-bottomed flask under argon.
After stirring for 10 min at room temperature, alkene 2b (430 mg,
0.57 mL, 5 mmol, 10eq) was added. After stirring for another 10 min,
diyne 7a (111 mg, 0.5 mmol, 1 equiv) was added and the resulting solu-
tion was heated at 80 8C for 2 h. The reaction was quenched with saturat-
ed aqueous NH4Cl (10 mL) and extracted with diethyl ether (3R10 mL).
The organic layers were combined, dried over anhydrous Na2SO4, and
evaporated under vacuum. The resulting residue was chromatographied
on silica gel by using ethyl acetate/hexane 2:8 as the eluent to afford 1,3-
cyclohexadiene 8ab in 70% yield.
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[12] This type of compounds has also been observed in Ru-catalyzed re-
actions of 1,6-diynes with electron-deficient cycloalkenes, see refer-
ence [6f]. CCDC-690287 contains the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.ca-
m.ac.uk/data_request/cif.


[13] Coordination of the ruthenium to the oxygen present in 5a could fa-
cilitate the reaction because other cyclic alkenes failed (cyclopen-
tene, cyclohexene), with only the dimerized product of diyne 7a ob-
served.


[14] Y. Yamamoto, T. Arakawa, R. Ogawa, K. Itoh, J. Am. Chem. Soc.
2003, 125, 12143–12160.


[15] Relative stereochemistry (Me and CO2Me) not determined.
[16] The relative stereochemistry of the methylenecyclohexene deriva-


tive 12d was determined by measurement of the two coupling con-
stants for the proton Hb (dd, J=11.5, 9.8 Hz) and by NOE experi-
ments (NOE of Ha with Hc and NOE of Ha and Hb with the
methyl).


[17] The geometry of the disubstituted double bond in 14 was elucidated
from the value of the coupling constant between Ha and Hb (J=


12.1 Hz), typical of a cis relationship.


[18] B. M. Trost, J. P. N. Papillon, T. Nussbaumer, J. Am. Chem. Soc.
2005, 127, 17921–17937.


[19] The dimer of disubstituted diyne 10 has also been obtained in the
synthesis of benzenes by RuII-catalyzed [2+2+2] cycloaddition of 10
with alkynes; see reference [14].


[20] Trans olefins such as dimethyl fumarate do not participate in the
“formal” RuII-catalyzed [2+2+2] cycloaddition reaction with termi-
nal diynes 1: J. A. Varela, L. Castedo, C. Sa<, Org. Lett. 2003, 5,
2841–2844.


[21] This process can be seen as a b-hydride elimination followed by re-
ductive elimination of the resulting Ru�H bond.


[22] a) R. Schmid, K. Kirchner, Eur. J. Inorg. Chem. 2004, 2609–2626;
b) E. Becker, E. Ruba, K. Mereiter, R. Schmid, K. Kirchner, Orga-
nometallics 2001, 20, 3851–3853.


[23] Isomerization of dimethyl maleate 2d to dimethyl fumarate 2d’ has
been observed when the reaction mixture is heated under the reac-
tion conditions in the absence of diyne 10.
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Carbon-Nanotube–Alginate Composite Modified Electrode Fabricated by In
Situ Gelation for Capillary Electrophoresis


Bangguo Wei,[a] Joseph Wang,[b] Zhi Chen,[a] and Gang Chen*[a]


Introduction


Carbon nanotubes (CNTs) have attracted more and more
attention since Iijima reported their existence in 1991 be-
cause of their high electrical conductivity, mechanical
strength, and chemical stability.[1–3] They are ideal materials
for the fabrication of electrochemical sensors and biosensors
because of their unique properties.[4–6] Recently, it was dem-
onstrated that CNTs showed strong electrocatalytic activity
and minimization of surface fouling when they were em-


ployed to improve the electrochemical response of some im-
portant bioactive substances.[7–10] A variety of CNT-based
electrodes have been fabricated for sensing different electro-
active compounds, including a CNT-modified screen-printed
carbon electrode,[11] a CNT powder microelectrode,[12] a
CNT–teflon composite electrode,[13] a CNT screen-printed
electrode,[14] a CNT–epoxy composite electrode,[15] a CNT–
copper composite electrode,[16] and a CNT–Fe3O4 composite
electrode.[17]


The commonly used approach to fabricating CNT electro-
des is surface modification. CNTs are insoluble in most sol-
vents so they are usually dispersed in solvents[18,19] or poly-
mer solutions (such as nafion[20] and chitosan[21] solutions)
that are cast on the surface of electrodes to load the CNTs.
In addition, methods based on electrochemical deposition[22]


and electrochemical polymerization[23,24] have been em-
ployed for loading CNTs onto electrodes. Recently, we de-
veloped a method based on in situ polymerization to fabri-
cate CNT–polymer composite electrodes as end-column am-
perometric detectors for conventional and microchip CE.
CNTs were mixed with oligomers of epoxy,[15] methyl acry-
late,[25] and styrene[26] and were inserted into the inner bores
of fused silica capillaries. After the mixtures had cured,
CNT–polymer composite electrodes were obtained. CNT-
based electrodes have been demonstrated to reduce the
overpotential significantly.[4,22] The ability of CNTs to pro-


Abstract: This report describes the de-
velopment and the application of a
novel carbon-nanotube (CNT)–alginate
composite modified electrode as a sen-
sitive amperometric detector for capil-
lary electrophoresis (CE). The compo-
site electrode was fabricated on the
basis of in situ gelation of a mixture of
CNTs and sodium alginate on the sur-
face of a carbon disc electrode in aque-
ous calcium chloride solution. SEM,
energy-dispersive spectroscopy, XRD,
and FTIR spectroscopy offered insights


into the nature of the novel composite.
The results indicated that the CNTs
were well dispersed and embedded
throughout the alginate matrix to form
an interconnected carbon-nanotube
network on the base electrode. The
performance of this unique CNT-based
detector has been demonstrated, in
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mote electron-transfer reactions suggests great promise for
the use of CNTs in amperometric sensors.[4]


Since CE in its modern form was first described by Jor-
genson and Lukacs in 1981,[27,28] it has been applied to the
separation and determination of a variety of samples be-
cause of its minimal sample-volume requirements, short
analysis time, and high separation efficiency. CE analysis
holds considerable promise for biomedical and pharmaceuti-
cal analysis, clinical diagnostics, environmental monitoring,
and forensic investigations.[29–32] Amperometric detection
(AD) offers great promise for CE, with features that include
high sensitivity, inherent miniaturization of both the detec-
tor and the control instrumentation, low cost, low power de-
mands, and high compatibility with micromachining technol-
ogies.[33] The performance of CE–AD is strongly influenced
by the detection-electrode material. The detection electrode
should provide favorable signal-to-background characteris-
tics and a reproducible response. A range of materials, in-
cluding platinum, gold, and various forms of carbon, have
been found useful for CE-based electrochemical detec-
tion.[34]


Alginates are naturally occurring polysaccharides extract-
ed from brown algae. Their block-copolymer chains are
composed of (1,4)-linked b-d-mannuronate and a-l-guluro-
nate residues.[35] They have found wide applications in the
food and beverage industries, pharmaceutical manufactur-
ing, the immobilization of enzymes and other biomaterials,
water pretreatment, etc.[36] As a water-soluble monovalent
cation salt of alginic acid, sodium alginate contains a large
number of carboxyl and hydroxy groups that can be cross-
linked by some divalent cations (such as Ca2+) to form
water-insoluble alginate gels.[37] However, we are not aware
of any earlier reports on the preparation of conductive
CNT–alginate composites for the purposes of electrochemi-
cal sensing.


In this work, a CNT–alginate composite modified elec-
trode has been fabricated by in situ gelation and employed
as the end-column amperometric detector of a CE system.
The fabrication details, characterization, feasibility, and per-
formance of the novel CNT–alginate composite modified
electrode in conjunction with CE have been demonstrated
by monitoring five caffeic acid derivatives, as described in
the following sections.


Results and Discussion


In this work, CNTs were loaded on the surface of a carbon
electrode with the aid of sodium alginate by in situ gelation
(Figure 1). To prepare the modified electrode, a mixed solu-
tion of sodium alginate and CNTs was loaded on the surface
of a carbon disc electrode by dip coating. The electrode was
subsequently treated with an aqueous calcium chloride solu-
tion to form a layer of CNT–calcium alginate composite gel.
Figure 2 A shows an SEM image of the CNT–alginate com-
posite on the electrode. It can be seen clearly from Fig-
ure 2 A that the CNTs are well dispersed and embedded


throughout the alginate matrix and that an interconnected
CNT network has formed on the electrode. This conductive
CNT network may establish electrical-conduction pathways
throughout the whole system; these pathways would be re-
sponsible for the electrical conductivity and electrochemical
sensing. As illustrated in Figure 2 B, the EDS spectrum indi-


Figure 1. Schematic diagram showing the fabrication process of the
CNT–alginate composite modified electrode: A) Dipping a carbon disc
electrode (a) into 3% sodium alginate aqueous solution containing 3 %
CNTs (b) for 30 s; B) drying the sodium alginate coated electrode (c) in
the air for 10 min; C) dipping the sodium alginate coated electrode (c)
into 3 % calcium chloride aqueous solution (d) for 2 h; D) drying the
modified electrode in the air for 1 h to obtain the final CNT–alginate
composite modified electrode (e).


Figure 2. A) SEM image and B) energy dispersive spectroscopy (EDS)
results for the CNT–alginate composite on a carbon disc electrode. Con-
ditions for SEM: accelerating voltage: 20 kV; magnification: L 20000.
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cates that all elements in the CNT–calcium alginate compo-
site have been identified, except hydrogen. The fact that no
peak was found for sodium (1.04 keV) implies that the algi-
nate in the composite mainly existed as the calcium salt.


Figure 3 displays the X-ray diffraction (XRD) patterns of
calcium alginate, CNT, and the CNT–alginate composite.
Also illustrated in the inset of Figure 3 is a photograph of a


piece of CNT–alginate composite MpaperM for the measure-
ment of XRD pattern. It was prepared by dipping a piece of
a microscope glass slide (25.4 L 76.2 cm) coated with a mix-
ture of CNTs and sodium alginate solution into aqueous cal-
cium chloride solution. Diffraction peaks assigned to CNTs
at 25.98 and 42.78 (corresponding to the graphite indices of
(002) and (100))[38] were observed in the XRD curves of
pure CNTs and the CNT–alginate composite; this indicates
that the CNT structure was not destroyed after the in situ
gelation of sodium alginate. The two broad characteristic
peaks of calcium alginate were also found in the XRD curve
of the CNT–alginate composite, with the second peak of the
CNTs merging with the second peak of calcium alginate.


The FTIR spectra (Figure 4) of the CNTs, calcium algi-
nate, and CNT–alginate composite were also measured. Ab-
sorption bands for CNTs pretreated with concentrated
HNO3 were observed at ñ=3400, 1709, and 1565 cm�l and
were attributed to the stretching vibrations of O�H, C=O,
and C=C bonds, respectively. The peaks at 1640, 1200, and
1090 cm�l corresponded to the vibration of the carboxylic
acid groups.[39] In the IR spectra of calcium alginate and the
CNT–alginate composite, the peaks at about 1085, 1420, and
1610 cm�1 were assigned to the stretching vibration of C�O,
the asymmetric stretching of COO�, and the symmetric
stretching of COO�, respectively.[40] The weak bands be-
tween 2960 and 2840 cm�1 could be attributed to the stretch-
ing of C�H bonds. When the CNTs pretreated with nitric


acid were mixed with calcium alginate, a marked increase
was observed in the intensity ratio between the symmetric
COO� stretching (at �1610 cm�l) and asymmetric COO�


stretching (at �1420 cm�l). Absorption bands near
3430 cm�l in all spectra were assigned to the O�H stretch-
ing.


Figure 5 shows the thermogravimetric analysis (TGA) and
differential TGA (DTGA) curves for the CNT–alginate
composite at a heating rate of 10 8C min�1. An obvious
weight loss of the composite was found in the temperature
ranges 120–220 8C and 430–580 8C, due to the decomposing
of the alginate and CNTs, respectively. Based on the TGA
curve, the weight fraction of CNT was estimated to be ap-
proximately 1/2, which is well in agreement with the expect-
ed value.


In the present work, the CNT–alginate composite modi-
fied electrode was coupled with a CE system as an end-
column amperometric detector. The attractive performance
of the detector, with enhanced signal-to-noise levels and
well-resolved peaks, was indicated from the detection of five
caffeic acid derivatives. Figure 6 illustrates the electrophero-
grams of a mixture containing protocathechulic aldehyde,
salvianolic acid A, salvianolic acid B, caffeic acid, and proto-


Figure 3. XRD patterns of A) calcium alginate, B) CNTs, and C) CNT–
alginate composite. Inset: photograph of a piece of CNT–alginate compo-
site ’paper’.


Figure 4. FTIR spectra of A) CNTs, B) calcium alginate, and C) CNT–al-
ginate composite.


Figure 5. TGA and DTGA curves for the CNT–alginate composite.
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cathechulic acid (0.5 mm each) at a bare carbon disc elec-
trode and at a CNT–alginate composite modified electrode.
The five analytes could be separated with well-defined and
resolved peaks within 19 min when the CNT-based compo-
site electrode was used. As shown in Figure 6, the peak cur-
rents of the five analytes at the CNT–alginate composite
modified electrode are much higher than those at the
carbon disc detector. The sensitivities of protocathechulic al-
dehyde, salvianolic acid A, salvianolic acid B, caffeic acid,
and protocathechulic acid were 169.6, 104.3, 51.5, 113.3, and
75.6 nA mm


�1, respectively, at the CNT–alginate composite
modified electrode and 42.8, 23.3, 16.3, 15.8, and
8.7 nA mm


�1, respectively, at the bare carbon electrode. The
higher sensitivity of the CNT-based composite detector led
to lower detection limits compared to those with the bare
carbon electrode (0.18 vs. 0.70, 0.29 vs. 1.29, 0.58 vs. 1.84,
0.26 vs. 1.90, and 0.40 vs. 3.45 mm for protocathechulic alde-
hyde, salvianolic acid A, salvianolic acid B, caffeic acid, and
protocathechulic acid, respectively (based on a signal-to
noise ratio of S/N=3)).


Since the areas of the peaks in Figure 6 corresponded to
the charges (Q) passed across the surface of the detection
electrode for the oxidation of the five caffeic acids, the
molar numbers of converted analytes (NQ) could be calcu-
lated by using FaradayMs law, Q=zFNQ, in which z and F are


the number of electrons transferred per molecule and the
Faraday constant, respectively. When the molar number of
each analyte injected into the separation capillary (NI) was
calculated based on the injection volume (5.7 nL) and the
analyteMs concentration in the sample solution, the conver-
sion efficiency (a=NQ/NI) on the detection electrode could
be estimated.[41] At 0.8 V versus Ag/AgCl wire, the calculat-
ed conversion efficiencies of protocathechulic aldehyde, sal-
vianolic acid A, salvianolic acid B, caffeic acid, and protoca-
thechulic acid were 95.4, 92.3, 76.5, 87.5, and 89.1 %, respec-
tively, on the CNT–alginate composite modified electrode
and 66.2, 64.3, 49.4, 65.0, and 45.4 %, respectively, on the
bare carbon electrode. Obviously, the CNT–alginate compo-
site on the electrode significantly enhanced the conversion
efficiencies of the five analytes. Overall, the CNT–alginate
composite is a promising material for electrochemical sens-
ing. The present CNT–alginate composite electrode shows
low-noise characteristics and a stable baseline. The ability of
CNTs to promote electron-transfer reactions on the elec-
trode can be attributed to their special electronic structure
and high electrical conductivity.[11]


Figure 7 depicts the typical hydrodynamic voltammograms
(HDVs) for the oxidation of 0.5 mm salvianolic acid A at the
bare carbon and CNT–alginate composite electrodes. The
curves were recorded pointwise over the +0.1 to +1.1 V
versus an Ag/AgCl electrode range by changing the applied
potential by 0.1 V. The current response of the CNT-based
composite electrode was higher than that of the carbon elec-
trode at the same potential. When the applied potential ex-
ceeded +0.50 V for the bare carbon electrode or +0.30 V
for the CNT–alginate composite modified electrode, the
peak current of the electrodes rose rapidly. However, the
current responses increased much more slowly when the po-
tential was increased above +0.90 V or +0.70 V for the bare
carbon and CNT–alginate composite modified electrodes,
respectively. When the detection potential was higher than
0.8 V, the current response of salvianolic acid A began to
decrease. The applied potential of the CNT-based electrode
was, therefore, maintained at +0.80 V, under which condi-
tion the background current was not too high and the
signal-to-noise ratio was as high as possible. The half-wave
potentials at the carbon and CNT–alginate composite modi-
fied electrodes were +0.65 and +0.48 V, respectively, for sal-


Figure 6. Electropherograms for a mixture containing 0.5 mm protoca-
thechulic aldehyde (a), salvianolic acid A (b), salvianolic acid B (c), caf-
feic acid (d), and protocathechulic acid (e) at A) a bare carbon disc elec-
trode and B) the CNT–alginate composite modified electrode. Detection
potential: 0.8 V versus Ag/AgCl wire; fused-silica capillary: 25 mm ID,
40 cm length; detection electrode: 320 mm diameter disc electrode; run-
ning buffer: 50 mm borate buffer (pH 9.2); separation and injection volt-
age: 12 kV; injection time: 6 s; detection potential: 0.8 V versus Ag/AgCl
wire.


Figure 7. Hydrodynamic voltammograms for 0.5 mm salvianolic acid A at
a) the CNT–alginate composite modified electrode and b) a bare carbon
disc electrode. Conditions: as given in the legend for Figure 6.
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vianolic acid A. The difference in electrocatalytic activity
toward the investigated analyte was pronounced, because
the half-wave potential on the CNT–alginate composite
electrode was 170 mV lower than that on the carbon elec-
trode; this result indicates that the CNT-based electrode al-
lowed amperometric detection with higher sensitivity and at
significantly lower detection potentials.


The suitability of the CNT–alginate composite modified
electrode for measuring real samples was demonstrated by
detecting the constituents in a pharmaceutical preparation
after CE separation. Figure 8 illustrates the electrophero-
gram obtained upon injection of a 1:20 diluted sample of
radix Salviae miltiorrhizae in the running buffer. The con-
centrations of protocathechulic aldehyde, salvianolic acid A,
salvianolic acid B, caffeic acid, and protocathechulic acid in
the radix Salviae miltiorrhizae injection were determined to
be 1.647 (relative standard deviation (RSD) 2.9 %, n=3),
1.321 (RSD 3.2 %, n=3), 3.184 (RSD 4.1 %, n=3), 0.1556
(RSD 4.7 %, n= 3), and 0.6254 mgmL�1 (RSD 3.8 %, n=3),
values that are similar to the data in previous reports.[42,43]


The results demonstrated that this method has both high ac-
curacy and good precision for the analytes tested in the real
sample.


Conclusion


In summary, we have developed a simple approach based on
in situ gelation for the fabrication of CNT–alginate compo-
site modified electrodes as the end-column amperometric
detectors of CE. SEM, EDS, XRD, and FTIR spectra indi-
cated that the CNT–calcium alginate composite was success-
fully prepared on the electrodes. The performance, utility,
and advantages of the novel setup have been demonstrated
by the separation and detection of five caffeic acid deriva-


tives. The modified electrode was characterized by its higher
resolution and sensitivity, lower expense of operation, and
smaller sample requirements. The novel CNT-based CE de-
tector offered favorable signal-to-background characteristics,
strong electrocatalytic activity, sharp peaks for the analytes,
and simple design and fabrication. Hence, this technique
shows great promise for a wide range of bioanalytical and
other applications.


Experimental Section


Reagent and solutions : Multiwall carbon nanotubes (MWCNTs, 40–
60 nm diameter, 5–15 mm long), with a purity of 95 %, were provided by
Shenzhen Nanoport Company (Shenzhen, China) and were pretreated by
stirring in concentrated nitric acid at 60 8C for 12 h prior to use. Sodium
alginate, calcium chloride, and borax were all purchased from SinoPharm
(Shanghai, China). Protocathechulic aldehyde, salvianolic acid A, salvia-
nolic acid B, caffeic acid, and protocathechulic acid (the molecular struc-
tures are shown in Figure S1 in the Supporting Information,) were ob-
tained from the National Institute for Control of Pharmaceutical and
Biological Products (Beijing, China). Graphite powder was supplied by
Aldrich (Wilwaukee, WI, USA). Other chemicals were all analytical
grade. A sample radix Salviae miltiorrhizae injection (Batch no.
20070609, Shanghai No.1 Biochemical & Pharmaceutical Co., Ltd, Shang-
hai, China) was purchased from a local drug store.


Stock solutions of protocathechulic aldehyde, salvianolic acid A, salvia-
nolic acid B, caffeic acid, and protocathechulic acid (10 mm) were all pre-
pared in methanol. The running buffer for CE separation was 50 mm


borate buffer (pH 9.2). Sample solutions were prepared by diluting the
stock solutions in the running buffer.


Electrode fabrication : The fabrication process for the detection electro-
des is illustrated in Figure S2 in the Supporting Information). A piece of
copper wire (10 cm long, 150 mm diameter) was inserted into a 3.0 cm
long fused silica capillary (320 mm inner diameter (ID), 450 mm outer di-
ameter (OD); Hebei Yongnian Ruipu Chromatogram Equipment Co.,
Ltd., Hebei, China) and a 2 mm opening was left in the capillary for sub-
sequent filling with the graphite–epoxy composite. The other end of the
capillary was sealed together with copper wire and thermal adhesive.
Epoxy resin and hardener (Zhejian Cixi Tiandong Adhesive Co. Ltd.,
Ningbo, China) were mixed thoroughly at a weight ratio of 2:1. The
graphite powder and epoxy resin/hardener were hand mixed in a ratio of
1:1 (w/w). The graphite–epoxy composite was subsequently packed into
the capillary by pressing the open end of the capillary (to a depth of
�3 mm) into a sample of the composite. The graphite–epoxy composite
should touch the end of the copper wire inside the capillary tightly for
electric contact. The composite was then allowed to cure at room temper-
ature for at least 3 h.


Electrode modification : Figure 1 illustrates the fabrication process of the
CNT–alginate composite modified electrode. Prior to modification, the
bare carbon disc electrode (320 mm diameter) needed to be successively
polished with emery paper and sonicated in doubly distilled water. After
the surface of the disc electrode was allowed to touch the surface of a
3% sodium alginate aqueous solution containing 3 % CNTs for 30 s, the
electrode was taken out and allowed to dry in air for 10 min. Subsequent-
ly, the sodium alginate coated electrode was dipped in 3% calcium chlo-
ride aqueous solution for 2 h to convert the sodium alginate into calcium
alginate gel, which is water insoluble. After the in situ gelation, a layer of
CNT–calcium alginate composite gel formed on the surface of the base
electrode. Finally, the modified electrode was flushed with water and
dried in air for 1 h to obtain a CNT–alginate composite modified elec-
trode.


Apparatus : The CE–AD system used has been described previously.[30] A
�30 kV high-voltage DC power supply (Shanghai Institute of Nuclear
Research, China) provided a separation voltage between the two ends of
the capillary. The inlet of the capillary was held at a positive potential


Figure 8. Typical electropherogram for a 1:20 diluted radix Salviae mil-
tiorrhizae injection at a CNT–alginate composite modified electrode. De-
tection potential: 0.8 V versus Ag/AgCl wire. Peak labels and other con-
ditions: as given in the legend for Figure 6.
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and the outlet of the capillary was maintained at the base level. The sep-
arations were carried out in a 40 cm length of fused silica capillary
(25 mm ID and 360 mm OD; Polymicro Technologies, Phoenix, AZ,
USA).


As illustrated in Figure S3 in the Supporting Information, a 3-electrode
electrochemical cell, consisting of a laboratory-made 320 mm diameter
carbon disc electrode or a CNT–alginate modified electrode, a platinum
auxiliary electrode, and an Ag/AgCl wire as the reference electrode (l, p,
and q, respectively, in Figure S3 in the Supporting Information), was used
in combination with a BAS LC-4C amperometric detector (Bioanalytical
Systems Inc., West Lafayette, IN, USA). The filter of the detector was
set at 0.1 Hz. The detection electrode was positioned carefully opposite
the outlet of the capillary with the aid of a high-integrated 3D ampero-
metric setup (Figure S3 in the Supporting Information) and arranged in a
wall-jet configuration. The electropherograms were recorded by using a
LKB·REC1 chart recorder (Pharmacia, Sweden). To improve the repeat-
ability of the peak current and migration time, the whole CE system was
assembled in a room that was air conditioned at 25 8C to reduce tempera-
ture fluctuations.


The side view, top view, and an expanded view of the 3D adjustable
device for the CE–AD are illustrated in Figure S3 in the Supporting In-
formation (Letters in parentheses below refer to this figure). Plexiglas
holders (m) were fabricated for housing the detection reservoir (i) and
the separation capillary (d) sealed inside a plexiglas plate (e); this al-
lowed convenient replacement and reproducible positioning, with silicone
grease ensuring proper sealing. The three-electrode amperometric detec-
tion system was fabricated in the detection cell at the capillary outlet
side. (Note that the detection cell was grounded through the grounding
platinum electrode (o). The detection electrode (l) was placed opposite
the capillary outlet through the stainless-steel guiding tube (j, 500 mm ID
and 800 mm OD). Platinum wire (c), inserted into the buffer (a) or
sample (b) vials, served as a contact to the high-voltage power supply.
The end of the guiding tube (j) outside the detection reservoir (i) was
sealed by a piece of small silicon-rubber holder (k, 3 mm diameter,
2.5 mm thick) with the capillary-based detection electrode (l) inserted
inside. The silicon-rubber holder (k) could not only prevent solutions in
the detection cell (i) from leaking, but the holder could also hold the de-
tection electrode (l) while still allowing it to move back and forth to
define a desired gap distance to the capillary outlet. It also made it possi-
ble to leave an effective gap distance (usually 30–60 mm) by pushing the
detection electrode gently to the capillary outlet until soft contact was at-
tained, due to the native elasticity of the rubber. The outlet of the sepa-
ration capillary (d) was inserted into the channel of the plexiglas plate
(e) until the outlet came out by 1–2 mm and it was then sealed in place
with wax. The distance (20 mm) between the two screw bolts (f) on the
plexiglas holder in Figure S3 in the Supporting Information is wider than
the width of the plexiglas plate (e, 16 mm); this allows the sealed capilla-
ry (d) to move right and left slightly to accomplish good alignment with
the detection electrode. A piece of 2.5 mm thick high-elasticity silicon-
rubber sheet (n) was attached to the bottom of the plexiglas plate (e)
with a capillary sealed inside and subsequently sandwiched between a
plexiglas cover plate (h) and the plexiglas holder (m) with the aid of the
screw bolts (f) and screw nut (g), thereby allowing the capillary (d) to be
adjusted up and down within approximately 1 mm to align its outlet to
the detection electrode (l). With the aid of the two-dimensionally adjust-
able capillary (d) and the one-dimensionally adjustable disc detection
electrode (l), the present CE–AD system (as shown in Figure S3 in the
Supporting Information) facilitates the three-dimensional alignment be-
tween the capillary and the detection electrode without the need for a
complicated three-dimensional manipulator. The solution in the buffer
and sample vials (a and b) was retained by the surface tension, although
the orientation of the vial mouth is horizontal.


The surface morphology and EDS spectrum of the CNT–alginate compo-
site were measured by using a scanning electron microscope (PHILIPS
XL 30, Eindhoven, The Netherlands). Thermal gravimetric analyses and
differential thermal gravimetric analyses were made with a Perkin
Elemer Pyris 1 DTA-TGA instrument under nitrogen at a heating rate of
10 8C min�1. XRD measurements were carried out by using a Rigaku D/


max-rB diffractometer (Rigaku, Tokyo, Japan) with CuK a1 radiation
(40 kV, 60 mA). The FTIR spectra of the CNTs pretreated with nitric
acid, the alginate, and the CNT–alginate composite were measured by
using an FTIR spectrometer (NEXUS470, NICOLET).


Procedures : Before use, the CNT–alginate composite modified disc elec-
trode was flushed with water and the surface of the detection electrode (l
in Figure S3 in the Supporting Information) was positioned carefully op-
posite the capillary outlet through the guiding metal tube (j in Figure S3
in the Supporting Information). The gap distance between the disc elec-
trode and the capillary outlet was adjusted to approximately 50 mm by
comparison with the inner diameter (25 mm) of the separation capillary
while being viewed under a microscope.[30]


Prior to use, the capillary used for the separation was treated by flushing
with 0.1m NaOH and doubly distilled water for 10 min each. Subsequent-
ly, the capillary was filled with the running buffer and was conditioned
with the running buffer for at least 10 min at a voltage of 12 kV between
the two ends of the capillary. CE was performed at a separation voltage
of 12 kV, unless otherwise indicated. The potential applied to the detec-
tion electrode was +0.80 V versus Ag/AgCl wire. Samples were injected
electrokinetically into the capillary at 12 kV for 6 s. Before injection,
both the anode end of the capillary and the platinum-wire anode were
immersed in the sample solution in the sample vial (b in Figure S3 in the
Supporting Information). After an injection voltage of 12 kV was applied
between the two ends of the capillary for 6 s, the sample solution could
be introduced into the capillary. The anode end of the capillary, together
with the anode, was then quickly returned to the anode solution in the
buffer vial (a in Figure S3 in the Supporting Information). A voltage of
12 kV was subsequently applied in the constant-voltage mode for the CE
separation. The amperometric detector was on during the injection pro-
cedures. Note that the cathode solution in the electrochemical detection
cell, the anode solution, and the sample solution were all at the same
level. Moreover, sample solutions, standard solutions, and running buffer
were all filtered through a polypropylene filter (0.22 mm, Shanghai
Bandao Industry Co., Ltd., Shanghai, China) prior to use.
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Introduction


As we know, manipulating the shape of nanocrystals pro-
vides a way to tune their properties. Among a variety of
strategies for controlled synthesis, the solution-based chemi-
cal process is an effective method to fabricate nanostructur-
al materials with well-defined shapes, sizes, and structures.[1]


For instance, various chalcogenide-semiconductor nanoma-
terials with desired shapes and crystal phases were gained
through the solution-based route.[2] As an important II–VI
semiconductor, with a room-temperature bulk band-gap of


2.70 eV (460 nm), ZnSe-based nanostructures have been the
subject of intense interest in view of their wide-ranging ap-
plications as light-emitting diodes (LEDs), lasers emitting in
the blue range, and photodetectors[3] owing to significantly
large exciton binding energy (21 meV[4]) in comparison to
GaAs (4.2 meV[5]).


Diverse ZnSe nanostructures, including nanowires,[6]


nanobelts,[7] nanotubes,[8] tertrapod nanorods,[9] and micro-
spheres,[10] have thus attracted intense attention originating
from their potential applications as optoelectronic materials.
Recently, selectively preparing 1D to 3D semiconductor
nanostructures represents some exciting progress.[11] Howev-
er, no work on a one-pot preparation of ZnSe from 1D to
3D nanostructures in solution has been reported to date.
Accordingly, to develop facile chemical methods suitable for
selectively synthesizing ZnSe 1D and 3D complex nanoarch-
itectures still remains a great challenge.


The amine could more strongly bond to a particular sur-
face facet of some semiconductor nanocrystals, such as
ZnSe, and promote their precipitation on the more weakly
passivated surfaces, which can make some nanostructures
with novel morphology form. Therefore, monoamine- or
polyamine-based template technique[11b–c,12] has broad appli-
cation in the synthesis of various nanostructures. Inspired by
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the technique, we designed a new tetraethylenepentamine
(TEPA)-assisted method to prepare ZnSe nanostructures.
Based on the TEPA-templated technique, we have success-
fully gained ZnSe materials from 1D to 3D nanostructures,
including nanobelts, nanowires, and hierarchical spheres by
nanobelt (or nanorod) self-assembly, by manipulating the re-
action conditions. To the best of our knowledge, this is the
first time for the one-step solution-based synthesis of novel
ZnSe hierarchically hollow/solid microspheres by nanorod/
nanobelt self-assembly. In addition, the optical properties of
ZnSe nanoparticles with different shapes and sizes have
been investigated here.


Results and Discussion


Structural determination and characterization of nanobelts
and nanowires : Zinc selenide (ZnSe) nanobelts were pre-
pared by TEPA-assisted solvothermal method with a
volume ratio of VH2O/VTEPA/VN2H4·H2O=20:30:5 at 180 8C for
20 h. The X-ray diffraction (XRD) pattern of the obtained
ZnSe product is shown in Figure 1b. All the reflection peaks
can be indexed as wurtzite ZnSe with lattice constants a=


3.97 L and c=6.52 L, which is in agreement with the litera-
ture values (JCPDS Card No. 80–008). No peaks of impuri-


ties were detected, revealing the high purity of the as-syn-
thesized products.


To make clear the morphology of ZnSe product, the
sample was characterized by field-emission scanning elec-
tron microscopy (FESEM). The overview image in Figure 1a
demonstrates the large-scale synthesis of nanobelts with
length up to several micrometers. The more structure infor-
mation is supported by the high-magnification images in Fig-
ure 1c–e, revealing the typical thickness in the range of 10–
18 nm and width of 30 to 100 nm. A SEM image (Figure 1e)
depicts a ribbon with thickness of about 13 nm and a charac-
teristic rectangular cross-section. The high-magnification
TEM image (Supporting Information, Figure S1) also shows
that a flexible nanobelt with thickness of about 14 nm,
which is agreement with the observation of SEM. Energy
dispersive X-ray spectroscopy (EDS) analysis, represented
in Figure S2 in the Supporting Information, reveals the pres-
ence of Zn and Se with an atomic ratio close to 1:1 (the O
signal derives from the surface absorption of nanobelts and
the Cu signal comes from the copper grid). By examining
the nanobelts in detail, we found that these belts show a
bundlelike shape (Figure 1a,d).


The results of XPS and Raman spectra identify the
sample of nanobelts as hexagonal ZnSe of high crystallinity
and purity (Supporting Information, Figure S3 and S4). To
shed light on the more detailed structure of ZnSe nanobelts,
HRTEM and selected-area electron diffraction (SAED) are
further performed to examine the product. A typical low-
magnification TEM image of ZnSe nanobelts is presented in
Figure 1f. The selected-area electron diffraction (SAED)
pattern (inserted in Figure 1f–g), taken from the single
nanobelt in Figure 1g, exhibits a set of sharp spots and con-
firms that the nanobelts are single crystalline and can be in-
dexed as the hexagonal ZnSe phase. Shown in Figure 1h is a
HRTEM image recorded near the edge of this ZnSe nano-
ribbon. The regular spacings of the observed lattice planes
are �0.33 and 0.34 nm, consistent with the separation of
(002) and (100) planes of hexagonal ZnSe, respectively. The
results demonstrate that the nanobelts grow preferentially
along the [001] direction.


As for the synthesis of ZnSe nanostructures, reaction tem-
perature plays an important role in determining the mor-
phology of products. If the temperature was higher than
180 8C, then ZnSe nanowires rather than nanobelts were ob-
tained. The TEM and HRTEM images of the sample ob-
tained at 200 8C are shown in Figure 2. The panoramic mor-
phology of the prepared nanowires is shown in Figure 2a in
which we can observe bunched, flexible, ultrathin nanowires
with a uniform diameter. Shown in Figure 2b is a TEM
image of an individual ZnSe nanowire with a diameter of
18 nm. The fast Fourier-transformation electron diffraction
(FFT ED) pattern (inserted in Figure 2b) and the corre-
sponding high-resolution TEM image of the nanowire (Fig-
ure 2c) confirms the single-crystal nature and the preferen-
tial growth along [001] direction, similar to that of ZnSe
nanobelts, revealing the same growth process of nanobelts
and nanowires.


Figure 1. a) A low-magnification FESEM image of the ZnSe nanobelts,
indicating lengths of up to several micrometers. b) A typical XRD pat-
tern of the as-prepared ZnSe nanobelts. c–e) High-magnification FESEM
images of the ZnSe product. f) A typical TEM image of the ZnSe nano-
belts. g) TEM image of a single ZnSe nanobelt. h) HRTEM image of the
selected area in (g). The inset of (g,h) shows its corresponding SAED
pattern.
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Characterization of ZnSe microspheres : Control experiment
analysis reveals that the manipulation of ZnSe morphology
is intensively dependent on the composition of mixed solu-
tion, such as the volume ratio of H2O and TEPA and reac-
tion temperature. The conditions for preparing some typical
samples by varying the component ratios of the mixed solu-
tion are listed in Table 1 (also see the Supporting Informa-


tion, Figure S5–S8). The H2O-TEPA ratio determines the
products final morphology and structure, but without chang-
ing the products crystal phase, which could be demonstrated
by XRD patterns of the products prepared under different
volume ratios of H2O and TEPA (Supporting Information,
Figure S9). An appropriate volume ratio of H2O/TEPA is
crucial to the construction of given nanostructures. When
the volume ratio of H2O dominates, i.e., VH2O:VTEPA=9:1,
what has been obtained is shown in Figure 3, presenting that
the products consist of nearly monodisperse microspheres
by self-assembly of ultrathin, flexible nanobelt arrays (see
Figure 3a–b). If the reaction temperature increased to
240 8C, the obtained sample was found to contain ZnSe
microspheres constructed with nanorod arrays as shown in
the Figure 3c–d.


With respect to the synthesis of ZnSe nanostructures, the
reaction time also exercises a significant influence on the
morphology of products. Surprisingly, if only the reaction
time was prolonged to 36 h with other conditions kept un-
changed, ZnSe hollow microspheres instead of solid micro-
spheres were produced. The FESEM images of the sample
obtained at 240 8C for 36 h, indicating ZnSe product takes
on hierarchically hollow urchin-like morphology can be seen
in Figure 3e,f. Close observations of a typical broken urchin-
like structure (Figure 3f) reveals that the sphere was con-
structed from tightly self-assembled nanorod arrays aligned
perpendicularly to the surface of the urchin spheres with di-
ameter of about 3–4 mm. The hollow nature of these spheres
can also be confirmed by a TEM image (Figure 3g). Studies
of he HRTEM image and SAED pattern (Figure 3h–j) dem-


Figure 2. ZnSe nanowires fabricated through a TEPA-assisted solvother-
mal method with a volume ratio of VH2O/VTEPA/VN2H4·H2O=35:15:5 at
220 8C for 20 h: a) Low-magnification SEM image of the nanowires,
b) TEM image of a single ZnSe nanowire. c) HRTEM image of the se-
lected area in (b). The inset indicates its corresponding FFT ED.


Table 1. Summary of experimental results indicating the influence of the
composition of a mixed solution and reaction temperature on shape of
the products.


VH2O/VTEPA/VN2H4·H2O T
[8C]


t
[h]


Morphology


20:30:5 180 20 nanobelt arrays
30:20:5 180 20 nanobelts
35:15:5 180 20 nanobelts
35:15:5 200 20 nanowires
40:10:1 180 20 spheres by nanobelt bundle


self-assembly
45:5:1 160 20 hierarchical spheres by nanobelts


self-assembly
45:5:1 200 20 spheres by nanobelt array


self-assembly
45:5:1 200 36 spheres by nanorod array


self-assembly
45:5:1 240 20 spheres by nanorod array


self-assembly
45:5:1 240 36 hollow spheres by nanorod array


self-assembly


Figure 3. a–f) FESEM images of ZnSe microspheres constructed from
the self-assembly of nanobelt arrays prepared in a mixed solution with
VH2O/VTEPA/VN2H4·H2O=45:5:1. a–b) at 200 8C for 20 h. c–d) 240 8C for 20 h.
e–f) 240 8C for 36 h. g) TEM image of a typical hierarchical hollow
sphere. h–i) the TEM image and SAED pattern obtained from a single
nanorod of hollow sphere. j) HRTEM image recorded near the edge of
the particular nanorod.
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onstrate that the individual nanorod is single crystal and
grows along [001] direction.


Growth process and formation mechanism of ZnSe nano-
belts : As discussed above, the solution composition, i.e. , the
volume ratio of H2O and TEPA, reaction temperature, and
aging time all affect the morphology of products. The forma-
tion of nanobelt arrays (or mirospheres) is possible only
within a very narrow composition range of the mixed solu-
tion, suggesting that the presence of TEPA plays a crucial
role in the formation of such elegant and novel ZnSe nano-
structures.


To investigate the growth process of these nanobelts, a
series of experiments were carried out, as discussed below.
We followed the nucleation and growth steps by studying
the samples obtained at different reaction stages using the
TEM and XRD techniques. Figure 4a–d shows the TEM


images of the samples obtained after the reaction performed
for 30 min, 1 h, 3 h, and 9 h, respectively. These images dis-
tinctly reveal the transformation process of the particle mor-
phology from the mixture of particles and urchinlike spheres
to nearly monodisperse urchinlike spheres, to nanobelts net-
work, and finally to nanobelts.


Figure 4a shows the TEM image of the product obtained
after 30 min, which reveals the product consisted of the mix-
ture of particles and urchinlike spheres. If the reaction time
was prolonged to 60 min, nearly monodisperse urchinlike
spheres predominated (Figure 4b) and the particles that ap-
peared in Figure 4a vanished almost completely. High-mag-
nification TEM image (see the panel inserted in Figure 4b)
clearly reveals that urchinlike sphere is composed of lamel-
las, which tend to grow preferentially into nanobelts. If the
reaction time was increased to 2 h, the morphology of the
product changed remarkably. As shown in Figure 4c, the
product consists of nanobelt networks constructed of ultra-
thin, flexible nanobelts. The nanobelts continue to grow
preferentially and protrude toward the outside of netlike
sphere-cores through the Ostwald-ripening process. Follow-
ing this ripening process, these nanobelts gradually in-
creased in quantity and finally nanobelt arrays predominate
in the same region on the surface of the TEM grid (Fig-
ure 4d).


Time-dependent XRD patterns (see Figure 4e) reveal that
phase transformation from precursor to ZnSe takes at least
6 h to complete, which means no ZnSe is formed initially.
Taking into consideration the medium coordination ability
of amine with metallic ions, the sample obtained at 180 8C
for 30–120 min may be TEPA-intercalated ZnSe. FTIR anal-
ysis also demonstrates that the TEPA molecules may inter-
calate into the complex (Supporting Information, Fig-
ure S10). On the basis of the experimental results, the chem-
ical formula of the precursor is assumed to be [ZnSe]-
ACHTUNGTRENNUNG(TEPA)x. Calculations based on the TGA results gave a
value of x=0.5 for the precursor within experimental error
(Supporting Information, Figure S11). That is, [ZnSe]-
ACHTUNGTRENNUNG(TEPA)0.5 could serve as the precursor to ZnSe, similar to
those of previous structures.[13] If the reaction time was pro-
longed to 6 h, the wurtzite ZnSe could be detected in the
XRD pattern (Figure 4e–v). The characteristic peaks of
ZnSe were remarkably intensified and those of the precur-
sor were weakened and finally disappeared when the reac-
tion time extended to 10 h (Figure 4e). These phenomena
could be interpreted by the fact that longer growth time
could result in the formation of nanocrystals that are ther-
modynamically stable. To make a summary, the formation
procedure of the ZnSe nanobelts can seen in Equations (1)
and (2):


Zn2þ þ SeO2 þ TEPAN2H4 �H2O
�����!½ZnSe�ðTEPAÞ0:5 þN2 ð1Þ


½ZnSe�ðTEPAÞ0:5 ! ZnSe ð2Þ


On the basis of the above results and analyses, a possible
ligand (TEPA)-assisted solid–solid growth mechanism (LSS)


Figure 4. TEM images of the ZnSe nanobelts obtained at 180 8C for
a) 30 min, b) 60 min, c) 2 h, and d) 6 h. e) XRD pattern of ZnSe nano-
belts prepared at 180 8C for i) 30 min, ii) 60 min, iii) 2 h, iv) 6 h, and v)
10 h.
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was proposed to explain the formation of the ultrathin, flexi-
ble ZnSe nanobelts. The formation of precursor [ZnSe]-
ACHTUNGTRENNUNG(TEPA)0.5 can be regarded as a crucial step for the forma-
tion of ZnSe nanobelts. The whole process is a special in
situ decomposition of the precursor–urchinlike spheres com-
posed of lamellas through a solid–solid phase transition in
Equation (1), providing ZnSe units, which served as the
seeds for the following growth of ZnSe nanobelts.


A High-magnification TEM image inserted in Figure 4b
clearly reveals several short nanobelts that have grown from
the lamellas. In this solid–solid transformation, the morphol-
ogy of the final products was determined by the characteris-
tic of the inherent chain type structure of TEPA, which
could serve as a structure-directing coordination template.
In fact, in most reported colloidal synthesis of metal or sem-
iconductor 1D nanocrystals, the anisotropic growth of the
1D structure is often driven by using capping ligands that
can bind selectively onto particular facets of the seed parti-
cles.[14] On the other hand, the specific crystal structure of
wurtzite ZnSe may be another advantageous factor in the
formation of one-dimensional beltlike nanostructure.


Formation of ZnSe microspheres : In the preparation of
ZnSe nanobelts discussed above, the as-prepared products
consist of only large aggregates composed of particles, with-
out the use of TEPA. This result implies that the existence
of TEPA favors the formation of ZnSe nanorods and further
self-assembly in an ordered and tight manner, to form regu-
lar spheres in which TEPA molecules probably form inter-
particle bilayers inducing the ZnSe nanorods to glue togeth-
er parallel during the self-assembly process. Recently, a simi-
lar self-assembly process of joining disordered inorganic
nanoparticles to form ordered superstructures helped by or-
ganic molecules as linkers has been reported.[15] As a result,
concerning the formation of ZnSe spheres self-assembled by
nanobelts/nanorods in this study, effective self-assembly is
induced by the linear molecular structure of TEPA through
the special ZnSe atomic-surface structure, structure match-
ing and spatial proximity. This self-assembly process is likely
driven by energy minimization for the surfaces of nanobelts/
nanorods.


With respect to the formation of hollow structures for
ZnSe hierarchical spheres, the bubbles of N2 gas generated
by reduction of N2H4·H2O in the reaction system must have
played a significant role. In fact, the gas bubble-template
method has been demonstrated to be effective for the prep-
aration of hollow spheres.[10a,16] Hence, in this case, an
energy-minimizing driven self-assembly of ZnSe nanorods
on the base of N2 bubbles induced by TEPA is responsible
for the formation of hierarchically hollow spheres. Accord-
ing to Equation (1), many gas bubbles of N2 produced in the
reaction provide the aggregation center, that is, a soft-tem-
plate. Simultaneously driven by the minimization of interfa-
cial energy, small ZnSe nanocrystals may aggregate around
the gas-liquid interface between N2 and liquid, and then the
nanocrystals grow on the surface of spheres gradually, which
may result from the templating effect of TEPA and the spe-


cific crystal structure of wurtzite ZnSe. ZnSe hollow spheres
may form through nanorod self-assembly.


Optical properties : The room-temperature photolumines-
cence spectra (lexc.=365 nm) of as-prepared ZnSe nanobelts
and hierarchically hollow spheres were reordered to investi-
gate their optical properties (Figure 5). Figure 5a show three


strong emission bands at around l=438, 449, and 457 nm,
respectively. These emission bands are usually attributed to
the edge emission of ZnSe.[17] Although, the photolumines-
cence spectrum of the ZnSe hierarchically hollow spheres
displays a broad and strong emission peak in low energy
level of l=500–700 nm, the lower-energy emission of about
l=550 nm usually resulted from Zn-vacancy or impuri-
ties.[16–18]


Conclusions


Semiconductor wurtzite ZnSe nanocrystals with well-con-
trolled shapes, including nanobelts, nanowires, solid or
hollow microspheres assembled from nanobelts or nanorods,
have been successfully prepared by a novel tetraethylene-
pentamine (TEPA)-directed solvothermal method. The
effect of reaction conditions including the volume ratio of
the mixed solvents, reaction temperature, and the aging
time on the morphology of ZnSe was investigated in detail.
Experimental results demonstrate that the volume ratio of
H2O and TEPA played a key role in determining the shape
and size of the ZnSe products. On the basis of a series of
transmission electron microscopy and XRD characterization
analyses, a possible ligand (TEPA)-assisted solid–solid
growth mechanism (LSS) was proposed to explain the for-
mation of the ultrathin, flexible ZnSe nanobelts. An energy-
minimizing-driven self-assembly of ZnSe nanorods with N2


bubbles induced by TEPA, as soft template, is responsible
for the formation of ZnSe hierarchically hollow spheres. To
the best of our knowledge, this is the first time this kind of
ZnSe hollow/solid superstructure has been synthesized in
this way. The present work gives inspiration to the controlla-


Figure 5. Photoluminescence spectra of as-prepared products. a) ZnSe
nanobelts; b) ZnSe hierarchically hollow spheres by nanorod self-assem-
bly.
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ble synthesis of other semiconductor nano- and micromate-
rials.


Experimental Section


Materials and preparation : The Zn(Ac)2·2H2O (99.0%, Aldrich), SeO2


(99.0%, Aldrich), N2H4·H2O, and tetraethylenepentamine (TEPA) used
were of analytical grade. All chemicals were analytical grade, commer-
cially available from Shanghai Chemical Reagent, and used in this study
without further purification. In a typical procedure, Zn(Ac)2·2H2O
(1 mmol) and SeO2 (1 mmol) were added to a given amount of distilled
water and the mixture was dispersed to form a homogeneous solution by
constant strong stirring. Then, a given amount of TEPA and hydrazine
hydrate (N2H4·H2O) was added to the above solution at room tempera-
ture and continually stirred for 10 min. The resulting mixture was trans-
ferred into a Teflon-lined stainless autoclave (60 mL capacity). The auto-
clave was sealed and maintained at T=180–240 8C for 24 h. The system
was then allowed to cool ambient temperature. The final product was col-
lected and washed with distilled water and absolute alcohol several times,
vacuum-dried, and kept for further characterization.


Characterization : The products were characterized by X-ray diffraction
(XRD) recorded by using a Japanese Rigaku D/max-gA rotating anode
X-ray diffractometer equipped with the monochromatic high-intensity
CuKa radiation (l =1.54178). SEM images were taken with a field emis-
sion scanning electron microscope (FESEM, JEOL-6300F, 15 kV). Micro-
scopy was performed by using a Hitachi (Tokyo, Japan) H-800 transmis-
sion electron microscope (TEM) at an accelerating voltage of 200 kV,
and a JEOL-2010 high-resolution TEM, also at 200 kV. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed by means of a
VGESCALAB MKII X-ray photoelectron spectrometer with an MgKa


excitation source (1253.6 eV). Raman spectra were recorded by using a
Jobin Yvon (France) LABRAM-HR confocal laser micro-Raman spec-
trometer at room temperature. Photoluminescence (PL) measurements
were carried out by using a Perkin–Elmer LS-55 luminescence spectrom-
eter with a pulsed Xe lamp.
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General 


Commercially available chemicals and solvents were used without further purification, unless 


otherwise stated. Reactions were monitored by TLC (SiO2-60, F254, Merck). Purification by column 


chromatography was carried out using silica gel 60 (0.040-0.063 mm, Merck). NMR spectra were 


recorded on a Varian Gemini 2000 spectrometer in either CDCl3 (Bie & Berntsen) or D2O (Cambridge 


Isotope Laboratories). TMS was used as an internal standard for 1H spectra and the residual solvent peak 


of CDCl3 (77.16 ppm) for 13C spectra. The residual solvent peak of water (4.79 ppm) was used to 


calibrate 1H spectra recorded in D2O, and 1,4-dioxane (67.19 ppm) was used as internal standard for 13C 


spectra. MALDI-HRMS was recorded on an Ionspec 4.7 Ultima FT mass spectrometer, EI-MS on a 


Finnigan SSQ 710 instrument and ESI-HRMS on a Q-Star Pulsar hybrid QqTOF instrument. UV-VIS 


spectra were recorded on a Lambda 35 UV/VIS Spectrometer (Perkin Elmer) at 40 µM compound 


concentration in water. DCL building blocks were purified by HPLC (Dionex UltiMate 3000) using a 


Phenomenex Gemini 5u C18 150x100 mm column; 3 mL/min flow; an isocratic mixture of either 15% or 


20% acetonitrile in water (0-20 min) with 0.05% TFA as modifier. Library analysis was performed using 


a Phenomenex Luna 3u C18 250x4.6 mm column; 0.7 mL/min flow; a gradient of 10-12% acetonitrile in 


water (0-240 min), then 12-16% acetonitrile in water (240-360 min) with 0.05% TFA as modifier. 


 


Synthesis 


Synthesis of scaffolds 


N-(2-((2-aminoethyl)disulfanyl)ethyl)acridin-9-amine, Aa 


 
9-Chloroacridine (0.080 g, 0.37 mmol) and phenol (0.211 g, 2.25 mmol) were mixed and heated at 


80 °C for 30 min. N-(tert-Butyloxycarbonyl)cystamine hydrochloride[1] (0.119 g, 0.41 mmol) and Et3N 


(313 μL, 2.25 mmol) were added and the reaction mixture was stirred at 100 °C for 3 hrs, cooled to RT 


and the volatiles removed in vacuo. The residue was subjected to flash column chromatography 


(EtOAc/MeOH 6:1 v/v) to give the product as a yellow oil (89 mg, 55 %). 1H NMR (CDCl3, 300 MHz): δ 
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8.16 (d, J = 8.7 Hz, 2H), 8.03 (d, J = 9.0 Hz, 2H), 7.64 (t, J = 7.2 Hz, 2H), 7.36 (t, J = 7.2 Hz, 2H), 4.96 


(br. s, 1H), 4.14 (t, J = 6.3 Hz, 2H), 3.41 (q, J = 6.0 Hz, 2H), 3.01 (t, J = 6.0 Hz, 2H), 2.78 (t, J = 6.3 Hz, 


2H), 1.43 (s, 9H); 13C NMR (CDCl3, 75 MHz): δ 155.9, 151.7, 147.9, 130.6, 128.0, 123.6, 123.3, 117.1, 


79.8, 48.5, 39.5, 38.9, 38.5, 28.5; MALDI-HRMS: calcd. for C22H28N3O2S2
+ 430.1618, found 430.1608. 


The yellow oil (0.067 g, 0.16 mmol) was dissolved in dry DCM (2.5 mL) and TFA (0.5 mL) was 


added. The reaction was stirred under argon for 40 min and concentrated to give the TFA salt of Aa in 


quantitative yield as a bright yellow thick oil, which was purified by HPLC (15% MeCN, Rt 12.5 min). 
1H NMR (D2O, 300 MHz): δ 7.94 (d, J = 8.4 Hz, 2H), 7.77 (t, J = 7.2 Hz, 2H), 7.33-7.40 (m, 4H), 4.14 (t, 


J = 6.3 Hz, 2H), 3.40 (t, J = 6.3 Hz, 1H), 3.30 (t, J = 6.3 Hz, 2H), 3.07 (t, J = 6.3 Hz, 2H), 3.01 (t, J = 6.3 


Hz, 1H), 2.90 (t, J = 6.3 Hz, 2H); 13C NMR (D2O, 75 MHz): δ 158.0, 139.5, 136.0, 125.1, 124.7, 118.9, 


112.4, 47.7, 38.1, 35.9, 33.9; MALDI-HRMS: calcd. for C17H20N3S2
+ 330.1093, found 330.1081. 


 


N2,N6-Bis(2-((2-aminoethyl)disulfanyl)ethyl)pyridine-2,6-dicarboxamide, Ba2 


 
EDC hydrochloride (0.518g, 2.70 mmol), HOBt hydrate (0.365g, 2.70 mmol) and Et3N (0.37 mL, 


2.7 mmol) were added a solution of pyridine-2,6-dicarboxylic acid (0.205 g, 1.23 mmol) in dry DMF (15 


mL) under argon. N-(tert-Butyloxycarbonyl)cystamine[1] (0.620g, 2.26 mmol) was dissolved in dry DMF 


(10 mL) and added the reaction mixture on an ice bath. After stirring at RT for 23 hrs the DMF was 


concentrated and the residue was dissolved in EtOAc (100 mL). The organic phase was sequentially 


washed with water (2x 50 mL), 1 M hydrochloric acid (3x 50 mL), saturated NaHCO3 solution (3x 50 


mL) and brine (1x 50 mL). The organic phase was dried (MgSO4) and concentrated in vacuo.  


Purification by dry column chromatography (5-50% EtOAc in petroleum ether) gave the desired product 


as white foam (0.483g, 62 %). 1H NMR (CDCl3): δ 8.61 (br. s, 2H), 8.35 (d, J = 7.8 Hz, 2H), 8.03 (t, J = 


7.8 Hz, 1H), 5.16 (br s, 2H), 3.81 (q, J = 6.0 Hz, 4H), 3.48 (q, J = 6.0 Hz, 4H), 2.98 (t, J = 6.0 Hz, 4H), 


2.85 (t, J = 6.0 Hz, 4H), 1.43(s, 18H); 13C NMR (CDCl3): δ 164.0, 156.3, 148.8, 139.1, 125.1, 79.9, 39.5, 


38.8, 38.6, 38.3, 28.5; MALDI-HRMS: calcd. for C25H41N5NaO6S4
+ 658.1832, found 658.1810. 


The Boc-protected target compound (0.256 g, 0.40 mmol) was deprotected as described for Aa to 


give the TFA salt of Ba3 in quantitative yield as white foam, which was purified by HPLC (20% MeCN, 


Rt 6.6 min). 1H NMR (D2O): δ 8.20-8.10 (m, 3H), 3.79 (t, J = 6.3 Hz, 4H), 3.36 (t, J = 6.3 Hz, 4H), 2.98-
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3.05 (2x t, J = 6.3 Hz, 8H); 13C NMR (D2O): δ 166.3, 148.4, 140.5, 125.6, 38.9, 38.4, 37.0, 34.3; 


MALDI-HRMS: calcd. for C15H25N5NaO2S4
+: 458.0783, found 458.0780. 


 


N1,N3,N5-Tris(2-((2-aminoethyl)disulfanyl)ethyl)benzene-1,3,5-tricarboxamide, Ca3 


 
EDC hydrochloride (0.810g, 4.23 mmol), HOBt hydrate (0.571g, 4.23 mmol) and Et3N (0.59 mL, 


4.23 mmol) were added a solution of 1,3,5-benzenetricarboxylic acid (0.269 g, 1.28 mmol) in dry DMF 


(20 mL) under argon. N-(tert-Butyloxycarbonyl)cystamine[1] (0.975g, 3.84 mmol) was dissolved in dry 


DMF (10 mL) and added the reaction mixture on an ice bath. After stirring at RT for 24 hrs the DMF was 


evaporated and the residue was dissolved in EtOAc (100 mL). The organic phase was sequentially 


washed with water (2x 50 mL), 1 M hydrochloric acid (3x 50 mL), saturated NaHCO3 solution (3x 50 


mL) and brine (1x 50 mL). The organic phase was dried (MgSO4) and concentrated in vacuo.  


Purification by dry column chromatography (5-50% EtOAc in petroleum ether) gave the desired product 


as white foam (0.537g, 46 %). 1H NMR (CDCl3): δ 8.30 (br. s, 3H), 7.55 (br. s, 3H), 5.21 (br. s, 3H), 3.77 


(q, J = 6.0 Hz, 6H), 3.46 (q, J = 6.0 Hz, 6H), 2.96 (t, J = 6.2 Hz, 6H), 2.84 (t, J = 6.5 Hz, 6H), 1.39 (s, 


27H); 13C NMR (CDCl3): δ 166.6, 156.2, 135.3, 128.7, 79.8, 39.7, 39.4, 38.3, 38.1, 28.5; MALDI-


HRMS: calcd. for C36H60N6NaO9S6
+: 935.2638, found 935.2603. 


The Boc-protected target compound (0.311g, 0.34 mmol) was deprotected as described for Aa to 


give the TFA salt of Ca3 in quantitative yield as white foam, which was purified by HPLC (20% MeCN, 


Rt 4.6 min). 1H NMR (D2O): δ 8.27 (s, 3H), 3.79 (t, J = 6.3 Hz, 6H), 3.37 (t, J = 6.3 Hz, 6H), 3.03 (t, J = 


6.6 Hz, 12H); 13C NMR (D2O): δ 169.4, 135.5, 129.6, 39.4, 38.4, 36.8, 34.3; MALDI-HRMS: calcd. for 


C21H36N6NaO3S6
+: 635.1065, found 635.1065. 
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Synthesis of side chains 


N,N,N´,N´-Tetramethylcystamine, b2 


 
1,2-Dimethylamino-ethanethiol hydrochloride (5.000 g, 35.3 mmol) was dissolved in MeOH (100 


mL) and titrated with 0.5 M iodine in MeOH until a yellow color persisted. The reaction was quenched 


with 10 % NaHSO3 solution (30 mL) to a colorless solution. MeOH was removed in vacuo and the 


remaining brownish water solution was added additional water (50 mL) and 2 M NaOH (aq.) until pH > 


10. The solution was continuously extracted from the water phase overnight with Et2O. The extract was 


concentrated to pink oil (3.33 g, 16 mmol), which was afterwards dissolved in dry Et2O (20 mL) and 


added 2.0 M HCl solution in Et2O (16 mL, ~32 mmol). This resulted in a white precipitate which was 


filtered and recrystallised from abs. EtOH to afford the disulphide as white crystals (3.942g, 80 %). 1H 


NMR (D2O, 300 MHz): δ 3.58 (t, J = 6.9 Hz, 4H), 3.14 (t, J = 6.9 Hz, 4H), 2.97 (s, 12 H); 13C NMR 


(D2O, 75 MHz): δ 56.2, 43.5, 31.2; EI MS m/z: 208 (100 %, M+). 


 


1,1'-(2,2'-Disulfanediylbis(ethane-2,1-diyl))diguanidine, c2 


 
Cystamine dihydrochloride (0.040 g, 0.18 mmol) and N,N’-di-Boc-N’’-trifluoromethanesulfonyl-


guanidine[2] (0.140 g, 0.36 mmol) were suspended in dry DCM (3 mL) under argon. Et3N (154 μL, 1.11 


mmol) was added and the mixture was stirred for 10 hrs at RT, during which the white solids dissolved. 


DCM (15 mL) was added and the organic phase was washed with 2 M NaHSO4 solution (10 mL), 


saturated NaHCO3 solution (10 mL), brine (15 mL) and dried (MgSO4). After concentration in vacuo the 


crude product was purified by flash column chromatography (Initially DCM, then EtOAc/PE 1:1 v/v) 


giving the desired tetra-Boc-bisguanidine compound as white solid (0.103 g, 91 %). 1H NMR (CDCl3, 


300 MHz): 11.47 (s, 2H), 8.62 (t, J = 5.4 Hz, 2H), 3.77 (q, J = 6.3 Hz, 4H), 2.88 (t, J = 6.3 Hz, 4H), 1.50 


(s, 36H); 13C NMR (CDCl3, 75 MHz): δ 163.7, 156.3, 153.3, 83.4, 79.5, 39.3, 37.2, 28.4, 28.2. 


The tetra-Boc-bisguanidine compound (0.072 g, 0.11 mmol) was dissolved in dry DCM (1.5 mL) 


under argon and TFA (300 μL) was added. The mixture was stirred for 1 h at RT and concentrated to give 
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the TFA salt of c2 as white solid in quantitative yield. 1H NMR (D2O, 300 MHz): δ 3.54 (t, J = 6.2 Hz, 


4H), 2.91 (t, J = 6.3 Hz, 4H); 13C NMR (D2O, 75 MHz): δ 163.9, 41.0, 37.2; MALDI-HRMS: calcd. for 


C6H16N6NaS2
+: 259.0770, found 259.0769. 


 


Synthesis of the extracted compound 


1-(2-((2-(Acridin-9-ylamino)ethyl)disulfanyl)ethyl)guanidine, Ac 


 
The TFA salt of Aa (0.061 g, 0.11 mmol) and N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine 


(0.041 g, 0.11 mmol) were dissolved in dry DCM (1 mL) under argon and Et3N (30 μL, 0.22 mmol) was 


added. The mixture was stirred for 2 hrs at RT and then washed with 2 M NaHSO4 solution (2x 2 mL), 


saturated NaHCO3 solution (2x 2 mL) and brine (2 mL). The organic phase was concentrated and purified 


by flash column chromatography (EtOAc/MeOH 8:1 v/v) to give yellow oil (0.037 g, 65%). 1H NMR 


(CDCl3, 300 MHz): 11.48 (s, 1H), 8.63 (s, 1H), 8.15 (m, 2H), 8.05 (m, 2H), 7.67 (m, 2H), 7.39 (m, 2H), 


7.25 (br s, 1H), 4.13 (m, 2H), 3.77 (m, 2H), 2.99 (m, 2H), 2.90 (m, 2H), 1.48, 1.47 (2x s, 18H); 13C NMR 


(CDCl3, 75 MHz): δ 163.6, 156.4, 153.4, 151.2, 130.3, 129.0, 123.7, 123.1, 117.7, 83.5, 79.6, 48.5, 39.4, 


39.1, 37.5, 28.4, 28.2. 


The yellow oil (0.0127 g, 0.002 mmol) was dissolved in dry DCM (0.3 mL) under argon and TFA 


(0.3 mL) was added. The mixture was stirred for 2 hrs at RT and concentrated to give the TFA salt of Ac 


as a yellow semi-solid in quantitative yield. The crude product was purified by HPLC (20% MeCN, Rt 


11.0 min). 1H NMR (D2O, 300 MHz): 8.01 (d, J = 8.7 Hz, 2H), 7.80 (t, J = 6.9 Hz, 2H), 7.43-7.38 (m, 


4H), 4.19 (t, J = 6.3 Hz, 2H), 3.36 (t, J = 6.3 Hz, 2H), 3.09 (t, J = 6.3 Hz, 2H), 2.71 (t, J = 6.3 Hz, 2H); 
13C NMR (D2O, 75 MHz): δ 163.7, 157.9, 139.5, 136.0, 125.1, 124.7, 118.9, 115.0, 47.8, 40.3, 36.7, 36.4; 


MALDI-HRMS: calcd. for C18H22N5S2
+: 372.1311, found 372.1306. 
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Procedures for DCC experiments 


Oligonucleotides 


Oligonucleotides were synthesized by Sigma-Genosys (0.2 μmol scale) and received HPLC 


purified. All concentrations are expressed in strand molarity, using the nearest-neighbor approximation 


for the absorption coefficients of the unfolded species at 260 nm.[3] Two 5´-biotinylated oligonucleotides 


were used in the studies described: the human telomeric 5´-(biotin-d[(GT2AG2)5])-3´, and a random coil 


DNA control strand 5´-(biotin-d[(AGT2AG)5])-3´. The oligonucleotides were annealed in DCL buffer 


(150 mM KCl, 300 mM Tris-HCl, pH 7.4) by heating to 95 °C for 5 min and then slowly cooling to room 


temperature. After overnight incubation at 4 °C, the stock solutions were stored at -20 °C. 


 


DCL studies 


All solutions were prepared from degassed double distilled water. Stock solutions containing 1 mM 


of each scaffold component (Aa, Ba2 or Ca3), 100 mM of each side chain component (a2, b2 or c2) and of 


initiator a, and 50 mM of the alternative initiator dithiothreitol (DTT) were prepared in DCL buffer (150 


mM KCl, 300 mM Tris-HCl, pH 7.4). 


Scaffold stock solutions of Aa, (2.5 μL, 1 mM, 2.5 nmol), Ba2 (5.0 μL, 1 mM, 5.0 nmol) and Ca3 


(8.3 μL, 1 mM, 8.3 nmol), side chain stock solutions of a2 (3.85 μL, 100 mM, 385 nmol), b2 (5 μL, 100 


mM, 500 nmol) and c2 (5 μL, 100 mM, 500 nmol) and DCL buffer (18.35 μL) were mixed in an HPLC 


vial under a blanket of argon, and disulfide scrambling was initiated by addition of a (2 μL, 100 mM, 200 


nmol) or DTT (2 μL, 50 mM, 100 nmol) to give a total library volume of 50 μL. In templated DCL 


studies, a part of the DCL buffer solution was substituted with biotinylated G-quadruplex folded or 


random coil DNA stock solution to a final DNA concentration of 50 μM (2.5 nmol). The mixture was 


shaken gently in the capped HPLC vial. The DCL mixture was incubated for typically 3 hours, at which 


point the disulfide exchange was stopped by the addition of 10 μL of 1.7% aqueous TFA. The library 


solutions were analyzed by HPLC, and the individual peaks were analyzed by ESI-HRMS. 


The solution was added to 2 mg of magnetic streptavidin beads (Aureon biosystems, Streptavidin A-


beadsTM) and incubated at room temperature for 20 min. The beads were separated from solution with a 


magnet and washed with DCL buffer (3x 100 μL, pH 2). The washings were combined with the 


remaining library solution and analyzed by HPLC. The DNA was subsequently denatured by incubating 
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the beads with 0.05% TFA in water at 85 °C for 10 minutes (3x 200 µL), and the combined solutions 


from DNA denaturing were separately analyzed by HPLC. 


 


Confirming conservation of G-quadruplex folding in presence of the DCL 


Libraries containing biotinylated DNA were diluted with buffer (65 μL, pH 2) to give a 20 μM 


DNA solution, and corresponding DNA solutions with identical salt concentrations but without the DCL 


were prepared. CD spectra were recorded in a 1 mm quartz cuvette (J-815 CD-Spectrometer, JASCO, 


Figure S1).  


 
Figure S1. CD spectra of: 20 µM 5´-biotin-d[(GTTAGG)5] (blue: G-quadruplex; green: G-quadruplex + DCL mixture) 


and 20 µM 5´-biotin-d[(AGTTAG)5] (red: ssDNA; orange: ssDNA + DCL mixture) in DCL buffer. 


 


Assessing thermodynamic equilibrium 


Thermodynamic equilibrium is a requirement of regeneration of target-bound compounds in the 


mixture, and although it is not a requirement for the extraction procedure described here, it is still 


expected to have a beneficial influence on the outcome and to be important for the reproducibility of the 


library.[4]  


With the concentration of free thiol used here (4 mM), the mixture consistently reached a perfectly 


reproducible distribution of library members within 3 hours. Comparing a representative cysteamine 


initiated library with a DTT initiated library revealed that all peak integrals matched within 0.5%. The 


presence of free thiols in the mixture at equilibrium was ensured by Ellman’s test.[5]   
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Library analysis 


Table S1. UV-VIS absorbances for initial compounds relative to 245 nm. 
 245 nm 254 nm 285 nm 420 nm 


Aa 100 217 37 58 
Ba2 100 81 43 -- 
Ca3 100 65 7 -- 


 
Table S2. Analysis of library mixture incubated without DNA. 
 Peak Peak integrals a Peak absorption ratios b   % library composition c m/z Formula Cmpd. 


# 245 nm 254 nm 285 nm 420 nm 245 nm 254 nm 285 nm 420 nm Scaffold 245 nm 254 nm 285 nm Average Calcd. Found     


1 4,1750 2,6680 0,3308   100 64 8 -- C 4,4 4,5 4,4 4,4 635,1065 635,1135 C21H36N6NaO3S6
+ Ca3 


2 3,3648 2,7202 1,5457   100 81 46 -- B 4,2 4,3 4,1 4,2 458,0783 458,0783 C15H25N5NaO2S4
+ Ba2 


3 4,6287 2,9969 0,3760   100 65 8 -- C 4,9 5,0 5,0 5,0 641,1559 641,1565 C23H41N6O3S6
+ Ca2b 


4 7,2687 5,8577 3,2720   100 81 45 -- B 9,1 9,3 8,6 9,0 464,1277 464,1295 C17H30N5O2S4
+ Bab 


5 6,8821 15,1457 2,6192 4,2438 100 220 38 62 A 6,6 6,9 6,2 6,6 330,1093 330,1069 C17H20N3S2
+ Aa 


6 3,8260 2,3954 0,3060   100 63 8 -- C 4,0 4,0 4,1 4,1 669,1872 669,1843 C25H45N6O3S6
+ Cab2 


7 1,5515 1,0045 0,1153   100 65 7 -- C 1,6 1,7 1,5 1,6 655,1464 655,1458 C22H39N8O3S6
+ Ca2c 


8 11,3723 19,3309 4,5514 4,3851 100 170 40 39 A+B 10,9 8,9 10,7 10,2      
            A     492,1590 492,1593 C19H34N5O2S4


+ Ab 
            B     358,1406 358,1395 C19H24N3S2


+ Bb2 
9 8,3955 5,3715 0,6881   100 64 8 -- C 8,9 9,0 9,2 9,0 683,1776 683,1765 C24H43N8O3S6


+ Cabc 
10 7,0662 5,5733 3,1541   100 79 45 -- B 8,8 8,9 8,3 8,7 478,1181 478,1179 C16H28N7O2S4


+ Bac 
11 4,4474 2,8187 0,3954   100 63 9 -- C 4,7 4,7 5,3 4,9 697,2185 697,2195 C27H49N6O3S6


+ Cb2 
12 8,6172 18,8118 3,4217 5,3004 100 218 40 62 A 8,3 8,6 8,0 8,3 372,1311 372,1333 C18H22N5S2


+ Ac 
13 7,5496 5,9556 3,5043   100 79 46 -- B 9,4 9,5 9,2 9,4 506,1495 506,1493 C18H32N7O2S4


+ Bbc 
14 3,6530 2,3579 0,2790   100 65 8 -- C 3,9 4,0 3,7 3,9 697,1682 697,1675 C23H41N10O3S6


+ Cac2 
15 4,2295 2,9060 0,3814   100 69 9 -- C 4,5 4,9 5,1 4,8 725,1995 725,1976 C25H45N10O3S6


+ Cbc2 
16 3,6024 2,8949 1,6866   100 80 47 -- B 4,5 4,6 4,4 4,5 543,1292 543,1315 C17H30N9O2S4


+ Bc3 
17 1,1849 0,7798 0,1411   100 66 12 -- C 1,3 1,3 1,9 1,5 370,0986 370,0941 C24H44N12O3S2


2+ Cc3 
a Crude integrals from HPLC chromatogram. 
b Absorption ratios relative to the 245 nm absorption.  
c Calculated from peak integral corrected for relative absorption (see table inserted in Figure 2a). 







 


 
Figure S2. All monitored wavelengths of the HPLC chromatogram from the supernatant after denaturation of G-


quadruplex 5´-(biotin-d[(GT2AG2)5])-3´. 
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Evaluation of compounds 


Circular Dichroism 


Samples were prepared to provide a Tris-HCl buffer (10 mM KCl, 10 mM Tris-HCl, pH 7.4) and a 


2 μM final concentration of oligonucleotide 5´-d[(G3(T2A3G3)3]-3´ in double distilled water. Test 


compounds were added from aqueous stock solutions to give a final concentration of 10 µM. All samples 


were annealed by heating to 95 °C for 10 min and slowly cooled to room temperature. CD spectra were 


recorded on a J-815 CD-Spectrometer (JASCO) using a quartz cell of 5 mm optical path length and 100 


nm/min scanning speed with a response time of 1 second in the wavelength ranges 220-320 nm with a 


data pitch of 0.1 nm. The final CD spectra are results of five averaged scans at 25 °C. Data were corrected 


for signal contributions due to the buffer. Tm experiments were performed with a heating rate of 0.2 


°C/min at a 295 nm wavelength with a data pitch of 0.1 °C in the temperature interval 25-95 °C. Tm 


curves were afterwards smoothened using a moving average method and normalized for comparison of 


data. 
 


Surface Plasmon Resonance 


Surface plasmon resonance (SPR) measurements were performed with a four-channel BIAcore 3000 


optical biosensor system (Biacore Inc.) equipped with a streptavidin-coated sensor chip. The oligomer 5'-


biotin-d[T7(T2AG3)4]-3' was heated at 95 °C for 5 min and annealed by slow cooling to form quadruplex 


in filtered and degassed buffer 20 mM Tris-HCl, 200 mM KCl, pH 7.4. The quadruplex was then 


immobilized (~400 RU) on flow cell 3. Similarly, 5'-biotin-d[(AGT2AG)5]-3' was immobilized (~400 


RU) on flow cell 2, leaving flow cell 1 and 4 as blank. Data from the blank flow cells were subtracted 


from the sample flow cells (2 and 3) to remove bulk responses caused by different refractive indexes of 


sample and running buffer. The baselines were adjusted to zero on the y (SPR response) axis and aligned 


to the injection time on the x (time) axis. 


DNA binding experiments were carried out in running buffer (filtered and degassed 20 mM 


KH2PO4, 150 mM KCl, 0.005 % surfactant P20, 0.5 mM EDTA, pH 7.4) at a flow rate of 20 μl/min. 


Ligand solutions at different concentrations (4, 12, 37, 111, 333 and 1000 nM) were prepared in degassed 


running buffer by serial dilutions from stock solution. These solutions were injected (80 µL/min for 120 


s) in random series to avoid any systematic error. Chip regeneration was performed using 1 M KCl. Data 


was analyzed using BIAevaluation 4.0.1. The curves were fitted to a 1:1 model (Figure S3). 
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Figure S3. The x-axis represents time (s) and the y-axis the observed response (RU). Sensorgrams are shown for the 


binding of ligands Aa (top) and Ac (bottom) to 5'-biotin-d[T7(T2AG3)4]-3'. 
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Experimental section 


 All reactions were carried out under nitrogen. DMSO was distilled from CaH2. 


Unless noted, all commercial reagents were used without further purification. 


cis-Enynols 1a-q were synthesized through multistep transformations by the modified 


procedures according to the published reports[1]. (Z)-Enynol 1r was prepared by the 


published procedure.[2] IBX was prepared by the published reports.[3] IBA and DMP 


were purchased from Aldrich chemical company. 
 1H and 13C NMR spectra were recorded at 300 and 75.4 MHz, respectively, and in 


CDCl3 (containing 0.03% TMS) solutions. 1H NMR spectra was recorded with 


tetramethylsilane (d= 0.00 ppm) as internal reference; 13C NMR spectra was recorded 


with CDCl3 (d = 77.00 ppm) as internal reference. Melting points were uncorrected. 


NMR yields were determined using dibromomethane as an internal standard. 


High-resolution mass spectra was obtained by using Waters Micromass GCT mass 


spectrometer. Single crystal X-ray diffraction data was collected in Bruker SMART 


APEX diffractiometers with molybdenum cathodes. Elemental analyses were 


performed on an Italian Carlo-Erba 1106 analyzer. 


 


A typical procedure for the synthesis of (Z)-enynols 1a-1f and 6.[1a,b]   


CO2Et


R1 R1


R2


HO


i) DIBAL-H


 ii) R2MgBr or R2Li


CO2Et


Ph Ph


Ph
HO


i) DIBAL-H


 ii) PhMgBr


1a


1a-1f


 
Synthesis of 1a. To a solution of 5-phenyl-pent-2-en-4-ynoic acid ethyl ester (8.02 


g, 40.0 mmol) in dry dichloromethane (200 mL) at -78 oC (internal temperature) was 


added dropwise of DIBAL (42 mL, 42 mmol, 1.0 M solution in toluene). The solution 


was stirred at -78 oC for 1.5 h, then quenched with 25 mL of 1 M HCl. The solution 


was diluted with 40 mL of ether and allowed to warm up to room temperature. The 


aqueous layer was extracted three times with ether. The combined organic layers were 
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washed successively with 1M HCl, water, and saturated sodium chloride solution, and 


then dried over sodium sulfate. Purification by chromatography on silica gel (eluent: 


petroleum ether : ethyl acetate = 10:1) afforded the crude aldehyde, which was used 


directly for the next step without further purification. To a solution containing above 


aldehyde in THF at 0 oC was added 2.0 equiv phenylmagnesium bromide (prepared 


from 2 equiv of phenylbromide and magnesium turning). The mixture was stirred at 


room temperature until the reaction was complete as monitored by TLC. The reaction 


was quenched by saturated NH4Cl solution and extracted with ether. The aqueous layer 


was extracted three times with ether. The combined organic layers were dried over 


Na2SO4. Purification by column chromatography on silica gel (eluent: petroleum ether : 


ethyl acetate = 7:1) afforded 1a in 54% yield (5.03 g) as a yellow solid. M.p. 43-45 oC. 
1H NMR (CDCl3, Me4Si) d 3.00 (s, 1H), 5.74 (d, J= 10.5 Hz, 1H), 5.85 (d, J= 8.4 Hz,


1H), 6.06 (dd, J= 10.5 Hz, 8.4 Hz, 1H), 7.19-7.30 (m, 6H), 7.41-7.45 (m, 4H); 13C 


NMR (CDCl3, Me4Si) d 71.89, 85.36, 94.97, 109.59, 122.83, 125.74, 127.54, 128.28, 


128.37, 128.43, 131.39, 142.31, 144.11; IR (neat) 3389, 3060, 2187, 1489, 1027, 754 


cm-1; HRMS (EI) calcd for C17H14O 234.1045, found 234.1043. 


 


HO
Ph


Br


 
(Z)-1-(4-bromophenyl)-5-phenyl-pent-2-en-4-yn-1-ol (1b). Isolated yield: 34%. 


White solid. M.p. 89-90 oC. 1H NMR (CDCl3, Me4Si) d 2.49 (s, 1H), 5.82 (d, J= 10.8 


Hz, 1H), 5.85 (d, J= 7.5 Hz, 1H), 6.05 (dd, J= 10.7 Hz, 8.6 Hz, 1H), 7.32-7.34 (m, 5H), 


7.43-7.48 (m, 4H); 13C NMR (CDCl3, Me4Si) d 71.41, 85.04, 95.42, 110.35, 121.51, 


122.68, 127.51, 128.41, 128.62, 131.47, 131.58, 141.24, 143.44; IR (neat) 3345, 3062, 


2888, 1488, 1032, 825, 690 cm-1; Anal. Calcd for C17H13OBr: C, 65.19, H, 4.18, Br, 


25.51; Found C, 65.26, H, 4.27, Br, 25.85. 


 


HO
Ph


OMe


 
(Z)-1-(4-Methoxyphenyl)-5-phenyl-pent-2-en-4-yn-1-ol (1c). Isolated yield: 42%. 
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White solid. M.p. 69-70 oC. 1H NMR (CDCl3, Me4Si) d 2.17 (s, 1H), 3.80 (s, 3H), 5.80 


(d, J= 11.4 Hz, 1H), 5.86 (dd, J= 8.7, 3.0 Hz, 1H), 6.15 (dd, J= 10.8, 8.4 Hz, 1H), 6.90 


(d, J= 8.7 Hz, 2H), 7.33-7.48 (m, 7H); 13C NMR (CDCl3, Me4Si) d 55.13, 71.60, 85.35, 


94.93, 109.26, 113.86, 122.89, 127.05, 128.30, 128.38, 131.40, 134.65, 144.39, 158.98; 


IR (neat) 3383, 2189, 1611, 1513, 1243, 1027, 836 cm-1; Anal. Calcd for C18H16O2: C, 


81.79, H, 12.11; Found C, 81.56, H, 6.03. 


 


MeO


HO
Cl


 


(Z)-1-(4-Chlorophenyl)-5-(4-methoxy-phenyl)-pent-2-en-4-yn-1-ol (1d). Isolated 


yield: 65%. Yellow solid. M.p. 68 oC. 1H NMR (CDCl3, Me4Si) d 2.50 (s, 1H), 3.81 (s, 


3H), 5.81 (d, J= 10.5 Hz, 1H), 5.85 (dd, J= 8.9 Hz, 2.1 Hz, 1H), 6.02 (dd, J= 10.8 Hz, 


8.4 Hz, 1H), 6.86 (d, J= 9.0 Hz, 2H), 7.29-7.41 (m, 6H); 13C NMR (CDCl3, Me4Si) d 


55.27, 71.37, 83.91, 95.52, 110.60, 114.06, 114.81, 127.18, 128.62, 132.98, 133.27, 


140.90, 142.74, 159.82; IR (neat) 3190, 2189, 1598, 1508, 1293, 1033, 831 cm-1; Anal. 


Calcd for C18H15O2Cl: C, 72.36, H, 5.06, Cl, 11.87; Found C, 72.31, H, 5.19, Cl, 11.76. 


 


Cl


HO
Cl


 


(Z)-1,5-Bis(4-chlorophenyl)-pent-2-en-4-yn-1-ol (1e). Isolated yield: 66%. Yellow 


solid. M.p. 58 oC. 1H NMR (CDCl3, Me4Si) d 2.45 (d, J= 3.0 Hz, 1H), 5.81 (d, J= 10.2 


Hz, 1H), 5.83 (dd, J= 7.7 Hz, 2.4 Hz, 1H), 6.08 (dd, J= 11.0 Hz, 8.6 Hz, 1H), 7.28-7.40 


(m, 8H); 13C NMR (CDCl3, Me4Si) d 71.39, 85.94, 94.20, 110.10, 121.16, 127.15, 


128.69, 128.77, 132.67, 133.44, 134.67, 140.59, 143.89 ; IR (neat) 3193, 2195, 1587, 


1487, 1090, 825 cm-1; Anal. Calcd for C17H12OCl2: C, 67.35, H, 3.99, Cl, 23.39; Found 


C, 67.21, H, 4.35, Cl, 23.00. 
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Ph


Et
HO


 
(Z)-7-Phenyl-hept-4-en-6-yn-3-ol (1f). This compound was prepared by Sonogashira 


coupling of corresponding 1Z-1-iodo-pent-1-en-3-ol with terminal alkyne. 1H NMR 


(CDCl3, Me4Si) d 0.98 (t, J= 7.5 Hz, 3H), 1.55-1.76 (m, 2H), 2.25 (s, 1H), 4.69 (q, J= 


7.5 Hz, 1H), 5.77 (d, J= 10.5 Hz, 1H), 5.94 (dd, J= 10.8 Hz, 8.1 Hz, 1H), 7.29-7.33 (m, 


3H), 7.40-7.44 (m, 2H); 13C NMR (CDCl3, Me4Si) d 9.51, 29.58, 71.48, 85.30, 94.59, 


109.97, 122.97, 128.29, 128.33, 131.34, 145.06; IR (neat) 3446, 3061, 2969, 2195, 


1649, 1490, 694 cm-1; HRMS (EI) calcd for C13H14O 186.1045, found 186.1050. 


 


HO
Ph


Ph
Ph


 
(Z)-1,1,5-Triphenyl-pent-2-en-4-yn-1-ol (6). Isolated yield: 62%. Brown solid, M.p. 


64 oC. 1H NMR (CDCl3, Me4Si) d 4.09 (s, 1H), 6.00 (d, J= 11.4 Hz, 1H), 6.63 (d, J= 


11.7 Hz, 1H), 7.24-7.48 (m, 15H); 13C NMR (CDCl3, Me4Si) d 80.03, 85.23, 98.34, 


108.76, 122.34, 126.69, 127.25, 128.18, 128.24, 128.66, 131.38, 146.11, 148.18; IR 


(neat) 3575, 3051, 2193, 1596, 1489, 999, 759 cm-1; HRMS (EI) calcd for C23H18O: 


310.1358, found 310.1353. 
 


A typical procedure for the synthesis of (Z)-enynols 1g-1k.[1b] 


 


Et


OH


Ph


Et


Et


Ph
HO


i) MnO2


ii) EtMgBr


1h  


 


Synthesis of 1h. To a solution of (Z)-2-ethyl-5-phenyl-pent-2-en-4-yn-1-ol (86.5 mg, 


0.45 mmol) in dichloromethane was added MnO2 (885 mg, 9 mmol, or 40~50 equiv 


MnO2). After stirring at room temperature for 10 h, the solution was filtered and 







 7


concentrated. Then 2 mL THF was added at 0 oC followed by adding 2.0 equiv 


ethylmagnesium bromide. The mixture was stirred at room temperature until the 


reaction was complete as monitored by TLC. Purification by column chromatography 


on silica gel afforded 1h as a yellow oil in 61% overall yield (60.3 mg). 


(Z)-4-Ethyl-7-phenyl-hept-4-en-6-yn-3-ol (1h). 1H NMR (CDCl3, Me4Si) d 0.98 (t, J 


= 7.4 Hz, 3H), 1.10 (t, J = 7.4 Hz, 3H), 1.61-1.77 (m, 2H), 2.09 (bs, 1H), 2.11-2.32 (m, 


2H), 4.84 (t, J= 7.1 Hz, 1H), 5.58 (s, 1H), 7.29-7.42 (m, 5H); 13C NMR (CDCl3, Me4Si) 


d 10.26, 12.33, 23.14, 28.43, 74.34, 86.23, 94.11, 104.33, 123.53, 127.94, 128.27, 


131.14, 158.64; IR (neat) 3418, 3092, 2965, 2195, 1489, 1490, 1012, 755 cm-1; HRMS 


(EI) calcd for C15H18O 214.1358, found 214.1351. 
 


Bu


Ph


Et


HO
 


(Z)-2-Ethyl-1-phenyl-non-2-en-4-yn-1-ol (1g). Isolated yield: 60%. 1H NMR (CDCl3, 


Me4Si) d 0.89-0.98 (m, 6H), 1.39-1.59 (m, 4H), 1.85-1.94 (m, 1H), 2.14-2.23 (m, 1H), 


2.34-2.40 (m, 3H), 5.43-5.46 (m, 1H), 6.06 (d, J= 4.2 Hz, 1H), 7.22-7.36 (m, 3H), 


7.44-7.47 (m, 2H); 13C NMR (CDCl3, Me4Si) d 12.15, 13.56, 19.25, 21.98, 22.56, 


30.84, 73.64, 95.08, 105.57, 125.41, 127.04, 128.12, 142.20, 155.83; IR (neat) 3476, 


3061, 2961, 2191, 1602, 1450, 1025, 700 cm-1; HRMS (EI) calcd for C17H22O 


242.1671, found 242.1667. 


 
Et


Ph


Ph
HO


      
(Z)-2-Ethyl-1,5-diphenyl-pent-2-en-4-yn-1-ol (1i). Isolated yield: 68%. 1H NMR 


(CDCl3, Me4Si) d 0.96 (t, J= 7.5 Hz, 3H), 1.92-2.01 (m, 1H), 2.24-2.32 (m, 1H), 2.50 


(s, 1H), 5.66 (s, 1H), 6.21 (s, 1H), 7.21-7.34 (m, 6H), 7.40-7.51 (m, 4H); 13C NMR 


(CDCl3, Me4Si) d 12.05, 22.44, 73.58, 86.55, 93.82, 105.02, 123.35, 125.35, 127.13, 


128.05, 128.19, 128.28, 131.28, 141.97, 157.88; IR (neat) 3444, 3060, 2966, 1595, 
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1490, 1037, 755 cm-1; HRMS (EI) calcd for C19H18O: 262.1358, found 262.1364. 


 
Et


Ph
HO


Cl


 
(Z)-1-(4-Chlorophenyl)-2-ethyl-5-phenyl-pent-2-en-4-yn-1-ol (1j). Isolated yield: 


72%. 1H NMR (CDCl3, Me4Si) d 0.98 (t, J= 7.2 Hz, 3H), 1.90-1.99 (m, 1H), 2.21-2.23 


(m, 1H), 2.32 (d, J= 3.9 Hz, 1H), 5.68 (t, J= 1.5 Hz, 1H), 6.18 (d, J= 3.9 Hz, 1H), 


7.28-7.36 (m, 5H), 7.42-7.45 (m, 4H); 13C NMR (CDCl3, Me4Si) d 12.11, 22.41, 73.04, 


86.24, 94.11, 105.50, 123.18, 126.81, 128.24, 128.38, 131.31, 132.88, 140.38, 157.34; 


IR (neat) 3449, 3080, 2967, 2195, 1489, 1091, 755 cm-1; HRMS (EI) calcd for 


C19H17OCl: 296.0968, found 296.0970. 


 
Et


Ph
HO


OMe


 
(Z)-2-Ethyl-1-(4-methoxyphenyl)-5-phenyl-pent-2-en-4-yn-1-ol (1k). Isolated yield: 


73%. 1H NMR (CDCl3, Me4Si) d 0.99 (t, J= 7.5 Hz, 3H), 1.96-2.05 (m, 1H), 2.25-2.33 


(m, 1H), 2.30 (d, J= 3.9 Hz, 1H), 3.79 (s, 3H), 5.65 (t, J= 1.5 Hz, 1H), 6.14 (d, J= 3.9 


Hz, 1H), 6.86-6.89 (m, 2H), 7.29-7.33 (m, 3H), 7.39-7.45 (m, 4H); 13C NMR (CDCl3, 


Me4Si) d 12.17, 22.62, 55.21, 73.45, 86.57, 93.91, 104.73, 113.62, 123.43, 126.63, 


128.07, 128.33, 131.30, 134.20, 158.20, 158.76; IR (neat) 3467, 3031, 2965, 2187, 


1610, 1509, 1034, 756 cm-1; HRMS (EI) calcd for C20H20O2: 292.1463, found 


292.1473. 


 


A typical procedure for the synthesis of enynols 1l-1q.[1c-e] 
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Ph
Ph


OH


I Ph
HO


Ph


Ph
HO


Ph


Ph


i) 1.6 eq Red-Al


ii) ICl or I2


1.1 Ph


2% (PPh3)2PdCl2, 5% CuI
in Et3N, rt to 50 oC, 1 h


1l  
 


1) Synthesis of (Z)-3-iodo-1,3-diphenylprop-2-en-1-ol 


 Under a nitrogen atmosphere, to a solution of 1,3-diphenylprop-2-yn-1-ol (3.12 g, 


15 mmol) in dry THF (40 ml) was add Red-Al (7.2 ml, 24 mmol, 65% w/w in toluene) 


at 0 oC, then the mixture was warmed to room temperature and stirred for 3 h. A 


solution of ICl in THF (30 ml, 30 mmol, 1.0 M in THF) was added dropwise at -78 oC. 


Then the mixture was warmed up to room temperature and stirred for 1 h and then 50 
oC for additional 1h. The mixture was treated with an aqueous solution of potassium 


sodium tartrate (10 g in 100 ml H2O), and extracted with ethyl acetate (3 x 40 ml). The 


extract was washed with saturated Na2S2O3, brine, dried over anhydrous MgSO4 and 


evaporated. Chromatography on silica gel (eluent: petroleum ether/ethyl acetate = 10/1) 


afforded (Z)-3-iodo-1,3-diphenylprop-2-en-1-ol in 67% yield (3.38 g). 1H NMR 


(CDCl3, Me4Si) d 2.36 (d, J= 2.1 Hz, 1H), 5.60 (dd, J= 7.7, 3.2 Hz, 1H), 6.19 (d, J= 8.1 


Hz, 1H), 7.24-7.53 (m, 10H); 13C NMR (CDCl3, Me4Si) d 78.78, 105.54, 126.08, 


127.74, 128.06, 128.48, 128.52, 128.56, 139.43, 141.57, 141.98; HRMS (EI) calcd for 


C15H13OI: 336.0011, found 336.0025.  


 


2) Synthesis of compound (Z)-1,3,5-triphenylpent-2-en-4-yn-1-ol 


To a solution of (Z)-3-iodo-1,3-diphenylprop-2-en-1-ol (168 mg, 0.5 mmol) in Et3N (5 


ml) was added ethynylbenzene (60.3 uL, 0.55 mmol), PdCl2(PPh3)2 (7.0 mg, 0.01 


mmol) and CuI (4.8 mg, 0.025 mmol) at room temperature. Then the mixture was 


warmed up to 50 oC and stirred for 1 h. The mixture was filtrated, and the filtrate was 


evaporated to remove Et3N under reduce pressure. The residue was extracted with 


ethyl acetate (3 x 40 ml), washed with brine, dried over anhydrous MgSO4 and 
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evaporated. Chromatography on silica gel (eluent: petroleum ether/ethyl acetate = 10/1) 


afforded (Z)-1,3,5-triphenylpent-2-en-4-yn-1-ol in 97% yield (150 mg) as a  liquid. 


(Z)-1,3,5-Triphenyl-pent-2-en-4-yn-1-ol (1l). 1H NMR (CDCl3, Me4Si) d 2.24 (d, J= 


3.6 Hz, 1H), 6.10 (dd, J= 8.7, 3.0 Hz, 1H), 6.59 (d, J= 8.7 Hz, 1H), 7.27-7.41 (m, 9H), 


7.54-7.58 (m, 4H), 7.68-7.71 (m, 2H); 13C NMR (CDCl3, Me4Si) d 72.92, 85.89, 96.44, 


122.72, 123.93, 125.85, 126.24, 127.59, 128.18, 128.33, 128.37, 128.51, 128.58, 


131.53, 136.91, 138.24, 142.49. The spectroscopic data is in agreement with that 


previously reported.[1f] 
 


I


Bu


HO
Ph


 


3-Iodo-1-phenyl-hept-2-en-1-ol. Isolated yield: 77%. The structure was further 


comfirmed by HMBC and NOESY spectra. 1H NMR (CDCl3, Me4Si) d 0.89 (t, J= 7.1 


Hz, 3H), 1.22-1.34 (m, 2H), 1.45-1.55 (m, 2H), 2.48 (t, J= 7.5 Hz, 2H), 2.57 (bs, 1H), 


5.41 (d, J= 7.8 Hz, 1H), 5.76 (d, J= 7.2 Hz, 1H), 7.22-7.43 (m, 5H); 13C NMR (CDCl3, 


Me4Si) d 13.81, 21.32, 31.21, 45.03, 78.24, 110.86, 125.88, 127.64, 128.45, 136.35, 


142.03; HRMS (EI) calcd for C13H17OI: 316.0324, found 316.0327. 


 


I


Ph


HO
Cl


 


(Z)-1-(4-chlorophenyl)-3-iodo-3-phenylprop-2-en-1-ol. Isolated yield: 73%. 1H 


NMR (CDCl3, Me4Si) d 2.69 (d, J= 3.3 Hz, 1H), 5.55 (dd, J= 8.0, 3.5 Hz, 1H), 6.11 (d, 


J= 8.1 Hz, 1H), 7.23-7.33 (m, 5H), 7.41-7.44 (m, 4H); 13C NMR (CDCl3, Me4Si) d 


78.35, 106.28, 127.51, 128.27, 128.56, 128.77, 128.91, 133.64, 139.05, 140.04, 141.97; 


IR (neat) 3381, 3038, 2896, 1595, 1489, 1013, 758 cm-1; HRMS (EI) calcd for 


C15H12OClI: 369.9621, found 369.9626. 
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Bu


HO
Ph


Ph  
(Z)-3-Butyl-1,5-diphenyl-pent-2-en-4-yn-1-ol (1m). Isolated yield: 80%. Yellow 


solid. M.p. 49-50 oC. 1H NMR (CDCl3, Me4Si) d 0.91 (t, J= 7.2 Hz, 3H), 1.30-1.38 (m, 


2H), 1.53-1.63 (m, 2H), 2.23 (t, J= 7.7 Hz, 2H), 2.35 (bs, 1H), 5.86 (d, J= 8.7 Hz, 1H), 


5.90 (d, J= 8.7 Hz, 1H), 7.21-7.38 (m, 6H), 7.46-7.48 (m, 4H); 13C NMR (CDCl3, 


Me4Si) d 13.88, 22.03, 30.31, 36.67, 72.57, 87.18, 94.72, 123.07, 124.95, 125.70, 


127.40, 128.31, 128.43, 131.50, 138.31, 143.01; IR (neat) 3286, 3032, 2952, 1489, 


1018, 760 cm-1; HRMS (EI) calcd for C21H22O: 290.1671, found 290.1670.  


 
TMS


HO
Ph


Ph  
(E)-1,5-Diphenyl-3-(trimethylsilyl)pent-2-en-4-yn-1-ol (1n). Isolated yield: 51%. 1H 


NMR (CDCl3, Me4Si) d 0.20 (s, 9H), 2.46 (d, J= 1.8 Hz, 1H), 5.92 (dd, J= 8.0, 2.0 Hz, 


1H), 6.27 (d, J= 7.8 Hz, 1H), 7.28-7.37 (m, 6H), 7.42-7.49 (m, 4H); 13C NMR (CDCl3, 


Me4Si) d -2.11, 73.46, 87.75, 99.09, 123.74, 125.77, 125.87, 127.49, 128.06, 128.29, 


128.48, 131.38, 142.54, 150.04; IR (neat) 3394, 3062, 2957, 1489, 1249, 1037, 842 , 


698 cm-1; HRMS (EI) calcd for C20H22OSi: 306.1440, found 306.1453. 


 


Ph


HO
Ph


 


(E)-1,3-Diphenyl-pent-2-en-4-yn-1-ol (1o). Isolated yield: 54% (two steps of 


Sonagashira coupling/desilylation). 1H NMR (CDCl3, Me4Si) d 2.71 (d, J= 3.0 Hz, 1H), 


3.39 (s, 1H), 5.96 (dd, J= 8.7, 2.7 Hz, 1H), 6.55 (d, J= 9.0 Hz, 1H), 7.22-7.35 (m, 6H), 


7.45-7.48 (d, J= 7.5 Hz, 2H), 7.56-7.59 (m, 2H); 13C NMR (CDCl3, Me4Si) d 72.63, 


80.08, 84.56, 123.06, 125.81, 126.18, 127.68, 128.30, 128.35, 128.53, 136.41, 139.81, 


142.31; IR (neat) 3289, 3030, 2098, 1493, 1020, 697 cm-1; HRMS (EI) calcd for 


C17H14O: 234.1045, found 234.1050. 
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Bu


HO
Ph


 


(Z)- 3-Butyl-1-phenyl-pent-2-en-4-yn-1-ol (1p). Isolated yield: 50% (two steps of 


Sonagashira coupling/desilylation). 1H NMR (CDCl3, Me4Si) d 0.86 (t, J= 7.2 Hz, 3H), 


1.23-1.35 (m, 2H), 1.45-1.55 (m, 2H), 2.13 (t, J= 7.5 Hz, 2H), 2.54 (d, J= 3.3 Hz, 1H), 


3.19 (s, 1H), 5.74 (dd, J= 9.0, 2.7Hz, 1H), 5.88 (d, J= 8.7 Hz, 1H), 7.19-7.42 (m, 5H); 
13C NMR (CDCl3, Me4Si) d 13.79, 21.94, 30.01, 36.44, 72.19, 81.48, 82.56, 123.82, 


125.63, 127.40, 128.37, 139.91, 142.80; IR (neat) 3293, 3030, 2930, 2093, 1602, 1451, 


1014, 759 cm-1; HRMS (EI) calcd for C15H18O: 214.1358, found 214.1361. 


 


Ph


HO
Cl


 


(E)-1-(4-Chlorophenyl)-3-phenyl-pent-2-en-4-yn-1-ol (1q). Isolated yield: 66% 


(two steps of Sonagashira coupling/desilylation). Brown solid, M.p. 64-66 oC. 1H 


NMR (CDCl3, Me4Si) d 2.68 (d, J= 7.2 Hz, 1H), 3.43 (d, J= 0.6 Hz, 1H), 5.94 (d, J= 


8.7 Hz, 1H), 6.50 (d, J= 9.0 Hz, 1H), 7.28-7.42 (m, 7H), 7.56-7.60 (m, 2H); 13C NMR 


(CDCl3, Me4Si) d 72.03, 79.91, 84.84, 123.49, 126.17, 127.18, 128.43, 128.51, 128.66, 


133.37, 136.18, 139.19, 140.68; IR (neat) 3279, 1594, 1494, 1088, 1012, 825, 649 cm-1; 


HRMS (EI) calcd for C17H13OCl: 268.0655, found 268.0666. 


 


A typical procedure for IBX-mediated oxidation of 


(Z)-1,5-Diphenyl-pent-2-en-4-yn-1-ol (1a): To a solution of (Z)-enynol 1a (150 mg, 


0.64 mmol) in 1.83 mL DMSO was added 2.0 equiv IBX (358 mg, 1.28 mmol). The 


resulting solution was stirred at room temperature for 45 minutes. After the reaction, 


the precipitate of IBA was removed by filtration and the filtrate was extracted with 


ether and washed with water. The aqueous phase was extracted with ether for three 


times. The combined organic layers were dried over anhydrous Na2SO4, and 
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concentrated in vacuo. The crude product was purified by chromatography on silica 


gel to afford the (Z)-1,5-diphenyl-pent-2-en-4-yn-1-one 2a in 81% yield. 


 


A typical procedure for IBX-mediated cyclization of (Z)- 


3-butyl-1,5-diphenyl-pent-2-en-4-yn-1-ol (1m): To a solution of (Z)-enynol 1m (102 


mg, 0.35 mmol) in 1.0 mL DMSO was added 3.0 equiv IBX (296 mg, 1.05 mmol). The 


resulting solution was stirred at 90 oC until the reaction was complete as monitored by 


thin-layer chromatography. After the reaction, the precipitate of IBA was removed by 


filtration and the filtrate was extracted with ether and washed with water. The aqueous 


phase was extracted with ether for three times. The combined organic layers were dried 


over anhydrous Na2SO4, and concentrated in vacuo. The crude product was purified by 


chromatography on silica gel to afford the 2-acyl furan derivative 


(3-butyl-5-phenyl-furan-2-yl)-phenyl-methanone (3m) in 70% yield. 


 


Ph
O


Ph


 
(Z)-1,5-Diphenyl-pent-2-en-4-yn-1-one (2a). Column chromatography on silica gel 


(petroleum ether / ethyl acetate =18:1) afforded the title product in 81% isolated yield 


as a pale yellow solid. M.p. 57-60 oC. 1H NMR (CDCl3, Me4Si) d 6.44 (d, J= 12.0 Hz, 


1H), 7.07 (d, J= 12.0 Hz, 1H), 7.29-7.56 (m, 8H), 7.96-7.99 (m, 2H); 13C NMR (CDCl3, 


Me4Si) d 87.58, 100.73, 121.38, 122.44, 128.22, 128.52, 128.55, 129.12, 132.12, 


132.64, 132.91, 137.66, 189.81; IR (neat) 3062, 2186, 1658, 1229, 968, 753 cm-1; 


HRMS (EI) calcd for C17H12O: 232.0888, found 232.0898. 


 


O Ph
Ph


O  


Phenyl(5-phenyl-furan-2-yl)methanone (3a). Column chromatography on silica gel 


(petroleum ether / ethyl acetate =18:1) afforded the title product in 79% isolated yield 


as a yellow solid. 1H NMR (CDCl3, Me4Si) d 6.83 (d, J= 4.2 Hz, 1H), 7.31 (d, J= 3.6 


Hz, 1H), 7.37-7.60 (m, 6H), 7.80-7.84 (m, 2H), 7.99-8.02 (m, 2H); 13C NMR (CDCl3, 
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Me4Si) d 107.36, 122.82, 124.97, 128.29, 128.78, 129.12, 129.18, 132.28, 137.44, 


151.25, 158.26, 181.97. The spectroscopic data is in agreement with that previously 


reported.[5] 
 


O
Ph


O Br  
(5-(4-Bromophenyl)furan-2-yl)(phenyl)methanone (3b). Column chromatography 


on silica gel (petroleum ether / ethyl acetate =7:1) afforded the title product in 64% 


isolated yield as a yellow solid. M.p. 119-121 oC. 1H NMR (CDCl3, Me4Si) d 6.82 (d, 


J= 3.6 Hz, 1H), 7.28 (d, J= 3.6 Hz, 1H), 7.48-7.68 (m, 7H), 7.97 (d, J= 6.9 Hz, 2H); 
13C NMR (CDCl3, Me4Si) d 107.80, 122.81, 123.36, 126.43, 128.09, 128.39, 129.12, 


132.04, 132.44, 137.34, 151.39, 157.12, 182.05; IR (neat) 1634, 1468, 1321, 1072, 985, 


697 cm-1; HRMS (EI) calcd for C17H11O2Br: 325.9942, found 325.9928. 


 


O
Ph


O OMe  
(5-(4-Methoxyphenyl)-furan-2-yl)(phenyl)methanone (3c). Column 


chromatography on silica gel (petroleum ether / ethyl acetate =6:1) afforded the title 


product in 72% isolated yield as a yellow solid. M.p. 85-86 oC. 1H NMR (CDCl3, 


Me4Si) d 3.83 (s, 3H), 6.69 (d, J= 3.9 Hz, 1H), 6.95 (d, J= 8.7 Hz, 2H), 7.27 (d, J= 3.9 


Hz, 1H), 7.47-7.61 (m, 3H), 7.75 (d, J= 8.7 Hz, 2H), 7.97 (d, J= 7.8 Hz, 2H); 13C NMR 


(CDCl3, Me4Si) d 55.24, 105.99, 114.20, 121.94, 123.49, 126.62, 128.27, 129.04, 


132.15, 137.61, 150.66, 158.68, 160.39, 181.88; IR (neat) 3068, 2966, 1599, 1477, 


1255, 837 cm-1; HRMS (EI) calcd for C18H14O3: 278.0943, found 278.0940. 


 


O
O Cl


MeO


 


[5-(4-Chloro-phenyl)-furan-2-yl]-(4-methoxy-phenyl)-methanone (3d). Column 
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chromatography on silica gel (petroleum ether / ethyl acetate =7:1) afforded the title 


product in 67% isolated yield as a pale yellow solid. M.p. 123 oC. 1H NMR (CDCl3, 


Me4Si) d 3.89 (s, 3H), 6.80 (d, J= 3.6 Hz, 1H), 7.00 (d, J= 9.0 Hz, 2H), 7.28 (d, J= 3.6 


Hz, 1H), 7.39 (d, J= 8.7 Hz, 2H), 7.72 (d, J= 8.7 Hz, 2H), 8.04 (d, J= 8.7 Hz, 2H); 13C 


NMR (CDCl3, Me4Si) d 55.41, 107.61, 113.66, 121.86, 126.10, 127.83, 129.07, 129.87, 


131.54, 134.85, 151.75, 156.53, 163.15, 180.63; IR (neat) 1633, 1473, 1309, 1039, 987, 


802 cm-1; HRMS (EI) calcd for C18H13O3Cl: 312.0553, found 312.0560. 


 


O
O Cl


Cl


 


(4-Chloro-phenyl)-[5-(4-chloro-phenyl)-furan-2-yl]-methanone (3e). Column 


chromatography on silica gel (petroleum ether / ethyl acetate =12:1) afforded the title 


product in 86% isolated yield as a pale yellow solid. M.p. 160 oC. 1H NMR (CDCl3, 


Me4Si) d 6.84 (d, J= 3.9 Hz, 1H), 7.33 (d, J= 4.2 Hz, 1H), 7.43 (d, J= 8.7 Hz, 2H), 7.51 


(d, J= 8.4 Hz, 2H), 7.74 (d, J= 8.4 Hz, 2H), 7.97 (d, J= 8.4 Hz, 2H); 13C NMR (CDCl3, 


Me4Si) d 107.83, 122.76, 126.21, 127.55, 128.71, 129.16, 130.58, 135.22, 135.54, 


138.84, 151.21, 157.25, 180.52; IR (neat) 1638, 1470, 1312, 1097, 987, 803 cm-1; 


HRMS (EI) calcd for C17H10O2Cl2: 316.0058, found 316.0064. 


 


O Et
Ph


O  


(5-Ethyl-furan-2-yl)(phenyl)methanone (3f). Column chromatography on silica gel 


(petroleum ether / ethyl acetate =12:1) afforded the title product in 60% isolated yield 


as a brown liquid. 1H NMR (CDCl3, Me4Si) d 1.31 (t, J= 7.5 Hz, 3H), 2.79 (q, J= 7.5 


Hz, 2H), 6.22 (d, J= 3.6 Hz, 1H), 7.12 (d, J= 3.3 Hz, 1H), 7.44-7.56 (m, 3H), 7.90-7.92 


(m, 2H); 13C NMR (CDCl3, Me4Si) d 11.62, 21.66, 107.36, 122.67, 128.18, 128.92, 


132.05, 137.57, 150.57, 164.02, 182.12; IR (neat) 3064, 2977, 1779, 1642, 1509, 1321, 


881 cm-1; HRMS (EI) calcd for C13H12O2: 200.0837, found 200.0831. 
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O Et
Ph


O


Et


 


(4,5-Diethyl-furan-2-yl)(phenyl)methanone (3h). Column chromatography on silica 


gel (petroleum ether / ethyl acetate =10:1) afforded the title product in 41% isolated 


yield as a yellow liquid. 1H NMR (CDCl3, Me4Si) d 1.17 (t, J= 7.7 Hz, 3H), 1.29 (t, J= 


7.5 Hz, 3H), 2.42 (q, J= 7.7 Hz, 2H), 2.73 (q, J= 7.5 Hz, 2H), 7.06 (s, 1H), 7.45-7.56 


(m, 3H), 7.90-7.93 (m, 2H); 13C NMR (CDCl3, Me4Si) d 12.71, 14.86, 17.65, 19.89, 


123.45, 123.72, 128.24, 129.04, 131.96, 137.90, 149.72, 159.05, 182.06; IR (neat) 


3062, 2972, 1768, 1510, 884, 714 cm-1; HRMS (EI) calcd for C15H16O2: 228.1150, 


found 228.1154. 


 


O Ph
Ph


O


Et


 


(4-Ethyl-5-phenyl-furan-2-yl)(phenyl)methanone (3i). Column chromatography on 


silica gel (petroleum ether / ethyl acetate =15:1) afforded the title product in 68% 


isolated yield as a yellow liquid. 1H NMR (CDCl3, Me4Si) d 1.29 (t, J= 7.5 Hz, 3H), 


2.75 (q, J= 7.5 Hz, 2H), 7.26 (s, 1H), 7.34-7.60 (m, 6H), 7.73-7.76 (m, 2H), 8.00-8.04 


(m, 2H); 13C NMR (CDCl3, Me4Si) d 14.11, 19.04, 123.75, 125.71, 126.51, 128.30, 


128.54, 128.67, 129.20, 130.21, 132.21, 137.57, 150.08, 153.02, 182.05; IR (neat) 


3062, 2970, 1782, 1481, 1209, 693 cm-1; HRMS (EI) calcd for C19H16O2: 276.1150, 


found 276.1157. 


 


O
Ph


O


Et


Cl  


(5-(4-Chlorophenyl)-4-ethyl-furan-2-yl)(phenyl)methanone (3j). Column 


chromatography on silica gel (petroleum ether / ethyl acetate =12:1) afforded the title 


product in 85% isolated yield as a yellow solid. M.p. 75 oC. 1H NMR (CDCl3, Me4Si) d 
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1.28 (t, J= 7.4 Hz, 3H), 2.71 (q, J= 7.5 Hz, 2H), 7.22 (s, 1H), 7.38-7.68 (m, 7H), 


7.96-7.80 (m, 2H); 13C NMR (CDCl3, Me4Si) d 13.92, 19.02, 123.65, 125.97, 127.57, 


128.28, 128.60, 128.86, 129.09, 132.26, 134.34, 137.39, 150.01, 151.71, 181.93; IR 


(neat) 2967, 1638, 1476, 1323, 892, 732 cm-1; Anal. Calcd for C19H15O2Cl: C, 73.43, H, 


4.86, Cl, 11.41; Found C, 73.30, H, 5.11, Cl, 11.16. 


 


O
Ph


O


Et


OMe  


[4-Ethyl-5-(4-methoxy-phenyl)-furan-2-yl]-phenyl-methanone (3k). Column 


chromatography on silica gel (petroleum ether / ethyl acetate =9:1) afforded the title 


product in 81% isolated yield as a yellow liquid. 1H NMR (CDCl3, Me4Si) d 1.27 (t, J= 


7.4 Hz, 3H), 2.70 (q, J= 7.4 Hz, 2H), 3.82 (s, 3H), 6.95 (d, J = 9.0 Hz, 2H), 7.23 (s, 1H), 


7.46-7.59 (m, 3H), 7.68 (d, J= 8.7 Hz, 2H), 7.97-8.00 (m, 2H); 13C NMR (CDCl3, 


Me4Si) d 14.04, 18.97, 55.17, 114.06, 122.87, 124.11, 124.33, 127.96, 128.22, 129.06, 


132.02, 137.70, 149.50, 153.35, 159.76, 181.79; IR (neat) 3061, 2967, 1637, 1484, 


1254, 834 cm-1; HRMS (EI) calcd for C20H18O3: 306.1256, found 306.1270. 


 


O Ph
Ph


O


Ph


 


(3,5-Diphenyl-furan-2-yl)-phenyl-methanone (3l). Column chromatography on 


silica gel (petroleum ether / ethyl acetate =20:1) afforded the title product in 50% 


isolated yield as a yellow solid. 1H NMR (CDCl3, Me4Si) d 6.96 (s, 1H), 7.31-7.54 (m, 


9H), 7.58-7.63 (m, 2H), 7.75-7.78 (m, 2H), 7.93-7.98 (m, 2H); 13C NMR (CDCl3, 


Me4Si) d 109.76, 124.91, 128.00, 128.09, 128.34, 128.91, 129.14, 129.20, 129.66, 


129.83, 132.12, 134.83, 137.60, 137.95, 145.82, 155.91, 183.36. The spectroscopic 


data is in agreement with that previously reported.[6] 
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O Ph
Ph


O


Bu


 


(3-Butyl-5-phenyl-furan-2-yl)-phenyl-methanone (3m). Column chromatography 


on silica gel (petroleum ether / ethyl acetate =18:1) afforded the title product in 70% 


isolated yield as a yellow liquid. 1H NMR (CDCl3, Me4Si) d 0.96 (t, J= 7.4 Hz, 3H), 


1.41-1.48 (m, 2H), 1.63-1.71 (m, 2H), 2.96 (t, J= 7.7 Hz, 2H), 6.77 (s, 1H), 7.32-7.42 


(m, 3H), 7.47-7.56 (m, 3H), 7.69-7.72 (m, 2H), 8.06-8.09 (m, 2H); 13C NMR (CDCl3, 


Me4Si) d 13.90, 22.51, 26.08, 31.59, 109.73, 124.76, 128.09, 128.81, 128.92, 129.41, 


129.48, 131.89, 138.24, 140.50, 147.18, 155.54, 183.21; IR (neat) 3064, 2957, 1637, 


1476, 1291, 907, 691 cm-1; HRMS (EI) calcd for C21H20O2: 304.1463, found 304.1459. 


 


O Ph
Ph


O


TMS


 


Phenyl-(5-phenyl-3-trimethylsilyl-furan-2-yl)-methanone (3n) . Column 


chromatography on silica gel (petroleum ether / ethyl acetate =30:1) afforded title 


product in 70% isolated yield as a yellow solid. M.p. 79-81 oC. 1H NMR (CDCl3, 


Me4Si) d 0.40 (s, 9H), 6.88 (s, 1H), 7.31-7.42 (m, 3H), 7.51-7.56 (m, 3H), 7.71-7.74 


(m, 2H), 8.14-8.17 (m, 2H); 13C NMR (CDCl3, Me4Si) d -1.40, 0.86, 113.38, 124.82, 


128.19, 128.80, 128.86, 129.47, 129.80, 132.19, 134.15, 137.51, 155.67, 156.46, 


182.47; IR (neat) 3067, 2959, 1635, 1468, 1267, 1060, 842 cm-1; HRMS (EI) calcd for 


C20H20O2Si: 320.1233, found 320.1234. 


 


O Ph
H


O


Ph


  


3,5-Diphenyl-furan-2-carbaldehyde (3o). Column chromatography on silica gel 


(petroleum ether / ethyl acetate =8:1) afforded the title product in 78% isolated yield as 


a yellow solid. M.p. 100-101 oC. 1H NMR (CDCl3, Me4Si) d 6.93 (s, 1H), 7.38-7.59 (m, 


8H), 7.82-7.86 (m, 2H), 9.70 (s, 1H); 13C NMR (CDCl3, Me4Si) d 108.44, 125.30, 
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128.55, 128.81, 128.84, 129.13, 129.74, 130.44, 140.90, 146.55, 158.25, 177.09; IR 


(neat) 2836, 1667, 1450, 1252, 928, 763 cm-1; Anal. calcd for C17H12O2: C, 82.24; H, 


4.87; Found C, 82.39, H, 5.07. 


 


O Ph
H


O


Bu


 


3-Butyl-5-phenyl-furan-2-carbaldehyde (3p). Column chromatography on silica gel 


(petroleum ether / ethyl acetate =20:1) afforded the title product in 76% isolated yield 


as a red liquid. 1H NMR (CDCl3, Me4Si) d 0.95 (t, J= 7.2 Hz, 3H), 1.34-1.47 (m, 2H), 


1.60-1.70 (m, 2H), 2.81 (t, J= 7.7 Hz, 2H), 6.72 (s, 1H), 7.34-7.45 (m, 3H), 7.76-7.81 


(m, 2H), 9.75 (s, 1H); 13C NMR (CDCl3, Me4Si) d 13.71, 22.18, 24.43, 32.00, 109.19, 


125.10, 128.76, 128.91, 129.42, 141.19 (br), 147.57, 158.13, 176.88 (br); IR (neat) 


2957, 1672, 1452, 1259, 931, 765 cm-1; HRMS (EI) calcd for C15H16O2: 228.1150, 


found 228.1145. 


 


O
H


O


Ph


Cl  


5-(4-Chloro-phenyl)-3-phenyl-furan-2-carbaldehyde (3q). Column 


chromatography on silica gel (petroleum ether / ethyl acetate =10:1) afforded the title 


product in 40% isolated yield as a yellow solid. M.p. 103-105 oC. 1H NMR (CDCl3, 


Me4Si) d 6.93 (s, 1H), 7.40-7.60 (m, 7H), 7.78 (d, J= 8.7 Hz, 2H), 9.71 (s, 1H); 13C 


NMR (CDCl3, Me4Si) d 108.79, 126.58, 127.13, 128.88, 128.94, 129.19, 129.31, 


130.30, 135.76, 140.92, 146.73, 157.11, 177.17; IR (neat) 2835, 1659, 1477, 1091, 927, 


827 cm-1; HRMS (EI) calcd for C17H11O2Cl: 282.0448, found 282.0455. 


 


Ph
Ph


Ph


O


 
1,1,5-Triphenylpent-1-en-4-yn-3-one (7). Column chromatography on silica gel 
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(petroleum ether / ethyl acetate =8:1) afforded the title product in 23% isolated yield as 


a pale yellow solid. M.p. 134-137 oC. 1H NMR (CDCl3, Me4Si) d 6.75 (s, 1H), 7.14 (d, 


J= 7.5 Hz, 2H), 7.24 (t, J= 7.5 Hz, 2H), 7.32-7.42 (m, 11H); 13C NMR (CDCl3, Me4Si) 


d 88.73, 92.29, 120.19, 127.70, 128.10, 128.19, 128.48, 128.82, 129.34, 130.06, 


130.12, 130.77, 133.04, 138.21, 140.69, 157.79, 177.69; IR (neat) 2200, 1602, 1488, 


1301, 1185, 759 cm-1; HRMS (EI) calcd for C23H16O: 308.1201, found 308.1188. 


 


EtEt


O
Ph


MeO  


(Z)-2,3-Diethyl-5-(4-methoxyphenyl)-1-phenylpent-2-en-4-yn-1-one (2r). The title 


compound was prepared by the reaction with 2 equiv. IBX in DMSO at room 


temperature for 1 h. Column chromatography on silica gel (petroleum ether / ethyl 


acetate =30:1) afforded the title product in 87% isolated yield as a pale yellow solid. 


M.p. 60-62 oC. 1H NMR (CDCl3, Me4Si) d 1.09 (t, J= 7.7 Hz, 3H), 1.25 (t, J= 7.5 Hz, 


3H), 2.41 (q, J= 7.6 Hz, 2H), 2.54 (q, J= 7.5 Hz, 2H), 3.71 (s, 3H), 6.64 (d, J= 9.0 Hz, 


2H), 6.76 (d, J= 8.7 Hz, 2H), 7.43-7.56 (m, 3H), 7.98 (d, J= 6.9 Hz, 2H); 13C NMR 


(CDCl3, Me4Si) d 13.18, 23.68, 25.42, 55.09, 87.64, 96.49, 113.50, 114.98, 125.64, 


128.34, 129.56, 132.53, 132.73, 137.55, 145.76, 159.32, 199.83; HRMS (EI) calcd for 


C22H22O2: 318.1620, found 318.1634. 


 
EtEt


O
Ph


MeO


O
O


Ph


EtEt
MeOEtEt


HO
Ph


MeO


+
3.0 IBX


DMSO, 90 0C, 13 h


1r 2r 3r
1.8:1  


(3,4-Diethyl-5-phenylfuran-2-yl)(4-methoxyphenyl)methanone (3r). Column 


chromatography on silica gel (petroleum ether / ethyl acetate =20:1) afforded the 


products as a mixture of 2r and 3r in a ratio of 1.8:1 in 72% combined yield as a pale 
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yellow solid. 1H NMR (CDCl3, Me4Si) for 3r: d 1.28 (m, 6H), 2.71 (q, J= 7.6 Hz, 2H), 


2.54 (q, J= 7.5 Hz, 2H), 3.86 (s, 3H), 6.98 (d, J= 8.7 Hz, 2H), 7.31-7.36 (m, 1H), 7.44 


(d, J= 7.5 Hz, 2H), 7.68-7.71 (m, 2H), 8.13-8.17 (m, 2H); 13C NMR (CDCl3, Me4Si) 


for 3r: d 14.47, 14.73, 16.83, 17.84, 55.29, 113.34, 125.69, 126.17, 128.18, 128.74, 


130.69, 130.97, 131.87, 140.54, 146.74, 150.68, 162.61, 181.64; HRMS (EI) calcd for 


C22H22O3: 334.1569, found 334.1577. 


 


Reference: 
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J. W. Herndon, Org. Lett. 2003, 5, 2043; c) J. A. Marshall, B. A. Dehoff, J. Org. 


Chem. 1986, 51, 863; d) K. D. Kim, P. A. Magriotis, Tetrahedron Lett. 1990, 43, 


6137; e) D. L. Romero, E. L. Fritzen, Tetrahedron Lett. 1997, 38, 8659; f) S. Wang, 


Y. Tu, P. Chen, X. Hu, F. Zhang, A. Wang, J. Org. Chem. 2006, 71, 4343. 


[2] S. Guo, H. Zhang, F. Song and Y. Liu, Tetrahedron 2007, 63, 2009. 
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Dess, J. C. Martin, J. Org. Chem. 1983, 48, 4155. 
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X-ray single-crystal structure of 3c. 







 23


 


 


 


 







 24


 


 


 


 







 25


 


 


 


 







 26


 


 


 


 







 27


 


 


 


 







 28


 


 


 


 







 29


 


 


 


 







 30


 


 


 


 







 31


 


 


 


 







 32


 


 


 


 







 33


 


 


 


 







 34


 


 


 


 







 35


 


 


 


 







 36


 


 


 


 







 37


 


 


 


 







 38


 


 


 


 







 39


 


 


 


 


 







 40


 


 


 


 


 







 41


 


 


 


 







 42


 


 


 


 







 43


 


 


 


 







 44


 


 


 


 







 45


 


 


 


 







 46


 


 


 


 







 47


 


 


 


 







 48


 


 


 


 







 49


 


 


 


 







 50


 


 


 


 







 51


 


 


 


 







 52


 







 53


 


 


 


 







 54


 


 


 


 







 55


 


 


 


 







 56


 


 


 


 







 57


 


 


 


 







 58


 


 


 


 







 59


 


 


 


 


 








 
 
 
 
 
 
 
 


 
 
 
 
 
 


Supporting Information 
 


© Copyright Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, 2008 
 


 


 







 


Supporting Material 1 


 
 
 
 
 
 
 
 
 


Mastering the Third Dimension of Salicylaldimine-type Ligand Systems: 
Development of a Convenient Route to Bis(“ferrocene-


saliminato”)zirconium Chemistry 
 
 
 


Jochen Niemeyer, Gerald Kehr, Roland Fröhlich, Gerhard Erker* 
 
 
 


Organisch-Chemisches Institut, Universität Münster 
Corrensstr. 40, 48149 Münster (Germany) 


Fax: (+49)251-83-36503 
E-mail: erker@uni-muenster.de 


 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 







  


Supporting Material 2 
 


General remarks: 
 
Materials: All reactions involving air- or moisture-sensitive compounds were carried out 
under an inert gas atmosphere (Argon) by using Schlenk-type glassware or in a glovebox. 
Solvents were dried and distilled prior to use. Unless otherwise noted, all starting materials 
were commercially available and were used without further purification. Ferrocenes (S,S)-2 
and (S,S,Sp)-3 were prepared according to literature procedures.[1]  
Techniques: The following instruments were used for physical characterization of the 
compounds: melting points: TA-instruments DSC Q-20; elemental analyses: Foss–Heraeus 
CHNO-Rapid; HPLC: Chiralcel OD-H column, hexanes : isopropanol = 95 : 5 at 1 ml/min; 
IR: Varian 1300 FT-IR; NMR: Varian UNITY plus NMR spectrometer (1H: 599.9 MHz; 13C: 
150.8 MHz); Varian INOVA 500 (1H: 499.8 MHz, 13C: 125.7 MHz) (numbering schemes 
used for the NMR listings are unsystematic); Polarimetric measurements: Perkin-Elmer 
Polarimeter 341 (unit used for all values of optical rotations is [deg . ml . g-1 . dm-1], the 
respective concentration is given in a unit of [10 mg . ml-1])  
X-ray crystal structure determinations: Data sets were collected with Nonius KappaCCD 
diffractometer, equipped wit a rotating anode generator. Programs used: data collection 
COLLECT (Nonius B.V., 1998), data reduction Denzo-SMN (Z. Otwinowski, W. Minor, 
Methods in Enzymology, 1997, 276, 307-326), absorption correction SORTAV (R.H. Blessing, 
Acta Cryst. 1995, A51, 33-37; R.H. Blessing, J. Appl. Cryst. 1997, 30, 421-426) and Denzo (Z. 
Otwinowski, D. Borek, W. Majewski, W. Minor, Acta Cryst. 2003, A59, 228-234), structure 
solution SHELXS-97 (G.M. Sheldrick, Acta Cryst. 1990, A46, 467-473), structure refinement 
SHELXL-97 (G.M. Sheldrick, Acta Cryst. 2008, A64, 112-122), graphics SCHAKAL (E. 
Keller, 1997). 
CCDC 690703 and 690704 contain the supplementary crystallographic data for this paper. 
These data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or 
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, 
UK; fax: (internat.) +44(1223)336-033, E-mail: deposit@ccdc.cam.ac.uk]. 
 
 
Syntheses of new compounds: 


1) (2S,4S,Sp)-(−)-1-Acetoxy-2-(4-methoxymethyl-1,3-dioxan-2-yl)ferrocene ((S,S,Sp)-4) 


 


The iodoferrocene 3 (17.2 g, 38.9 mmol, 1 eq) and copper(I)oxide 
(5.57 g, 38.9 mmol, 1 eq) were suspended in 500 ml of acetonitrile. 
After addition of acetic acid (11.2 ml, 195 mmol, 5 eq), the mixture 
was heated to 80 °C for three hours under an argon atmosphere. The 
solvent was removed and the crude product was purified by column 
chromatography (cyclohexane : ethyl acetate = 2 : 1) to yield the 
product (S,S,Sp)-4 as an orange oil (13.7 g, 36.6 mmol, 94.1 %).  
 
 


[α]D
20 = -111.2 (c = 1.02 in dichloromethane); 1H NMR (499.8 MHz, [D6]benzene, 298 K): δ 


= 5.55 (s, 1 H; H-6), 4.47 (dd, 3J(H,H) = 2.7 Hz, 4J(H,H) = 1.6 Hz, 1 H, H-3), 4.35 (dd, 
3J(H,H) = 2.7 Hz, 4J(H,H) = 1.6 Hz, 1 H, H-5), 4.27 (s, 5 H, Cp), 3.92 (ddd, 2J(H,H) = 11.4 
Hz, 3J(H,H) = 5.1 Hz, 3J(H,H) = 1.4 Hz, 1 H, H-10eq), 3.75 (dddd, 3J(H,H) = 11.4 Hz, 3J(H,H) 
= 5.7 Hz, 3J(H,H) = 4.7 Hz, 3J(H,H) = 2.5 Hz, 1 H, H-8), 3.70 (t, 3J(H,H) = 2.7 Hz, 1 H, H-4), 
3.51 (ddd, 3J(H,H) = 12.5 Hz, 2J(H,H) = 11.4 Hz, 3J(H,H) = 2.6 Hz, 1 H, H-10ax), 3.29 (dd, 
2J(H,H) = 10.2 Hz, 3J(H,H) = 5.7 Hz, 1 H, H-12), 3.14 (dd, 2J(H,H) = 10.2 Hz, 3J(H,H) = 4.7 
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Hz, 1 H, H-12´), 3.11 (s, 3 H, OMe), 1.82 (s, 3 H, COMe), 1.62 (dddd, 2J(H,H) = 13.2 Hz, 
3J(H,H) = 12.5 Hz, 3J(H,H) = 11.4 Hz, 3J(H,H) = 5.1 Hz, 1 H, H-9ax), 1.01 (dtd, 2J(H,H) = 
13.2 Hz, 3J(H,H) = 2.5 Hz, 3J(H,H) = 1.4 Hz, 1 H, H-9eq); 


13C NMR (125.7 MHz, 
[D6]benzene, 298 K): δ = 168.4 (COMe), 114.3 (C-1), 99.0 (C-6), 78.3 (C-2), 76.3 (C-8), 75.8 
(C-12), 70.6 (Cp), 66.6 (C-10), 62.8 (C-5), 62.4 (C-4), 62.0 (C-3), 59.1 (OMe), 28.5 (C-9), 
20.7 (COMe); IR (ATR): ν bar= 1757 cm-1 (C=O); elemental analysis calcd (%) for 
C18H22FeO5: C 57.77, H 5.93; found: C 57.51, H 5.96. 
 
 


2) (2S,4S,Sp)-(−)-1-(tert-Butyldiphenylsiloxy)-2-(4-methoxy-methyl-1,3-dioxan- 2-yl)-
ferrocene ((S,S,Sp)-5a) 


 
The acetate 4 (7.50 g, 20.0 mmol, 1 eq) was dissolved in 60 ml of 
N,N-dimethylformamide and sodium methoxide (1.19 g, 22.0 mmol, 
1.1 eq) was added in one portion, yielding a dark red solution. After 
90 minutes, tert-butylchlorodiphenylsilane (5.73 ml, 22.0 mmol,       
1.1 eq) was added and the bright yellow mixture was stirred overnight. 
The solvent was removed and the residue was purified by column 
chromatography (cyclohexane : ethyl acetate = 6 : 1) to yield (S,S,Sp)-
5a (10.8 g, 18.9 mmol, 94.6 %) as a yellow oil.  
 


[α]D
20 = -139.9 (c = 1.01 in dichloromethane); 1H NMR (599.6 MHz, [D1]chloroform,        


298 K): δ =7.90 (ps d, 2 H, o-Ph), 7.66 (ps d, 2 H, o-Ph´), 7.50-7.44 (m, 3 H, m-Ph, p-Ph), 
7.37 (m, 1 H, p-Ph´), 7.30 (ps t, 2 H, m-Ph´), 5.78 (s, 1 H, H-6), 4.34 (dd, 2J(H,H) = 11.4 Hz, 
3J(H,H) = 4.8 Hz, 1 H, H-10eq), 4.10 (s, 5 H, Cp), 4.06-3.96 (m, 3 H, H-3, H-8, H-10ax), 3.50 
(t, 3J(H,H) = 2.5 Hz, 1 H, H-4), 3.45 (m, 1 H, H-5), 3.43 (dd, 2J(H,H) = 10.0 Hz, 3J(H,H) = 
5.0 Hz, 1 H, H-12), 3.35 (dd, 2J(H,H) = 10.0 Hz, 3J(H,H) = 5.6 Hz, 1 H, H-12´), 3.30 (s, 3 H, 
OMe), 1.85 (dtd, 2J(H,H) = 13.2 Hz, 3J(H,H) = 12.5 Hz, 3J(H,H) = 5.0 Hz, 1 H, H-9ax), 1.56 
(bd, 2J(H,H) = 13.2 Hz, 1 H, H-9eq), 1.06 (s, 9 H, C(CH3)3); 


13C NMR (150.8 MHz, 
[D6]benzene, 298 K): δ = 135.7, 135.6 (o-Ph, o-Ph´), 133.8 (ipso-Ph), 132.1 (ipso-Ph´), 130.0 
(p-Ph), 129.7 (p-Ph´), 127.7 (m-Ph), 127.5 (m-Ph´), 120.3 (C-1), 99.5 (C-6), 76.0 (C-8), 75.4 
(C-12), 74.7 (C-2), 69.7 (Cp), 67.2 (C-10), 60.3 (C-4), 60.0 (C-3), 59.8 (C-5), 59.3 (OMe), 
28.5 (C-9), 26.5 (C(CH3)3), 19.4 (C(CH3)3); IR (ATR): ν bar = 1198 cm-1 (C-OSi); elemental 
analysis calcd (%) for C32H38FeO4Si: C 67.36, H 6.71; found: C 67.18, H 6.84. 
 
 


3) (Sp)-(+)-1-(tert-Butyldiphenylsiloxy)-2-formylferrocene ((Sp)-5)  


 
The acetal 5a (16.7 g, 29.3 mmol, 1 eq) and p-toluene sulfonic acid   
(11.1 g, 58.5 mmol, 2 eq) were dissolved in a two-phase mixture of     
300 ml of dichloromethane and 100 ml of water. The mixture was heated 
to reflux for three hours under vigorous stirring, the phases were 
separated and the organic phase was dried over magnesium sulfate. 
Filtration and removal of the solvent gave the crude product, which was 
purified by filtration on silica (cyclohexane : ethyl acetate = 4 : 1). The 


resulting deep red oil was dissolved in 150 ml of pentane and the solution was stored at 4 °C 
overnight. Removal of the supernatant liquid gave a red solid, which was recrystallized twice 
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from pentane at – 30 °C. This gave 12.2 g of the product (Sp)-5 (26.0 mmol, 88.7 %, ee > 
99.5 %). 
 
M.p. 117°C; [α]D


20 = +465 (c = 0.53 in dichloromethane)); 1H NMR (599.7 MHz, 
[D6]benzene, 298 K): δ = 10.8 (s, 1 H, CHO), 7.85 (m, 2 H, o-Ph), 7.62 (m, 2 H, o-Ph´), 7.24-
7.19 (m, 3 H, m-Ph, p-Ph), 7.14-7.07 (m, 3 H, m-Ph´, p-Ph´), 4.48 (dd, 3J(H,H) = 2.8 Hz, 
4J(H,H) = 1.5 Hz, 1 H, H-3), 3.93 (s, 5 H, Cp), 3.74 (dd, 3J(H,H) = 2.8 Hz, 4J(H,H) = 1.5 Hz, 
1 H, H-5), 3.55 (t, 3J(H,H) = 2.8 Hz, 1 H, H-4), 1.08 (s, 9 H, C(CH3)3); 


13C NMR 125.7 MHz, 
[D6]benzene, 298 K): δ = 190.9 (CHO), 136.0 (o-Ph), 135.8 (o-Ph´), 133.4 (ipso-Ph), 132.1 
(ipso-Ph´), 130.6 (m-Ph), 130.4 (m-Ph´), 128.2 (p-Ph, p-Ph´), 125.0 (C-1), 70.6 (Cp), 69.7   
(C-2), 65.5 (C-4), 63.4 (C-5), 61.5 (C-3), 26.7 (C(CH3)3), 19.6 (C(CH3)3); IR (KBr): ν bar = 
1674 cm-1 (C=O); elemental analysis calcd (%) for C27H28FeO2Si: C 69.23; H 6.02, found:   
C 69.24, H 6.01. 
 
HPLC-analysis: 


 
 
 


4) (Sp)-(+)-N-2,6-Diisopropylphenyl-1-tert-butyldiphenylsiloxy-2-iminomethylferrocene  
((Sp)-6a) 


 
The aldehyde 5 (5.00 g, 10.7 mmol, 1 eq), 2,6-diisopropylaniline      
(10.1 ml, 53.4 mmol, 5 eq) and p-toluene sulfonic acid (203 mg,        
1.07 mmol, 0.1 eq) were dissolved in 40 ml of toluene and heated to 
80°C overnight. Removal of the solvent gave the crude product, which 
was purified by column chromatography (cyclohexane : triethylamine = 
9 : 1) to give the imine (Sp)-6a as an orange solid (6.27 g, 9.99 mmol, 
93.3 %). 
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M.p. 116°C; [α]D


20 = +505 (c = 1.03 in dichloromethane); 1H NMR (499.8 MHz, 
[D1]chloroform, 298 K): δ = 8.51 (t, 4J(H,H) = 0.6 Hz, 5J(H,H) = 0.6 Hz, 1 H, CHN), 7.85 (m, 
2 H, o-PhSi), 7.60 (m, 2 H, o-Ph´Si), 7.50 (m, 1H, p-PhSi), 7.46 (m, 2 H, m-PhSi), 7.42 (m, 1 H, 
p-Ph´Si), 7.34 (m, 2 H, m-Ph´Si), 7.16 (m, 2 H, m-Ph), 7.10 (m, 1 H, p-Ph), 4.66 (ddd, 3J(H,H) 
= 2.7 Hz, 4J(H,H) = 1.5 Hz, 4J(H,H) = 0.6 Hz, 1 H, H-3), 4.15 (s, 5 H, Cp), 3.91 (td, 3J(H,H) 
= 2.7 Hz, 5J(H,H) = 0.6 Hz, 1 H, H-4), 3.72 (dd, 3J(H,H) = 2.7 Hz, 4J(H,H) = 1.5 Hz, 1 H,    
H-5), 3.16 (sept, 3J(H,H) = 7.0 Hz, 2 H, CH), 1.27 (d, 3J(H,H) = 7.0 Hz, 6 H, CH3), 1.20 (d, 
3J(H,H) = 7.0 Hz, 6 H, CH3´), 1.02 (s, 9 H, C(CH3)3); 


13C NMR (125.7 MHz, [D1]chloroform, 
298 K): δ = 160.8 (CHN), 149.8 (ipso-Ph), 138.0 (o-Ph), 135.7 (o-PhSi), 135.5 (o-Ph´Si), 133.3 
(ipso-PhSi), 132.0 (ipso-Ph´Si), 130.3 (p-PhSi), 130.1 (p-Ph´Si), 127.9 (m-PhSi), 127.8 (m-Ph´Si), 
123.7 (p-Ph), 123.3 (C-1), 122.9 (m-Ph), 70.4 (C-2), 69.9 (Cp), 63.6 (C-4), 61.5 (C-5), 60.0 
(C-3), 27.7 (CH), 26.7 (C(CH3)3), 23.8 (CH3´), 23.6 (CH3), 19.4 (C(CH3)3); IR (KBr): ν bar = 
1629 cm-1 (C=N); elemental analysis calcd (%) for C39H45FeNOSi: C 74.62, H 7.23, 2.23; 
found: C 75.09, H 7.34, N 2.29. 
 
 


5) (Sp)-(−)-N-2,6-Diisopropylphenyl-2-iminomethylferrocen-1-ol ((Sp)-6)  


 
The imine 6a (5.19 g, 8.27 mmol, 1 eq) and tetra-n-butyl ammonium 
fluoride (5.22 g, 16.5 mmol, 2 eq) were dissolved in 200 ml of tetra-
hydrofurane and the solution was stirred for two hours. The solvent was 
removed and the crude product was purified by column chromatography 
under argon (cyclohexane : ethyl acetate : triethylamine = 8 : 1 : 1, 
solvents were degassed before use). Two fractions were collected and 
the solvent was removed. The oily residues were dissolved in 100 ml of 
pentane each and the solutions were kept at –30°C for two days. The 
deep red crystals of (Sp)-6 were isolated by removal of the mother 


liquors, to give a combined yield of 3.03 g (7.78 mmol, 94.1 %).  
The crystals were suitable for X-ray analysis. X-ray crystal structure analysis for 6a: formula 
C23H27FeNO, M = 389.31, red crystal 0.50 x 0.40 x 0.10 mm, a = 6.046(1), b = 16.281(1), c = 
20.324(1) Å, V = 2000.6(4) Å3, ρcalc = 1.293 g cm-3, µ= 0.764 mm-1, empirical absorption 
correction (0.701 ≤  T ≤  0.928), Z = 4, orthorhombic, space group P212121 (No. 19), λ= 
0.71073 Å, T = 198(2) K, ω and φ scans, 13921 reflections collected (±h, ±k, ±l), [(sinθ)/λ] = 
0.66 Å-1, 4547 independent (Rint = 0.031) and 4110 observed reflections [I ≥ 2 σ(I)], 240 
refined parameters, R = 0.032, wR2 = 0.076, max. (min.) residual electron density 0.16 (-0.25) 
e Å-3, Flack parameter 0.00(2), hydrogen atoms calculated and refined as riding atoms. 
 
M.p. 161°C; [α]D


20 = -1657 (c = 0.208 in dichloromethane); 1H NMR (499.8 MHz, 
[D1]chloroform, 298 K): δ = 9.02 (bs, OH), 8.30 (d, 4J(H,H) = 0.6 Hz, 1 H, CHN), 7.16-7.11 
(m, 3 H, m-Ph, p-Ph ), 4.54 (ddd, 3J(H,H) = 2.7 Hz, 4J(H,H) = 1.4 Hz, 4J(H,H) = 0.6 Hz, 1 H, 
H-3), 4.24 (s, 5 H, Cp), 4.14 (dd, 3J(H,H) = 2.7 Hz, 4J(H,H) = 1.4 Hz, 1 H, H-5), 4.03 (t, 
3J(H,H) = 2.7 Hz, 1 H, H-4), 3.07 (sept, 3J(H,H) = 7.0 Hz, 2 H, CH), 1.22 (d, 3J(H,H) =       
7.0 Hz, 6 H, CH3), 1.18 (d, 3J(H,H) = 7.0 Hz, 6 H, CH3´); 


13C NMR (125.7 MHz, 
[D1]chloroform, 298 K): δ = 168.1 (CHN), 147.4 (ipso-Ph), 138.5 (o-Ph), 134.8 (C-1), 124.8 
(p-Ph), 123.1 (m-Ph), 69.6 (Cp), 63.8 (C-2), 63.1 (C-4), 62.6 (C-5), 58.2 (C-3), 27.9 (CH), 
23.7 (CH3´), 23.4 (CH3); IR (KBr): ν bar = 1615 cm-1 (C=N); elemental Analysis calcd (%) 
for C23H27FeNO: C 70.96, H 6.99, N, 3.60; found: C 70.82, H, 6.95, N 3.64. 
 







  


Supporting Material 6 
 


6) (Sp)-(−)-N-2,6-Diisopropylphenyl-2-iminomethylferrocen-1-olato lithium ((Sp)-7)  


 


The alcohol 6 (1.70 g, 4.37 mmol, 1 eq) and lithium diisopropyl amide 
(468 mg, 4.37 mmol, 1 eq) were suspended in 20 ml of toluene. The 
mixture was stirred for three hours and the solvent was removed, giving 
an oily residue. Addition of 20 ml of pentane and removal of the solvent 
gave the product (Sp)-7 as a deep red powder (1.62 g, 4.10 mmol, 
93.8 %).  
 


M.p. 274°C; [α]D
20 = -533 (c = 0.100 in dichloromethane)); 1H NMR 


(599.6 MHz, [D2]dichloromethane, 228 K): δ = 7.97 (s, 1 H, CHN), 7.26 
(dd, 3J(H,H) = 5.4 Hz, 4J(H,H) = 3.8 Hz, 1 H, p-Ph), 7.16 (d, 3J(H,H) = 5.4 Hz, 1 H, m-PhA), 
7.16 (d, 3J(H,H) = 3.8 Hz, 1 H, m-PhB), 3.94 (dd, 3J(H,H) = 2.8 Hz, 4J(H,H) = 1.5 Hz, 1 H,   
H-3), 3.75 (s, 5 H, Cp), 3.67 (t, 3J(H,H) = 2.8 Hz, 1 H, H-4), 3.45 (bs, 1 H,  H-5), 3.36 (sept, 
3J(H,H) = 6.9 Hz, 1 H, CHB), 2.91 (sept, 3J(H,H) = 6.9 Hz, 1 H, CHA), 1.40 (d, 3J(H,H) =     
6.9 Hz, 3 H, CH3


B), 1.34 (d, 3J(H,H) = 6.9 Hz, 3 H, CH3
B´), 1.06 (d, 3J(H,H) = 6.9 Hz, 3 H, 


CH3
A), 1.03 (d, 3J(H,H) = 6.9 Hz, 3 H, CH3


A´); 13C NMR (150.8 MHz, [D2]dichloromethane, 
228 K): δ = 170.5 (CHN), 148.7 (ipso-Ph), 139.5 (o-PhB), 139.0 (o-PhA), 135.6 (C-1), 124.8 
(m-PhA), 123.5 (m-PhB), 122.9 (p-Ph), 68.2 (Cp), 63.5, 63.3, 63.2 (C-2,3,4), 58.9 (C-5), 27.6 
(CHA), 27.2 (CHB), 25.5 (CH3


A´), 24.2 (CH3
B), 23.1 (CH3


B´), 22.1 (CH3
A); IR (KBr): ν bar = 


1612 cm-1 (C=N); elemental analysis calcd (%) for C23H26FeLiNO: C 69.89, H 6.63, N 3.54; 
found: C 69.89, H 6.90, N 3.33. 
 
 


7) (+)-Tetrachlorobis[(κO-(Sp)-N-2,6-diisopropylphenylferrocen-2-iminium-methylferrocen-
1-olato]zirconium ((Sp,Sp)-8)  


 
The alcohol 6 (156 mg, 0.401 mmol, 2 eq) and zirconium 
tetrachloride (46.7 mg, 0.201 mmol, 1 eq) were dissolved in    
5 ml of dichloromethane, instantly giving a deep blue solution. 
The mixture was stirred overnight and the solvent was 
removed, giving 187 mg (0.185 mmol, 92.0 %) of the complex 
(Sp,Sp)-8 as a deep blue solid. 
 
M.p. >300°C; [α]20 = +665 (436 nm, c = 0.021 in dichloro-
methane); 1H NMR (599.6 MHz, [D2]dichloromethane,       


218 K): δ = 12.1 (d, 3J = 15.8 Hz, 2 H, NH), 8.30 (d, 3J = 15.8 Hz, 2 H, CHN), 7.44 (t,          
3J = 7.8 Hz, 2 H, p-Ph), 7.28 (d, 3J = 7.8 Hz, 2 H, m-PhA), 7.22 (d, 3J = 7.8 Hz, 2 H, m-PhB), 
5.67 (bd, 3J = 2.8 Hz, 2 H, H-5), 4.77 (t, 3J = 2.8 Hz, 2 H, H-4), 4.58 (s, 10 H, Cp), 4.33 (bs,  
2 H, H-3), 3.36 (sept, 3J = 6.8 Hz, 2 H, CHA), 3.00 (sept, 3J = 6.8 Hz, 2 H, CHB), 1.34 (d,       
3J = 6.8 Hz, 6 H, CH3


A), 1.19 (d, 3J = 6.8 Hz, 6 H, CH3
A´), 1.10 (d, 3J = 6.8 Hz, 6 H, CH3


B), 
1.07 (d, 3J = 6.8 Hz, 6 H, CH3


B´); 13C NMR (150.8 MHz, [D2]dichloromethane, 218 K): δ = 
173.4 (CHN), 144.3 (o-PhA), 143.9 (o-PhB), 133.5 (ipso-Ph), 130.3 (C-1), 130.0 (p-Ph), 124.1 
(m-PhA), 124.0 (m-PhB), 72.7 (C-4), 71.5 (Cp), 67.7 (C-5), 65.7 (C-3), 58.7 (C-2), 28.1 (CHB), 
28.0 (CHA), 23.9 (CH3


A), 23.4 (CH3
B´), 23.3 (CH3


A´), 22.9 (CH3
B); IR (KBr): ν bar = 1621 


cm-1 (C=N); elemental analysis calcd (%) for C46H54Cl4Fe2N2O2Zr: C 54.61, H 5.38, N 2.77; 
found: C 54.36, H 5.31, N 2.87. 
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8) (+)-Dichlorobis[(κN,κO-(Sp)-N-2,6-diisopropylphenyl-2-iminomethyl-ferrocen-1-
olato]zirconium ((Sp,Sp)-9)  


 
The lithium salt 7 (160 mg, 0.405 mmol, 2 eq) and zirconium 
tetrachloride (47.2 mg, 0.203 mmol, 1 eq) were suspended in 8 ml of 
toluene and the mixture was stirred overnight. After filtration through a 
glass frit, the resulting solution was stored at –30°C for one week. The 
resulting pink crystals were isolated by removal of the mother liquor 
and dried in vacuo to give 175 mg (0.156 mmol, 76.8 %) of the 
complex (Sp,Sp)-9.  
The crystals were suitable for X-ray analysis. Alternatively, X-ray 
quality single crystals could be obtained by diffusion of pentane into a 


solution of 9 in dichloromethane at –30°C. 
X-ray crystal structure analysis for 9: formula C46H52Cl2Fe2N22O2Zr * 0.25  CH2Cl2 * 0.75 
C5H12,  M = 1014.06, black crystal 0.40 x 0.20 x 0.15 mm, a = 20.4726(2), b = 23.3256(3), c 
= 10.5489(1) Å, V = 5037.48(9) Å3, ρcalc = 1.337 g cm-3, µ= 0.942 mm-1, empirical absorption 
correction (0.704 ≤ T ≤ 0.872), Z = 4, orthorhombic, space group P21212 (No. 18), λ= 0.71073 
Å, T = 223 K, ω and φ scans, 34232 reflections collected (±h, ±k, ±l), [(sinθ)/λ] = 0.66 Å-1, 
11676 independent (Rint = 0.058) and 8397 observed reflections [I ≥ 2 σ(I)], 573 refined 
parameters, R = 0.052, wR2 = 0.151, max. (min.) residual electron density 0.87 (-0.49) e Å-3, 
Flack parameter –0.02(2), hydrogen atoms calculated and refined as riding atoms, the mixture 
of solvents was refined with PART -1 using geometrical restraints (SADI for CH2Cl2 and 
DFIX for C5H12). 
 
M.p. 113°C; [α]20 = +138 (436 nm, c = 0.020 in dichloromethane); 1H NMR (599.6 MHz, 
[D2]dichloromethane, 298 K)[a]: Λ-isomer: δ = 8.29 (d, 4J(H,H) = 0.7 Hz, 1 H, CHN), 7.27      
(1 H), 7.22 (2 H) (each m, m-PhA, m-PhB, p-Ph), 4.48 (m, 1 H, H-3), 4.43 (s, 5 H, Cp), 4.34 (t, 
3J(H,H) = 2.8 Hz, 1 H, H-4), 4.30 (dd, 3J(H,H) = 2.8 Hz, 4J(H,H) = 1.3 Hz, 1 H, H-5), 3.53 
(sept, 3J(H,H) = 6.8 Hz, 1 H, CHA), 3.40 (sept, 3J(H,H) = 6.8 Hz, 1 H, CHB), 1.60 (d,    
3J(H,H) = 6.8 Hz, 3 H, CH3


B), 1.34 (d, 3J(H,H) = 6.8 Hz, 3 H, CH3
A), 1.27 (d, 3J(H,H) =     


6.8 Hz, 3 H, CH3
A´), 1.11 (d, 3J(H,H) = 6.8 Hz, 3 H, CH3


B´); ∆-isomer: δ = 8.35 (d, 4J =      
0.7 Hz, 1 H, CHN), 7.22 (m, 1 H, p-Ph), 7.18 (dd, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.6 Hz, 1 H, 
m-PhA), 7.14 (dd, 3J(H,H) = 7.5 Hz, 4J(H,H) = 1.6 Hz, 1 H, m-PhB), 4.74 (ddd, 3J(H,H) =     
2.8 Hz, 4J(H,H) = 1.4 Hz, 4J(H,H) = 0.7 Hz, 1 H, H-3), 4.52 (s, 5 H, Cp), 4.41 (t, 3J(H,H) = 
2.8 Hz, 1 H, H-4), 4.40 (dd, 3J(H,H) = 2.8 Hz, 4J(H,H) = 1.4 Hz, 1 H, H-5), 3.52 (sept, 
3J(H,H) = 6.7 Hz, 1 H, CHA), 3.16 (sept, 3J(H,H) = 6.7 Hz, 1 H, CHB), 1.46 (d, 3J(H,H) =     
6.7 Hz, 3 H, CH3


A), 1.42 (d, 3J(H,H) = 6.7 Hz, 3 H, CH3
A´), 1.12 (d, 3J(H,H) = 6.7 Hz, 3 H, 


CH3
B), 1.02 (d, 3J(H,H) = 6.7 Hz, 3 H, CH3


B´); 13C NMR (125.7 MHz, [D6]benzene, 298 K): 
Λ-isomer: δ = 176.5 (CHN), 151.7 (ipso-Ph), 142.1 (o-PhA), 141.9 (o-PhB), 127.1 (p-Ph), 
126.5 (C-1), 124.2 (m-PhA), 123.8 (m-PhB), 70.4 (Cp), 67.6 (C-4), 65.7 (C-2), 65.2 (C-5), 60.8 
(C-3), 28.0 (2 C, CHA, CHB), 25.8 (CH3


A´), 25.6 (CH3
B´), 24.0 (CH3


B), 23.6 (CH3
A);              


∆-isomer: δ = 175.6 (CHN), 150.8 (ipso-Ph), 142.3 (o-PhB), 141.8 (o-PhA), 127.1 (p-Ph), 
126.4 (C-1), 124.6 (m-PhB), 123.5 (m-PhA), 70.6 (Cp), 68.3 (C-4), 66.4 (C-2), 66.0 (C-5), 61.1 
(C-3), 28.3 (CHA), 27.9 (CHB), 26.2 (CH3


A´), 25.5 (CH3
B´), 24.4 (CH3


A), 23.9 (CH3
B); IR 


(KBr): ν bar = 1622 (s), 1565 (s) cm-1 (C=N); elemental analysis calcd (%) for 
C46H52Cl2Fe2N2O2Zr . 2 × C7H8


[b]: C 64.17, H 6.10, N 2.49 found: C 63.32, H 6.03, N 2.65.  
 
[a]: Dissolution of the crystalline material of (Sp,Sp,Λ)-9 at a temperature of < 233 K resulted in observance of a 
single set of resonances which were assigned to the isomer observed by X-ray analysis (Λ). Warming to 
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temperatures > 243K resulted in isomerization to a second isomer, assigned to be the ∆-isomer. The equilibrium 
ratio at 298 K was measured to be Λ : ∆ = 1 : 1.1 by integration in the 1H-NMR spectrum. 
[b] A sample of crystalline material obtained from crystallization from toluene was used for the elemental 
analysis. According to X-ray and NMR analyses of this material, two equivalents of toluene were cocrystallized 
per formula unit of 9. 
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Kinetic measurements 
 
Basic equations: 
Formation of the product:       I = A1 exp(-t/tau) + A3 
               [P]t = [P]0 exp(-kobs t) 
               -t/tau = -kobs t 
               kobs = 1/tau 
               ∆G‡ = -R T ln((kobs h)/(kb T)) 
               R = 8.31451 (m2·kg)/(s2·K·mol) 
               kb = 1.380658 10-23 J/K 
               h = 6.6260755 10-34 J s 
Consumption of the starting material:   I = -A1 exp(-t/tau) + A3 – A1 
 
Kinetic experiments: 
An NMR-tube containing the crystalline material of complex (p-S,p-S)-9 was cooled to –78°C 
and 0.7 ml of dichloromethane-[d2] were slowly added from a syringe. The NMR-tube was 
immersed into the spectrometer, which was precooled to –80°C and then adjusted to -25 °C. 
The measurement was repeated to proof reproducibility (series 1 and 2).  
 
Observation of decreasing of δ1H (starting material) = 8.28 (1 H, CHN). 
Observation of increasing of δ1H (product) = 8.35 (1 H, CHN). 
 


 Signal observed tau ∆G‡ (kJ / mol) ∆G‡ (kcal / mol) 
δ = 8.28 2787 76.65 18.30 


Series 1 
δ = 8.35 2067 76.03 18.16 
δ = 8.28 3868 77.32 18.46 


Series 2 
δ = 8.35 3490 77.10 18.41 


 
 
Ethylene Polymerization: 
 
All polymerizations were performed in a thermostated Büchi glass autoclave system. The 
autoclave was evacuated and purged with argon three times. 200 ml of toluene 
(polymerization temperatures up to 100°C) or m-xylene (polymerization temperatures            
> 100°C) were added into the autoclave, followed by 5 ml of a methylalumoxane solution   
(1.6 M in toluene). The respective catalyst was dissolved in 5 ml of toluene and preactivated 
by addition of 1.25 ml of a methylalumoxane solution (1.6 M in toluene). After five minutes, 
the catalyst was transferred to the addition funnel, the autoclave system was briefly evacuated 
and then pressurized with ethylene (2 bar). After addition of the catalyst, the polymerization 
was performed for the indicated time and then terminated by venting of the ethylene monomer, 
followed by addition of 10 ml of a mixture of methanol and 4 N aqueous HCl (1 : 1). 500 ml 
of methanol were added and the precipitate was isolated by filtration. After washing with 
methanol (2 x 100 ml), water (2 x 100 ml) and acetone (100 ml), the polyethylene was dried 
at 100°C overnight.  
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Polymerisation results: 
 
 


Catalyst µmol MAO (eq) T(°C) Time (h) Yield PE (g) Activity[a] Mp (DSC) 


8 5 2000 20 2 0.221 11.1 138 


8 5 2000 20 2 0.160 8.00  


8 5 2000 80 2 0.775 38.9 141 


8 5 2000 80 2 0.742 37.1  


8 5 2000 100 2 1.69 84.5 137 


8 5 2000 100 2 1.52 76.0   


8 5 2000 125 2 2.12 106 134 


8 5 2000 125 2 2.46 123   


9 5 2000 20 2 0.175 8.75 134 


9 5 2000 20 2 0.140 7.00  


9 5 2000 80 2 1.02 51.0 138 


9 5 2000 80 2 0.739 37.0  


9 5 2000 100 2 1.63 81.4 136 


9 5 2000 100 2 1.41 70.7   


9 5 2000 125 2 1.99 99.5 131 


9 5 2000 125 2 2.17 109   
[a] g PE . mmol [Zr]-1 . bar (ethene) -1 . h-1 
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General procedures for preparation of substituted indenamine derivatives 


(5 or 6): A screw cap seal tube initially fitted with a septum containing aldehyde 2 


(0.3 mmol) and amine 3 (0.3 mmol) was evacuated and purged with nitrogen gas three 


times. Then alkyne 4 (0.60 mmol), a mixture of CH3CN and THF (2.0 mL, 1:1) were 


added to the system via a syringe. The septum was removed and [CoCl2(dppe)] (0.012 


g, 0.0210 mmol) and zinc (0.040 g, 0.60 mmol) were added to the system and the seal 


tube was quickly capped by a screw cap. The resultant reaction mixture was stirred at 


100 °C for 12 h. The reaction mixture was cooled to room temperature and diluted 


with dichloromethane. The mixture was filtered through a silica gel pad (0.5 cm) and 


washed thoroughly with dichloromethane. The filtrate was concentrated in a rotary 


evaporator to get the crude product. Further separation of the crude product on a silica 


gel column using a mixture of hexanes and ethyl acetate as eluent afforded the desired 


pure product 5. Compounds 5a-t were synthesized according to this procedure and 


their spectral data were given below. For the the preparation of indene-enamine 


derivatives 6a-c, the same procedure was employed except that Hacac (0.021 mmol) 


was added along with the alkyne. 


General procedure for synthesis of indenimine derivatives (7): A solution 


of 1M TBAF in THF (1.0 mL) was added to the indenamine derivative 5 or 


indene-enamine 6 (0.25 mmol) prepared according to the above procedure. The 
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resulted mixture was stirred at 40 °C under nitrogen for 1 h. The reaction mixture was 


cooled to room temperature and diluted with dichloromethane. The mixture was 


filtered through small silica gel column and washed with dichloromethane. The 


solvent was removed under vacuum to give pure product 7. Compounds 7a-e were 


synthesized according to this procedure and the spectral data of these compounds 


were given below. 


General procedure for synthesis of indenone derivatives (8): To a solution of 


indenamine 7 (0.25 mmol) in dichloromethane (20 mL) was added HCl (35% in H2O, 


10 mg) and H2O (50mg). After the mixture was stirred for 1 h, the solution was 


filtered through small silica gel column. The solvent was removed under vacuum to 


give pure product 8. 
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Table 1. Studies for the formation of compound 5b under various catalytic 


conditions  


 


H


O


I
N


HH


C3H17


C3H7


NH


C3H7


C3H7


2a 3a 4a
12 h


Catalyst
 Ligand


CH3CN/THF = 1/1


5b


 


 


 


entry 2a:3a:4a Catalyst ligand Zn T(oC) yield(%)a 


1b 1:1:1  Co(acac)2 (7%)  1 eq 100 0 


2b 1:1:1 Co(acac)2 (7%) dppe (14%) 1 eq 100 46 


3 1:1:1 Co(acac)2 (7%) dppe (7%) 1 eq 100 51 


3 1:1:1 Co(acac)2 (7%) dppe (14%) 1 eq 100 55 


4c 1:1:1  Co(acac)2 (7%) dppe (14%) 1 eq 100 0 


5 1:1:2 Co(acac)2 (7%)  dppe (14%) 1 eq 100 63 


6 1:1:2 Co(acac)2 (7%) dppe (14%) 2 eq 100 87 


7 1:1:2 Co(acac)2 (7%) dppe (7%) 2 eq 100 74 


8 1:1:2 Co(acac)2 (7%) dppe (14%) 3 eq 100 91 


9 1:1:2 CoCl2(dppe) (7%)  2 eq 100 >99 


10b 1:1:2 CoCl2(dppe) (7%)  2 eq 100 80 


11 1:1:2 CoCl2(dppe) (7%) acac (7%) 2 eq 100 92 


12 1:1:2 CoI2(dppe) (7%)  2 eq 100 >99 


13 1:1:2 CoBr2(dppp) (7%)  2 eq 100 75 


[a] Yields were measured from crude products by the 1H NMR integration method 


using mesitylene as an internal standard. All reaction were carried out in MeCN+THF 


(2.0 mL, 1:1) under one nitrogen atmosphere using aldehyde 2 (0.30 mmol), amine 3 


(0.30 mmol) at 100 °C for 12 h. [b] MeCN (2.0 mL) was used as solvent. [c] H2O (2.0 


eq.) was added. [eq. = equivalents to aldehyde] 
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HN


 


N-tert-Butyl-2,3-dipropyl-1H-inden-1-amine (5a): viscous liquid; Rf = 0.45 (10% 


ethyl acetate in hexanes); 1H NMR δ 0.97-1.01 (m, 6H), 1.30 (s, 9H), 1.42-1.50 (m, 


1H), 1.52-1.63 (m, 3H), 2.36-2.45 (m, 4 H), 4.23 (s, 1H), 7.12 (t, J = 7.0 Hz, 1H), 


7.16 (d, J = 7.5 Hz, 1H), 7.23 (t, J = 7.0 Hz, 1H) and 7.48 (d, J = 7.0 Hz, 1H); 13C 


NMR δ 14.4, 14.5, 22.0, 23.6, 27.6, 27.7, 30.9, 50.7, 60.7, 118.5, 123.0, 124.3, 127.0, 


136.0, 145.1, 147.2 and 148.5; HRMS (EI+) 271.2300 (cal. for C19H29N 271.2300); IR 


1226, 1465, 1604, 1704, 2869, 2931, 2954 and 3355 cm-1. 


NH


 


2,3-Dipropyl-N-p-tolyl-1H-inden-1-amine (5b): viscous liquid; Rf = 0.80 (10% ethyl 


acetate in hexanes); 1H NMR δ 0.94 (t, J = 7.5 Hz, 3H), 1.00 (t, J = 7.5 Hz, 3H), 


1.43-1.52 (m, 1H), 1.58-1.67 (m, 3H), 2.24 (s, 3H), 2.30-2.42 (m, 2H), 2.50 (t, J = 7.7 


Hz, 2H), 3.67 (s, 1H), 4.95 (s, 1H), 6.56 (d, J = 9.0 Hz, 2H), 6.95 (d, J = 8.0 Hz, 2H), 


7.04 (dt, J = 1.8 and 7.3 Hz, 1H), 7.23-7.27 (m, 2H) and 7.37 (d, J = 7.0 Hz, 1H); 13C 


NMR δ 14.3, 14.4, 20.4, 21.9, 23.2, 27.4, 28.1, 61.6, 113.7, 118.7, 122.8, 124.5, 126.6, 


127.5, 129.7, 137.7, 144.5, 144.8, 145.4 and 145.6; HRMS (EI+) 305.2142 (cal. for 


C22H27N 305.2143); IR 1457, 1519, 1612, 1704, 2861, 2923 and 3417 cm-1. 
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NH


 


2,3-Diphenyl-N-p-tolyl-1H-inden-1-amine (5c): yellow solid; melting point 137 °C; 


Rf = 0.67 (10% ethyl acetate in hexanes); 1H NMR δ 2.12 (s, 3H), 5.49 (s, 1H), 6.52 


(d, J = 8.0 Hz, 2H), 6.85 (d, J = 7.6 Hz, 2H), 7.01-7.29 (m, 13H) and 7.41 (d, J = 7.2 


Hz, 1H); 13C NMR δ 20.4, 62.4, 113.9, 120.7, 123.3, 126.0, 126.9, 127.1, 127.6, 127.9, 


128.0, 128.8, 129.2, 129.4, 129.8, 134.3, 135.1, 140.1, 143.1, 144.0, 145.3 and 145.5; 


HRMS (EI+) 373.1825 (cal. for C28H23N 373.1830); IR 1272, 1612, 1704, 1882, 1951, 


2923, 3054 and 3409 cm-1. 


 


NH


 


2-Propyl-N-p-tolyl-1H-inden-1-amine (5d): viscous liquid; Rf = 0.80 (10% ethyl 


acetate in hexanes); 1H NMR δ 1.02 (t, J = 7.5 Hz, 3H), 1.65-1.75 (m, 2H), 2.28 (s, 


3H), 2.48 (t, J = 7.3 Hz, 2H), 5.09 (s, 1H), 6.27 (d, J = 1.5 Hz, 1H), 6.69 (d, J = 8.5 


Hz, 2H), 7.03 (d, J = 8.5 Hz, 2H), 7.19 (td, J = 2.0 and 7.5, 1H), 7.29-7.34 (m, 2H) 


and 7.48 (d, J = 8.0 Hz, 1H); 13C NMR δ 14.2, 20.4, 20.8, 29.6, 60.6, 113.9, 119.3, 


123.3, 125.6, 127.1, 127.8, 129.8, 130.4, 144.2, 145.1, 145.6 and 146.2; HRMS (EI+) 


363.1667 (cal. for C19H21N 363.1674); IR 1265, 1519, 1612, 1727, 2923, 3046 and 


3409 cm-1. 
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NH


 


3-Ethyl-2-phenyl-N-p-tolyl-1H-inden-1-amine (5e): viscous liquid; Rf = 0.75 (10% 


ethyl acetate in hexanes); 1H NMR (CD2Cl2) δ 1.31 (t, J = 7.5 Hz, 3H), 2.18 (s, 3H), 


2.67-2.75 (m, 2H), 3.92(s, 1H, NH), 5.42 (s, 1H), 6.47 (d, J = 8.5 Hz, 2H), 6.88 (d, J 


= 8.5 Hz, 2H), 7.14 (td, J = 1.0 and 7.0 Hz, 1H), 7.26-7.29 (m, 1H), 7.32-7.38 (m, 5H), 


and 7.40-7.45 (m, 2H); 13C NMR (CD2Cl2) δ 13.7, 19.7, 20.4, 63.0, 114.1, 120.2, 


123.3, 125.9, 127.0, 127.3, 128.1, 128.6, 129.3, 129.9, 135.9, 141.7, 142.6, 144.1, 


145.6 and 145.8; HRMS (EI+) 325.1829 (cal. for C24H23N 325.1830); IR 1286, 1457, 


1519, 1612, 2923, 2969, 3023 and 3417 cm-1. 


NH


 


2-Ethyl-3-phenyl-N-p-tolyl-1H-inden-1-amine (5e’): yellow liquid; Rf = 0.80 (10% 


ethyl acetate in hexanes); 1H NMR (CD2Cl2) δ 1.13 (t, J = 8.0 Hz, 3H), 2.21 (s, 3H), 


2.33-2.52 (m, 2H), 3.97 (s, 1H, NH), 5.13 (s, 1H), 6.56 (d, J = 8.5 Hz, 2H), 6.94 (d, J 


= 8.5 Hz, 2H), 7.09 (td, J = 1.5 and 7.5 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H), 7.22 (t, J = 


8.0 Hz, 1H), 7.37-7.43 (m, 4H) and 7.47-7.50 (m, 2H); 13C NMR (CD2Cl2) δ 14.9, 


20.0, 20.4, 62.0, 114.1, 120.1, 123.3, 125.3, 127.1, 127.7, 127.9, 128.9, 129.2, 130.0, 


135.3, 138.4, 144.5, 145.4, 145.8 and 149.1; HRMS (EI+) 325.1823 (cal. for C24H23N 


325.1830); IR 1265, 1457, 1519, 1612, 2869, 2923, 2969, 3039 and 3417 cm-1. 
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NH


O


O


 


Methyl 3-(p-tolylamino)-1-hexyl-1H-indene-2-carboxylate (6a): yellow solid; 


melting point 80 °C; Rf = 0.76 (10% ethyl acetate in hexanes); 1H NMR δ 0.80 (t, J = 


7.3 Hz, 3H),1.16-1.25 (m, 8H) , 2.02-2.06 (m, 2H), 2.36 (s, 3H), 3.81 (s, 3H), 3.85 (t, 


J = 4.8 Hz, 1H), 6.85 (d, J = 8.0 Hz, 1H), 7.03 (t, J = 7.5 Hz, 1H), 7.06 (d, J = 8.5 Hz, 


2H), 7.12 (d, J = 8.5 Hz, 2H), 7.28 (td, J = 1.2 and 7.6 Hz, 1H), 7.41 (d, J = 7.0 Hz, 


1H) and 9.24 (s, 1H, NH); 13C NMR δ 14.0, 21.0, 22.6, 24.0, 29.6, 31.2, 31.6, 45.5, 


50.5, 105.6, 123.6, 123.9, 124.8, 125.7, 128.3, 129.5, 134.8, 137.1, 137.9, 150.0, 


156.0 and 168.6; HRMS (EI+) 363.2206 (cal. for C24H29NO2 363.2198); IR 1195, 


1257, 1442, 1565, 1658, 2923 and 3278 cm-1. 


NH O


OEt


 


Ethyl 3-(p-tolylamino)-1-phenyl-1H-indene-2-carboxylate (6b): yellow solid; 


melting point 111 °C; Rf = 0.75 (10% ethyl acetate in hexanes); 1H NMR δ 1.04 (t, J = 


7.0 Hz, 3H), 2.40 (s, 3H), 4.00-4.13 (m, 2H), 4.85 (s, 1H), 6.90 (d, J = 8.0 Hz, 1H), 


7.04 (t, J = 7.5 Hz, 1H), 7.13-7.18 (m, 8H), 7.20-7.24 (m, 3H) and 9.38(s, 1H, NH); 


13C NMR δ 14.2, 21.0, 52.1, 59.0, 106.9, 123.9, 124.9, 125.0, 126.0, 126.2, 127.9, 


128.1, 128.9, 129.6, 135.1, 136.5, 137.5, 141.6, 150.3, 156.4 and 168.0; HRMS (EI+) 


369.1723 (cal. for C25H23NO2 369.1729); IR 1435, 1511, 1604, 1643, 2861, 2923, 


3023 and 3278 cm-1. 
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NH O


 


1-(3-(p-Tolylamino)-1-phenyl-1H-inden-2-yl)ethanone (6c): yellow solid; melting 


point 164 °C; Rf = 0.27 (10% ethyl acetate in hexanes); 1H NMR δ 1.95 (s, 3H), 2.40 


(s, 3H), 4.86 (s, 1H), 6.83 (d, J = 8.0 Hz, 1H), 7.00 (t, J = 7.8 Hz, 1H), 7.13 (d, J = 8.0 


Hz, 1H), 7.18-7.28 (m, 10H) and 11.45(s, 1H, NH); 13C NMR δ 21.1, 28.5, 52.6, 


114.6, 124.7, 125.1, 126.0, 126.4, 126.8, 127.6, 128.8, 129.7, 129.9, 135.2, 136.3, 


136.6, 141.5, 150.9, 158.5 and 195.2; HRMS (EI+) 339.1628 (cal. for C24H21NO 


339.1623); IR 1612, 1704, 1897, 1951, 2923, 3031, 3054 and 3185 cm-1. 


X-ray crystallographic data of compound 6c 


 


 


 


 


 


 


 


C(1)-C(2)  1.386(3) 
C(1)-C(10)  1.433(3) 
C(1)-C(9)  1.513(3) 
C(2)-N(1)  1.348(2) 
C(2)-C(3)  1.477(3) 
C(3)-C(4)  1.392(3) 
C(3)-C(8)  1.395(3) 
C(8)-C(9)  1.515(3) 
C(2)-C(1)-C(10) 123.25(17) 
C(2)-C(1)-C(9) 110.61(17) 
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C(10)-C(1)-C(9) 126.02(18) 
N(1)-C(2)-C(1) 123.26(18) 
N(1)-C(2)-C(3) 127.50(17) 
C(1)-C(2)-C(3) 109.08(17) 


NH


 


N-(2,3-Dipropyl-1H-inden-1-yl)naphthalen-1-amine (5h): yellow liquid; Rf = 0.67 


(10% ethyl acetate in hexanes); 1H NMR δ 0.93 (t, J = 7.0 Hz, 3H), 1.05 (t, J = 7.5 Hz, 


3H), 1.48-1.53 (m, 1H), 1.61-1.70 (m, 3H), 2.37-2.46 (m, 2H), 2.54-2.58 (m, 2H), 


4.64 (s, br, 1H, NH), 5.27 (s, 1H), 6.75 (d, J = 7.0 Hz, 1H), 7.04-7.07 (m, 1H), 


7.23-7.31 (m, 4H), 7.39-7.46 (m, 3H) and 7.77-7.80 (m, 2H); 13C NMR δ 14.3, 14.4, 


22.0, 23.3, 27.5, 28.2, 61.2, 105.3, 117.2, 118.9, 119.9, 122.9, 123.5, 124.6, 124.7, 


125.6, 126.6, 127.7, 128.7, 134.5, 138.1, 142.8, 144.5 (2C), and 145.1; HRMS (EI+) 


341.2137 (cal. for C25H27N 341.2143); IR 1288, 1527, 1581,1704, 1905, 2954, 3062 


and 3440 cm-1. 


NH


 


N-Mesityl-2,3-dipropyl-1H-inden-1-amine (5i): viscous liquid; Rf = 0.90 (10% ethyl 


acetate in hexanes); 1H NMR δ 0.92 (t, J = 7.0 Hz, 3H), 0.99(t, J = 7.0 Hz, 3H), 


1.40-1.51 (m, 1H) , 1.54-1.68 (m, 3H), 2.15 (s, 6H), 2.27 (s, 3H), 2.39-2.51 (m, 4H), 


2.85 (s, 1H, NH), 4.73 (s, 1H), 5.71 (d, J = 7.5 Hz, 1H), 6.84 (s, 2H), 6.89-7.92 (m, 


1H) and 7.18-7.21 (m, 2H); 13C NMR δ 14.3 (2C), 18.8, 20.6, 22.0, 23.4, 27.3, 28.3, 
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60.3, 118.7, 123.1, 124.2, 127.2, 129.2, 129.6, 131.1, 137.7, 142.2, 144.3, 145.3 and 


145.8; HRMS (EI+) 322.2453 (cal. for C24H31N 322.2457); IR 1481, 1727,2869, 2931, 


2954, 3016 and 3363 cm-1. 


NH


MeO


 


N-(4-Methoxyphenyl)-2,3-dipropyl-1H-inden-1-amine (5j): viscous liquid; Rf = 


0.85 (10% ethyl acetate in hexanes); 1H NMR δ 0.93 (t, J = 7.5 Hz, 3H), 0.98 (t, J = 


7.5 Hz, 3H),1.40-1.51 (m, 1H), 1.56-1.64 (m, 3H), 2.30-2.41 (m, 2H), 2.48 (t, J = 7.5 


Hz, 2H), 3.73 (s, 3H), 4.88 (s, 1H), 6.58 (d, J = 8.5 Hz, 2H), 6.72 (d, J = 8.5 Hz, 2H), 


7.04 (td, J = 1.5 and 7.3 Hz, 1H), 7.21-7.26 (m, 2H) and 7.34 (d, J = 7.0 Hz, 1H); 13C 


NMR δ 14.30, 14.33, 21.94, 23.2, 27.4, 28.1, 55.7, 62.4, 114.8, 115.3, 118.8, 122.9, 


124.5, 127.5, 137.8, 141.7, 144.5, 144.7, 145.3 and 152.3; HRMS (EI+) 321.2090 (cal. 


for C22H27NO 321.2093); IR 1041, 1234, 1512, 2931 and 3409 cm-1. 


NH


MeO


MeO


MeO


 


N-(3,4,5-Trimethoxyphenyl)-2,3-dipropyl-1H-inden-1-amine (5k): viscous liguid; 


Rf = 0.24 (10% ethyl acetate in hexanes); 1H NMR δ 0.94 (t, J = 7.5 Hz, 3H), 0.99 (t, 


J = 7.5 Hz, 3H), 1.41-1.51 (m, 1H),1.55-1.66 (m, 3H), 2.28-2.33 (m, 1H), 2.36-2.42 


(m, 1H), 2.43-2.53 (m, 2H), 3.67 (s, 6H), 3.73 (s, 3H), 4.87 (s, 1H), 5.77 (s, 2H), 7.07 


(dt, J = 1.5 and 7.3 Hz, 1H), 7.22-7.27 (m, 2H) and 7.39 (d, J = 7.5 Hz, 1H); 13C 


NMR δ 14.3, 14.4, 22.0, 23.3, 27.5, 28.1, 55.7(2C), 61.0, 61.8, 91.1, 118.7, 122.8, 
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124.7, 127.6, 129.9, 137.8, 144.3(2C), 144.6, 144.8 and 153.7; HRMS (EI+) 381.2306 


(cal. for C24H31NO3 381.2304); IR 1010, 1126, 1234, 1457, 1511, 1604, 2931, 2954 


and 3394 cm-1. 


NH


F


F


 


N-(3,5-Difluorophenyl)-2,3-dipropyl-1H-inden-1-amine (5l): viscous liquid; Rf = 


0.83 (10% ethyl acetate in hexanes); 1H NMR δ 0.95 (t, J = 7.5 Hz, 3H), 1.01(t, J = 


7.3 Hz, 3H), 1.42-1.51 (m, 1H),1.55-1.67 (m, 3H), 2.23-2.29 (m, 1H), 2.38-2.44 (m, 


1H), 2.51 (t, J = 7.8 Hz, 2H), 4.11 (s, 1H, NH), 4.88 (s, 1H), 6.06-6.13 (m, 3H). 7.10 


(td, J = 1.5 and 7.5 Hz, 1H), 7.24-7.31 (m, 2H) and 7.37 (d, J = 7.0 Hz, 1H); 13C 


NMR δ 14.3 (2C), 21.9, 23.2, 27.5, 28.0, 61.2, 92.5 (t, J = 26.62 Hz), 96.1 (d, J = 


28.87 Hz), 119.1, 122.7, 124.9, 127.9, 138.6, 143.4, 144.0, 144.4, 150.1 (t, J = 13 Hz), 


163.1 (d, J = 15 Hz) and 165.1 (d, J = 15.50 Hz); HRMS (EI+) 327.1805 (cal. for 


C21H23F2N 327.1799); IR 1110, 1211, 1481, 1635, 2868, 2962 and 3424 cm-1. 


NH


F3C


 


N-(4-(Trifluoromethyl)phenyl)-2,3-dipropyl-1H-inden-1-amine (5m): viscous 


liquid; Rf = 0.76 (10% ethyl acetate in hexanes); 1H NMR δ 0.92 (t, J = 7.5 Hz, 3H), 


0.99 (t, J = 7.0 Hz, 3H), 1.40-1.49 (m, 1H), 1.52-1.65 (m, 3H), 2.21-2.26 (m, 1H), 


2.35-2.41 (m,1 H), 2.50 (t, J = 7.5 Hz, 2H), 4.23 (s, 1H, NH), 4.96 (d, J = 7.0 Hz, 1H), 


6.55 (d, J = 9.0 Hz, 2H), 7.07 (td, J = 1.5 and 7.5 Hz, 1H) and 7.24-7.35 (m, 5H); 13C 
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NMR δ 14.3, 14.4, 21.9, 23.2, 27.5, 28.0, 60.9, 112.5, 119.0, 122.7, 124.8, 126.6 (2C), 


127.9, 138.5, 143.6, 144.1, 144.4 and 150.3; HRMS (EI+) 359.1865 (cal. for 


C22H24F3O 359.1861); IR 1110,1326, 1612, 2931, 2962 and 3424 cm-1. 


 


 


 


 


NH


N-Benzyl-2,3-dipropyl-1H-inden-1-amine (5o): viscous liquid ; Rf = 0.47 (10% 


ethyl acetate in hexanes); 1H NMR δ 0.97 (t, J = 7.5 Hz, 6H), 1.42-1.51 (m, 1H), 


1.57-1.68 (m, 3H), 2.34-2.39 (m, 1H), 2.42-2.47 (m, 1H), 2.50 (t, J = 7.5 Hz, 2H), 


3.35-3.44 (m, 2H), 4.40 (s, 1H), 7.16 (t, J = 7.5 Hz, 1H), 7.20-7.31 (m, 7H) and 7.49 


(d, J = 7.5 Hz, 1H); 13C NMR δ 14.3, 14.4, 22.0, 23.2, 27.4, 28.1, 47.7, 64.7, 118.6, 


122.8, 124.2, 126.8, 127.3, 128.3 (2C), 138.0, 140.9, 144.7, 144.8 and 145.4; HRMS 


(EI+) 305.2149 (cal. for C22H27N 305.2143); IR 1465, 1604, 1712, 2923, 2954, 3031, 


3062 and 3409 cm-1. 


NH


O


 


17-(Benzyloxy)-2,3-dipropyl-N-p-tolyl-1H-inden-1-amine (5q): viscous liquid; Rf = 


0.67 (10% ethyl acetate in hexanes); 1H NMR δ 0.93 (t, J = 7.2 Hz, 3H), 1.00 (t, J = 


7.2 Hz, 3H), 1.41-1.49 (m, 1H), 1.55-1.64 (m, 3H), 2.25 (s, 3H), 2.28-2.37 (m, 2H), 


2.47 (t, J = 7.5 Hz, 2H), 4.91 (s, 1H), 4.98 (s, 2H), 6.55 (d, J = 8.4 Hz, 2H), 6.87 (dd, 


J = 2.0 and 8.0 Hz, 1H), 6.95 (d, J = 7.6 Hz, 2H), 7.08 (s, 1H), 7.15 (d, J = 8.0 Hz, 1H) 


and 7.28-7.38 (m, 5H); 13C NMR δ 14.3 (2C), 20.4, 21.9, 23.2, 27.5, 28.1, 61.4, 70.2, 
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110.9, 113.3, 113.7, 119.0, 126.5, 127.5, 127.8, 128.5, 129.7, 137.2 (2C), 137.7, 142.7, 


145.5, 147.2 and 156.9; HRMS (EI+) 411.2571 (cal. for C29H33NO 411.2562); IR 


1612, 1697, 1866, 2869, 2931, 2954, 3031 and 3417 cm-1. 


NH O


OEt


O


 


Ethyl-3-(p-tolylamino)-5-(benzyloxy)-1-phenyl-1H-indene-2-carboxylate (6d): 


yellow solid; melting point 154 °C; Rf = 0.53 (10% ethyl acetate in hexanes); 1H 


NMR δ 1.04 (t, J = 7.2 Hz, 3H), 2.39 (s, 3H), 4.00-4.11 (m, 2H), 4.74 (s, 2H), 4.77 (s, 


1H), 6.49 (d, J = 2.4 Hz, 1H), 6.85-6.88 (m, 1H), 7.03 (d, J = 8.4 Hz, 1H), 7.08-7.26 


(m, 11H), 7.29-7.35 (m, 3H) and 9.33(s, 1H, NH); 13C NMR δ 14.1, 20.9, 51.4, 58.9, 


69.8, 108.0, 109.4, 116.8, 125.0, 125.3, 126.1, 127.2, 127.4, 127.7, 128.0, 128.4, 


129.4, 135.0, 136.7, 137.3, 137.4, 141.7, 142.9, 156.0, 157.1 and 167.8; HRMS (EI+) 


475.2145 (cal. for C32H29NO3  475.2147); IR 1172, 1218, 1249, 1565, 1643, 2854, 


2923, 2969 and 3278 cm-1. 


NH O


OEt


O


O  


Ethyl 7-(p-tolylamino)-5-phenyl-5H-indeno[5,6-d][1,3]dioxole-6-carboxylate (6e): 


yellow solid; melting point 152 °C; Rf = 0.50 (10% ethyl acetate in hexanes); 1H 


NMR δ 1.01 (t, J = 7.0 Hz, 3H), 2.37 (s, 3H), 4.00-4.07 (m, 2H), 4.71 (s, 1H), 5.85 


(dd, J = 2.0 and 16.0 Hz, 2H), 6.29 (s, 1H), 6.59 (s, 1H), 7.09-7.23 (m, 9H) and 9.33 


(s, 1H, NH); 13C NMR δ 14.2, 21.0, 51.9, 58.8, 101.3, 104.1, 105.6, 106.3, 125.2, 
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126.3, 127.8, 128.1, 129.7, 135.3, 137.3 , 141.7, 146.2 (2C), 149.0, 156.6 and 167.6; 


HRMS (EI+) 413.1621 (cal. for C26H23NO4 413.1627); IR 1218, 1457, 1573, 1643, 


2900, 2977, 3023 and 3227 cm-1. 


NH


O


O 174 


6,7-Dipropyl-N-p-tolyl-5H-indeno[5,6-d][1,3]dioxol-5-amine (5r): viscous liquid; 


Rf = 0.57 (10% ethyl acetate in hexanes); 1H NMR δ 0.91 (t, J = 7.5 Hz, 3H), 0.98 (t, 


J = 7.5 Hz, 3H), 1.39-1.47 (m, 1H), 1.54-1.62 (m, 3H), 2.22 (s, 3H), 2.23-2.36 (m, 


2H), 2.42 (t, J = 7.5 Hz, 2H), 3.69 (s, 1H, NH), 4.80 (s, 1H), 5.88 (dd, J = 1.5 and 4.5 


Hz, 2H), 6.50 (d, J = 8.0 Hz, 2H), 6.73 (s, 1H), 6.88 (s, 1H) and 6.92 (d, J = 8.0 Hz, 


2H); 13C NMR δ 14.3 (2C), 20.3, 21.9, 23.4, 27.5, 28.2, 61.3, 100.3, 100.8, 104.9, 


113.7, 126.6, 129.7, 137.0, 138.5, 138.9, 143.8, 145.2, 145.4 and 147.2; HRMS (EI+) 


349.2042 (cal. for C23H27NO2 349.2042); IR 1511, 1612, 1866, 2869, 2954 and 3417 


cm-1. 


NH
O


O


 


6,7-Dipropyl-N-p-tolyl-8H-indeno[5,4-d][1,3]dioxol-8-amine (5s): viscous liquid; 


Rf = 0.60 (10% ethyl acetate in hexanes); 1H NMR δ 0.89 (t, J = 7.0 Hz, 3H), 0.97 (t, 


J = 7.5 Hz, 3H), 1.37-1.44 (m, 1H), 1.53-1.62 (m, 3H), 2.19 (s, 3H), 2.20-2.25 (m, 


1H), 2.29-2.35 (m, 1H), 2.43 (t, J = 7.5 Hz, 2H), 3.79 (s, 1H, NH), 4.96 (s, 1H), 5.84 


(dd, J = 1.5 and 15.3 Hz, 1H), 6.46 (d, J = 8.5 Hz, 2H), 6.67-6.72 (m, 2H) and 6.88 (d, 
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J = 8.0 Hz, 2H); 13C NMR δ 14.3, 14.4, 20.4, 22.0, 23.1, 27.6, 28.0, 60.2, 101.1, 


106.8, 111.3, 113.9, 123.9, 126.6, 129.5, 137.6, 140.3, 142.9, 143.0, 145.3 and 146.2; 


HRMS (EI+) 349.2040 (cal. for C23H27NO2 349.2042); IR 1049, 1241, 1519, 2931 and 


3417 cm-1. 


NH


MeO


MeO  


5,6-Dimethoxy-2,3-dipropyl-N-p-tolyl-1H-inden-1-amine (5t): viscous liquid; Rf = 


0.25 (10% ethyl acetate in hexanes); 1H NMR δ 0.89 (t, J = 7.5 Hz, 3H), 0.98(t, J = 


7.5 Hz, 3H), 1.38-1.45 (m, 1H), 1.50-1.63 (m, 3H), 2.21 (s, 3H), 2.22-2.35 (m, 2H), 


2.45 (t, J = 7.5 Hz, 2H), 3.70 (s, 1H, NH), 3.76 (s, 3H), 3.90 (s, 3H), 4.83 (s, 1H), 


6.50 (d, J = 8.0 Hz, 2H), 6.78 (s, 1H), 6.92 (d, J = 8.5 Hz, 2H) and 6.97 (s, 1H); 13C 


NMR δ 14.3 (2C), 20.4, 22.1, 23.4, 27.5, 28.2, 56.3, 61.6 (2C), 103.1, 107.7, 113.7, 


126.5, 129.7, 137.1, 137.2, 137.5, 143.6, 145.5, 146.9 and 148.9; HRMS (EI+) 


365.2355 (cal. for C22H27NO 365.2355); IR 1095, 1288, 1612, 2931 and 3394 cm-1. 


N


 


(E+Z)-N-(2,3-Dipropyl-1H-inden-1-ylidene)-4-methylbenzenamine (7a) viscous 


liquid; Rf = 0.77 (10% ethyl acetate in hexanes); 1H NMR δ 0.97 (t, J = 7.5 Hz, 3H), 


1.03 (t, J = 7.5 Hz, 3H), 1.57-1.67 (m, 4H), 2.37 (s, 3H), 2.47 (t, J = 7.8 Hz, 2H), 2.53 


(t, J = 7.8 Hz, 2H), 6.35 (d, J = 7.5 Hz, 1H), 6.75 (dd, J = 1.0 and 8.0 Hz, 1H), 6.78 (d, 


J = 8.5 Hz, 2H), 7.04 (d, J = 7.5 Hz, 1H) and 7.13-7.16 (m, 3H); 13C NMR δ 14.4, 
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14.5, 21.0, 21.7, 23.4, 26.0, 27.9, 118.1, 118.5, 125.1, 125.8, 128.7, 129.5, 130.4, 


133.0, 137.8, 146.3, 148.3, 149.5 and 166.9; HRMS (EI+) 303.1985 (cal. for 


C22H27NO 303.1987); IR 910, 1457, 1643, 1869, 2923 and 2954 cm-1. 


N


 


(E+Z)-4-Methyl-N-(2,3-diphenyl-1H-inden-1-ylidene)benzenamine (7b): orange 


solid; melting point 178 °C; Rf = 0.67 (10% ethyl acetate in hexanes); 1H NMR δ 2.40 


(s, 3H), 6.57 (d, J = 7.2 Hz, 1H), 6.84-6.87 (m, 2H), 6.92 (t, J = 7.0 Hz, 1H), 


7.18-7.29 (m, 7H) and 7.33-7.39 (m, 7H); 13C NMR δ 21.0, 117.9, 120.7, 125.9, 126.6, 


127.1, 127.2, 127.7, 128.2, 128.5, 129.1, 129.6, 130.6, 131.1, 132.8, 133.3, 133.7, 


136.7, 145.4, 148.4, 149.5 and 166.2; HRMS (EI+) 371.1671 (cal. for C28H21N 


371.1674); IR 1272, 1612, 1704, 1882, 1951, 2923, 3054 and 3409 cm-1. 


X-ray crystallographic data of compound 7b: 
 


 


 


 


 


 


 


 


 


 


 
C(1)-N(1)  1.282(2) 
C(1)-C(2)  1.493(3) 
C(1)-C(9)  1.498(3) 
C(2)-C(3)  1.359(3) 
C(3)-C(4)  1.475(3) 


  17







C(4)-C(9)  1.404(3) 
N(1)-C(1)-C(2) 122.90(19) 
N(1)-C(1)-C(9) 130.4(2) 
C(2)-C(1)-C(9) 106.51(16) 
C(1)-N(1)-C(10) 120.17(18) 


N


 


(E+Z)-4-Methyl-N-(2-methyl-1H-inden-1-ylidene)benzenamine (7c): yellow liquid; 


Rf = 0.55 (10% ethyl acetate in hexanes); 1H NMR δ 2.09 (s, 3H), 2.37 (s, 3H), 6.36 


(d, J =7.2 Hz, 1H), 6.73 (t, J =7.4 Hz, 1H), 6.80-6.82 (m, 3H), 6.96 (d, J =7.2 Hz, 1H), 


7.10 (t, J = 7.6 Hz, 1H) and 7.15 (d, J =8.0 Hz, 2H); 13C NMR δ 11.9, 21.0, 118.1, 


120.5, 125.4, 125.8, 128.5, 129.6, 130.9, 133.5, 136.0, 139.6, 145.3, 149.1 and 167.8; 


HRMS (EI+) 233.1203 (cal. for C17H15N 233.1204); IR 1450, 1504, 1604, 1643, 1720, 


2854, 2923, 3023 and 3062 cm-1. 


N


 


(E+Z)-4-Methyl-N-(2-phenyl-1H-inden-1-ylidene)benzenamine (7d); red solid; 


melting point 82 °C; Rf = 0.63 (10% ethyl acetate in hexanes); 1H NMR δ 2.39 (s, 3H), 


6.55 (d, J = 7.6 Hz, 1H), 6.82-6.88 (m, 4H), 7.04 (t, J = 7.6 Hz, 1H), 7.15-7.20 (m, 6H) 


and 7.41 (dd, J = 2.0 and 7.6 Hz, 2H); 13C NMR δ 21.0, 117.9, 121.4, 125.8, 127.1, 


127.7, 127.8, 127.9, 129.6, 129.9, 130.9, 132.9, 133.6, 139.4, 142.1, 143.7, 149.2 and 


165.5; HRMS (EI+) 295.1348 (cal. for C22H17N 295.1361); IR 1226, 1450, 1635, 1712, 


2854 and 3054 cm-1. 
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N O


OEt


  


(1E+Z)-Ethyl 1-(p-tolylimino)-3-phenyl-1H-indene-2-carboxylate (7e): orange 


solid; melting point 80 °C; Rf = 0.50 (10% ethyl acetate in hexanes); 1H NMR δ 1.14 


(t, J = 7.2 Hz, 3H), 2.37 (s, 3H), 4.23 (q, J = 7.2 Hz, 2H), 6.57 (d, J = 7.6 Hz, 1H), 


6.77 (d, J = 7.6 Hz, 2H), 6.91 (td, J = 1.2 and 7.6 Hz, 1H), 7.16 (d, J = 8.0 Hz, 2H), 


7.27 (td, J = 1.2 and 7.6 Hz, 1H), 7.33-7.41 (m, 3H), 7.46-7.49 (m, 2H) and 7.65 (d, J 


= 7.2 Hz, 1H); 13C NMR δ 13.8, 14.1, 21.0, 22.6, 29.7, 31.6, 60.9, 117.5, 122.1, 126.0, 


127.0, 127.3, 127.5, 128.4, 129.7, 130.4, 131.4, 132.2, 134.0, 137.3, 142.3, 144.8, 


149.2, 164.9 and 166.1; HRMS (EI+) 367.1561 (cal. for C25H23NO2 367.1572); IR 


1203, 1635, 1712, 2923 and 2923 cm-1. 


N O


OEt


O


 


(E+Z)-Ethyl-1-(p-tolylimino)-6-(benzyloxy)-3-phenyl-1H-indene-2-carboxylate 


(7f):viscous liquid; Rf = 0.27 (10% ethyl acetate in hexanes); 1H NMR δ 0.82 (t, J = 


7.2 Hz, 3H), 1.05 (t, J = 7.2 Hz, 3H), 2.31 (s, 3H), 2.37 (s, 3H), 3.37-4.42 (m, 2H), 


4.14-4.19 (m, 2H), 4.71 (s, 2H), 5.15 (s, 2H), 6.23 (d, J = 2.4 Hz, 1H), 6.77 (dd, J = 


8.4,2.4 Hz, 1H), 6.85-6.93 (m, 6H), 7.05-7.21 (m, 8H), 7.27-7.49 (m, 17H) and  7.55 


(d, J = 2.0 Hz, 1H); 13C NMR δ 13.5, 13.8, 60.7, 69.8, 70.4, 109.1, 113.6, 116.6, 117.0, 


118.0, 120.8, 121.6, 123.2, 123.3, 127.2, 127.4, 128.0, 128.1, 128.3, 128.5, 128.6, 


129.2, 129.4, 129.7, 132.2, 132.8, 133.7, 134.4, 134.7, 136.0, 136.2, 136.5, 137.8, 
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148.3, 148.9, 155.4, 157.6, 159.5, 160.4, 161.5, 163.4. 164.5 and 165.5; HRMS (EI+) 


473.1992 (cal. for C32H27NO3 473.1991); IR 1018, 1118, 1180, 1218, 1349, 1373, 


1720, 2923, 2977 and 3031cm-1. 


O


 


2,3-Diphenyl-1H-inden-1-one (8b): pale red solid; melting point 152 °C; Rf = 0.55 


(10% ethyl acetate in hexanes); 1H NMR δ 7.11 (d, J = 7.5 Hz, 1H), 7.21-7.26 (m, 


6H), 7.31-7.39 (m, 6H) and 7.55 (d, J = 7.5 Hz, 1H); 13C NMR δ 121.2, 122.9, 127.7, 


128.0, 128.4, 128.6, 128.7, 128.9, 129.2, 129.9, 130.7, 132.3, 132.7, 133.4, 145.2, 


155.3 and 196.4; HRMS (EI+) 282.1037 (cal. for C21H14O 282.1045); IR 1079, 1180, 


1349, 1450, 1604, 1704, 2923 and 3062 cm-1. 


O


OEt


O


 


Ethyl 1-oxo-3-phenyl-1H-indene-2-carboxylate (8e): yellow solid; melting point 84 


°C; Rf = 0.17 (10% ethyl acetate in hexanes); 1H NMR δ 1.15 (t, J = 7.0 Hz, 3H), 


4.16-4.21 (m, 2H), 7.17-7.19 (m, 1H), 7.37-7.42 (m, 2H), 7.47-7.53 (m, 5H) and 


7.58-7.60 (m, 1H); 13C NMR δ 13.9, 60.9, 123.4, 123.5, 124.4, 128.1, 128.4, 130.4, 


130.5, 131.0, 131.5, 133.5, 143.2, 163.0, 164.9 and 191.1; HRMS (EI+) 278.0943 (cal. 


for C18H14O3 278.0943); IR 1226, 1334, 1573, 1604, 1712, 1727, 2854, 2923, 2977 


and 3062 cm-1. 
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O O


OEt


O


 


Ethyl-6-(benzyloxy)-1-oxo-3-phenyl-1H-indene-2-carboxylate (9): red solid; 


melting point 126 °C;  Rf = 0.13 (10% ethyl acetate in hexanes); 1H NMR δ 1.16 (t, J 


= 6.8 Hz, 3H), 4.16-4.21 (m, 2H), 5.11 (s, 2H), 6.88 (dd, J = 2.0 and 8.0 Hz, 1H), 7.05 


(d, J = 8.0 Hz, 1H), 7.24 (s, 1H), 7.30-7.41 (m, 5H) and 7.49(s, 5H); 13C NMR δ 13.9, 


60.6, 70.5, 111.4, 117.7, 122.7, 124.8, 127.4, 128.0, 128.2(2C), 128.6, 130.3, 131.7, 


132.9, 134.8, 135.9, 161.8, 162.8, 166.9 and 191.7; HRMS (EI+) 384.1350 (cal. for 


C25H20O4  384.1362); IR 1110, 1218, 1288, 1349, 1727, 2923 and 2969 cm-1. 
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1H and 13C spectra of compound 5a 
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1H and 13C spectra of compound 5b 
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1H and 13C spectra of compound 5c 
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1H and 13C spectra of compound 5d 
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1H and 13C spectra of compound 5e 
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1H and 13C spectra of compound 5e’ 
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1H and 13C spectra of compound 6a 
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1H and 13C spectra of compound 6b 
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1H and 13C spectra of compound 6c 
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1H and 13C spectra of compound 5h 
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1H and 13C spectra of compound 5i 
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1H and 13C spectra of compound 5j 
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1H and 13C spectra of compound 5k 
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1H and 13C spectra of compound 5l 
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1H and 13C spectra of compound 5m 
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1H and 13C spectra of compound 5o 
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1H and 13C spectra of compound 5q 
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1H and 13C spectra of compound 6d 
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1H and 13C spectra of compound 6e 
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1H and 13C spectra of compound 5r 
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1H and 13C spectra of compound 5s 
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1H and 13C spectra of compound 5t 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


  43







1H and 13C spectra of compound 7a 
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1H and 13C spectra of compound 7b 
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1H and 13C spectra of compound 7c 
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1H and 13C spectra of compound 7d 
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1H and 13C spectra of compound 7e 
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1H and 13C spectra of compound 7f 
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1H and 13C spectra of compound 8b 
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1H and 13C spectra of compound 8e 
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1H and 13C spectra of compound 9 
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Figure 1. XRD profiles of MFI samples synthesized using different amount of propyltriethoxysilane.  
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Figure 2. 27Al NMR of a) conventional MFI, (b) MFI-10PrTES, (c) MFI-10MeTES and (d) 


MFI-10OcTES. 
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Figure 3. 29Si NMR of (a) conventional MFI, (b) MFI-10PrTES, (c) MFI-10MeTES and (d) 


MFI-10OcTES. 
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Figure 4. NH3-TPD profile of (a) conventional MFI, (b) MFI-10PrTES, (c) MFI-10MeTES 


and (d) MFI-10OcTES. 
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Table 1. Summary of the NH3-TPD results of various samples investigated in this study.  


 


Catalysts Total acid sites 


NH3 desorbed 


(mmol/g) 


Weak acid sites 


(T-maxima in K) 


Strong acid sites 


(T-maxima in K) 


MFI 0.24 0.11 (459) 0.13 (636) 


MFI-10PrTES 0.48 0.26 (461) 0.22 (657) 


MFI-10MeTES 0.78 0.38 (465) 0.40 (676) 


MFI-10OcTES 0.37 0.19 (460) 0.18 (659) 
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[A] Experimental Procedures.


Preparation of [Cu7(µµµµ3-OH)6(µµµµ3-Cl)2(D-pends)3] (1). To a stirred dark brown solution containing 0.10


g (0.23 mmol) of K[Co(D-pen-N,O,S)2]·2.5H2O in 5 mL of water was added 0.06 g (0.48 mmol) of


CuCl2 in 5 mL of water. The mixture was stirred at RT for 1 h, and then filtered. The filtrate was


allowed to stand at RT for 3 days, and the resulting blue trigonal-pyramidal crystals were collected by


filtration. Yield: 0.034 g (19 %); elemental analysis calcd (%) for [Cu7(µ3-OH)6(µ3-Cl)2(D-


pends)3]·20H2O: C 19.36, H 5.42, N 4.52; found: C 19.33, H 5.20, N 4.51. Reflection spectrum in the


solid state [λmax, nm]: 697. CD spectrum in the solid state [λextrema, nm]: 557 (–). IR spectrum (KBr disk,


cm–1): 1636 (νCOO–).


Preparation of [Cu7(µµµµ3-OH)6(µµµµ3-Cl)2(L-pends)3] (1’). To a stirred dark brown solution containing


0.05 g (0.17 mmol) of K[Co(L-pen-N,O,S)2]·2.5H2O in 2.5 mL of water was added 0.03 g (0.24 mmol)


of CuCl2 in 2.5 mL of water. The mixture was stirred at RT for 1 h, and then filtered. The filtrate was


allowed to stand at RT for 8 days, and the resulting blue trigonal-pyramidal crystals were collected by


filtration. Elemental analysis calcd (%) for [Cu7(µ3-OH)6(µ3-Cl)2(L-pends)3]·20H2O: C 19.36, H 5.42,


N 4.52; found: C 19.30, H 5.31, N 4.49. Reflection spectrum in the solid state [λmax, nm]: 680. CD


spectrum in the solid state [λextrema, nm]: 556 (+). IR spectrum (KBr disk, cm–1): 1634 (νCOO–).


Preparation of [Cu7(µµµµ3-OH)6(µµµµ3-Br)2(D-pends)3] (2). To a stirred dark brown solution containing 0.10


g (0.23 mmol) of K[Co(D-pen-N,O,S)2]·2.5H2O in 5 mL of water was added 0.10 g (0.47 mmol) of


CuBr2 in 5 mL of water. The mixture was allowed to stand at RT for 1 h, and then filtered. The filtrate


was allowed to stand at room temperature for 3 days, and the resulting blue trigonal-pyramidal crystals


were collected by filtration. Yield: 0.025 g (15 %); elemental analysis calcd (%) for [Cu7(µ3-OH)6(µ3-


Br)2(D-pends)3]·20.5H2O: C 18.39, H 5.20, N 4.29; found: C 18.42, H 5.12, N 4.29. Reflection


spectrum in the solid state [λmax, nm]: 688. CD spectrum in the solid state [λextrema, nm]: 578 (–). IR
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spectrum (KBr disk, cm–1): 1636 (νCOO–).


Preparation of [Cu2(D-pends)2(H2O)2] (3). To a dark brown solution containing 0.20 g (0.47 mmol) of


K[Co(D-pen-N,O,S)2]·2.5H2O in 10 mL of water was added 0.24 g (0.96 mmol) of CuSO4·5H2O in 10


mL of water. The mixture was stirred at RT for 1 h, followed by allowing to stand at RT for 1 day. After


filtration, the filtrate was further allowed to stand at RT for one week, and the resulting blue block


crystals were collected by filtration. Yield: 0.036 g (18 %); elemental analysis calcd (%) for [Cu2(D-


pends)2(H2O)2]·6.5H2O: C 27.64, H 6.15, N 6.45; found: C 27.49, H 5.98, N 6.42. Reflection spectrum


in the solid state [λmax, nm]: 631. CD spectrum in the solid state [λextrema, nm]: 614 (+). IR spectrum


(KBr disk, cm–1): 1615 (νCOO–). This complex was obtained in a higher yield (47%) when K[Co(D-pen-


N,O,S)2]·2.5H2O was reacted with CuSO4·5H2O in a 1:1 molar ratio. The use of Cu(BF4)2, Cu(NO3)2,


and Cu(ClO4)2, instead of CuSO4, also gave 3 in yields of 29%, 27%, and 24%, respectively.


X-ray Structural Determinations. Single-crystal X-ray diffraction experiments for 1 and 2 were


performed on a Bruker AXS SMART-1000/CCD area detector with graphite-monochromated Mo Kα


radiation (λ = 0.71069 Å) at 210 K for 1 and 200 K for 2, respectively. The intensity data were


collected by the ω–2θ scan technique and were empirically corrected for absorption with using the


program SADABS. Single-crystal X-ray diffraction experiments for 3 were performed on a Rigaku


RAXIS-RAPID imaging plate area detector with graphite-monochromated Mo Kα radiation (λ =


0.71069 Å) at 200 K. The intensity data were collected by the ω scan technique and were empirically


corrected for absorption. The structure was solved by the direct method with SIR97 or SIR92 and


refined with full-matrix least-squares on F2 using SHELXL-97. Crystal structure analysis for 1·21H2O:


C30H102Cl2Cu7N4O39S6, crystal size 0.22 x 0.20 x 0.10 mm, trigonal, space group P32, a = 15.0898(9) Å,


c = 27.315(2) Å, V = 5386.4(6) Å3, Z = 3, ρcalcd = 1.738 g cm–1, µ = 2.373 mm–1, ω–2θ scan mode,


2θmax = 55.0, 39402 reflections collected, 13374 independent reflections, 11774 observed reflections


(I> 2σ(I)), 840 parameters, semiempirical absorption corrections with SADABS, max./min.
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transmission 0.6942/0.6062, R1 (I> 2σ(I)) = 0.0366, wR2 (all data) = 0.0684, Flack parameter


0.005(10), residual electron density 0.76/–0.57 e Å–3. The inner CuII ion is disordered in two positions


with site occupancy factors of 0.9 (Cu1) and 0.1 (Cu1B), which are situated in a coordination


environment very similar to each other. Hydrogen atoms were not included in the calculations. Crystal


structure analysis for 2·21H2O: C30H102Br2Cu7N4O39S6, crystal size 0.15 x 0.10 x 0.10 mm, trigonal,


space group P32, a = 15.1101(8) Å, c = 27.6093(19) Å, V = 5459.1(6) Å3, Z = 3, ρcalcd = 1.796 g cm–1, µ


= 3.366 mm–1, ω–2θ scan mode, 2θmax = 55.0, 40376 reflections collected, 16692 independent


reflections, 12429 observed reflections (I> 2σ(I)), 836 parameters, semiempirical absorption


corrections with SADABS, max./min. transmission 0.8014/0.6389, R1 (I> 2σ(I)) = 0.0433, wR2 (all


data) = 0.0776, Flack parameter 0.005(7), residual electron density 0.96/–0.53 e Å–3. The inner CuII ion


is disordered in two positions with site occupancy factors of 0.9 (Cu1) and 0.1 (Cu1B). Hydrogen


atoms were not included in the calculations. CCDC-648594 (1·21H2O) and CCDC-648595 (2·21H2O)


contain the supplementary crystallographic data. These data can be obtained free of charge from the


Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Crystal structure


analysis for 3·7.5H2O: C20H55Cu2N4O17.5S4, Space group C2, a = 12.230(5) Å, b = 19.687(6), c =


15.488(4) Å, b = 91.988(13)°, V = 3727(2) Å3, Z = 4, rcalcd = 1.581 g cm–1, µ = 1.438 mm–1, ω scan


mode, 2θmax = 55°, 18207 reflections collected, 7949 independent reflections, 7060 observed


reflections (I> 2σ(I)), 430 parameters, empirical absorption corrections, max./min. transmission


0.9316/0.7150, R1 (I> 2σ(I)) = 0.0404, wR2 (all data) = 0.1075, Flack parameter 0.009(11), residual


electron density 0.53/–0.45 e Å–3.
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[B] Absorption and CD Spectra of Complexes.


Figure S1.  Absorption (top) and CD (bottom) spectra of 1 (     ) and 1’ (     ) in the solid state.
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Figure S2.  Absorption (top) and CD (bottom) spectra of 2 in the solid state.
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Figure S3.  Absorption (top) and CD (bottom) spectra of 3 in the solid state.
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[C] Crystal Structures of Complexes


Figure S4.  Ortep drawing of 1. Hydrogen atoms and a disordered copper atom (Cu1B) are omitted for


clarity. Cl green, Cu brown, C black, N blue, O red, S yellow. Selected distances [Å] and angles [°]:


Cu1–O1 = 1.939(4), Cu1–O2 = 1.979(4), Cu1–O3 = 2.758(5), Cu1–O4 = 1.969(4), Cu1–O5 = 1.963(4),


Cu1–O6 = 2.354(5), av Cuouter–OOH = 1.978(4), av Cu–OD-pends = 1.945(5), av Cu–N = 1.977(5), av


Cu–Cl = 2.696(2), av Cu···S = 3.314(2), av S–S = 2.031(3), av Cuinner···Cuouter = 3.084(1), av


Cuouter···Cuouter = 3.279(1), Cu2–Cl1–Cu3 = 76.05(5), Cu2–Cl1–Cu4 = 75.90(5), Cu3–Cl1–Cu4 =


72.57(4), Cu5–Cl2–Cu6 = 75.62(5), Cu5–Cl2–Cu7 = 75.30(5), Cu6–Cl2–Cu7 = 73.75(5),


Cu1–O1–Cu4 = 112.7(2), Cu1–O1–Cu2 = 90.27(17), Cu2–O1–Cu4 = 109.41(19), Cu1–O2–Cu2 =


90.80(17), Cu2–O2–Cu3 = 108.76(19), Cu1–O2–Cu3 = 114.9(2), Cu3–O3–Cu4 = 114.6(2),


Cu1–O3–Cu3 = 90.19(17), Cu1–O3–Cu4 = 86.13(16), Cu1–O4–Cu5 = 93.11(17), Cu1–O4–Cu7 =


102.47(19), Cu5–O4–Cu7 = 112.5(2), Cu1–O5–Cu6 = 104.06(19), Cu1–O5–Cu5 = 92.16(17),


Cu5–O5–Cu6 = 112.0(2), Cu6–O6–Cu7 = 114.9(2), Cu1–O6–Cu7 = 91.39(17), Cu1–O6–Cu6 =


91.46(17).
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Figure S5.  Core structure of 1. Cl green, Cu brown, O red. Selected distances [Å] and angles [°]:


Cu1B–O1 = 2.399(8), Cu1B–O2 = 1.847(8), Cu1B–O3 = 2.107(8), Cu1B–O4 = 2.606(9), Cu1B–O5 =


2.158(8), Cu1B–O6 = 1.851(8), Cu1B–O1–Cu2 = 91.4(2), Cu1B–O1–Cu4 = 91.8(2), Cu1B–O2–Cu2 =


112.8(3), Cu1B–O2–Cu3 = 90.2(3), Cu1B–O3–Cu3 = 85.5(3), Cu1B–O3–Cu4 = 102.2(3),


Cu1B–O4–Cu5 = 98.0(2), Cu1B–O4–Cu7 = 85.0(2), Cu1B–O5–Cu5 = 113.2(3), Cu1B–O5–Cu6 =


82.0(2), Cu1B–O6–Cu6 = 90.7(3), Cu1B–O6–Cu7 = 111.5(3).
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Figure S6.  Ortep drawing of 2. Hydrogen atoms and a disordered copper atom (Cu1B) are omitted for


clarity. Br purple, Cu brown, C black, N blue, O red, S yellow. Selected distances [Å] and angles [°]:


Cu1–O1 = 1.956(4), Cu1–O2 = 1.986(4), Cu1–O3 = 2.781(5), Cu1–O4 = 1.966(5), Cu1–O5 = 1.952(4),


Cu1–O6 = 2.341(5), av Cuouter–OOH = 1.979(5), av Cu–OD-pends = 1.947(5), av Cu–N = 1.973(6), av


Cu–Br = 2.823(1), av Cu···S = 3.126(2), av S–S = 2.028(3), av Cuinner···Cuouter = 3.083(1), av


Cuouter···Cuouter = 3.299(1), Cu2–Br1–Cu3 = 72.63(3), Cu2–Br1–Cu4 = 72.64(3), Cu3–Br1–Cu4 =


69.35(3), Cu5–Br2–Cu7 = 71.60(3), Cu5–Br2–Cu6 = 71.89(3), Cu6–Br2–Cu7 = 70.83(3),


Cu1–O1–Cu4 = 112.7(2), Cu1–O1–Cu2 = 89.56(18), Cu2–O1–Cu4 = 110.7(2), Cu1–O2–Cu2 =


90.12(18), Cu2–O2–Cu3 = 108.7(2), Cu1–O2–Cu3 = 114.6(2), Cu3–O3–Cu4 = 114.9(2), Cu1–O3–Cu3


= 89.69(17), Cu1–O3–Cu4 = 85.86(16), Cu1–O4–Cu5 = 93.43(19), Cu5–O4–Cu7 = 113.8(2),


Cu1–O4–Cu7 = 102.2(2), Cu1–O5–Cu6 = 104.0(2), Cu1–O5–Cu5 = 92.29(18), Cu5–O5–Cu6 =


113.1(2), Cu6–O6–Cu7 = 116.5(2), Cu1–O6–Cu7 = 91.47(18), Cu1–O6–Cu6 = 91.18(18).
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Figure S7.  Core structure of 1. Br purple, Cu brown, O red. Selected distances [Å] and angles [°]:


Cu1B–O1 = 2.380(11), Cu1B–O2 = 1.853(11), Cu1B–O3 = 2.127(11), Cu1B–O4 = 2.588(12),


Cu1B–O5 = 2.156(11), Cu1B–O6 = 1.855(11), Cu1B–O1–Cu2 = 91.3(3), Cu1B–O1–Cu4 = 91.8(3),


Cu1B–O2–Cu2 = 111.0(4), Cu1B–O2–Cu3 = 90.4(4), Cu1B–O3–Cu3 = 85.4(3), Cu1B–O3–Cu4 =


100.9(4), Cu1B–O4–Cu5 = 98.6(3), Cu1B–O4–Cu7 = 85.1(3), Cu1B–O5–Cu5 = 112.9(4),


Cu1B–O5–Cu6 = 82.3(3), Cu1B–O6–Cu6 = 90.5(4), Cu1B–O6–Cu7 = 110.9(4).
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Figure S8.  Ortep drawing of 3. Hydrogen atoms are omitted for clarity. Cu brown, C black, N blue, O


red, S yellow. Selected distances [Å]: av Cu–OD-pends = 1.964(3), av Cu–Owater = 2.382(4), av Cu–N =


1.984(3), av S–S = 2.041(2), Cu···Cu = 6.412(2).


Figure S9.  Packing structures of 1. Blue dashed line represents the hydrogen bonds between carboxyl


and amine groups (N···O = 2.852(7) – 2.934(7) Å).
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[D] IR Spectra of Complexes.


Figure S10.  IR spectra of a) 1, b) 2, and c) 3.
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[E] Magnetic Data of Complexes.


Figure S11.  Plots of χMT vs T for 1 (red circle) and 2 (blue triangle). Solid lines correspond to the


theoretical curves. Magnetic data were analyzed with the exchange coupling constants J1, J2, J3, and J4.


The parameters obtained from the least-squares calculation are given in the text.


Figure S12.  Plots of M vs HT–1 for 1 (red circle) and 2 (blue triangle). Solid lines correspond to the


theoretical curves (g = 2.0).
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Figure S13.  Energy level diagrams of a) 1 and b) 2 using J1 = –0.9 cm–1, J2 = –20.9 cm–1, J3 = –4.1


cm–1, J4 = –24.0 cm–1, and g = 2.03 for 1 and J1 = –1.1 cm–1, J2 = –20.9 cm–1, J3 = –4.7 cm–1, J4 = –24.4


cm–1, and g = 2.06 for 2.
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Table S1.  Elemental composition of Fmoc-pTyrOMe imprinted and nonimprinted 
polymers 
 
Polymer %C %H %P %O %N %F 


 Calc. Found Calc. Found Calc. Found Calc. Found Calc. Found Calc. Found 


P1 60.3 58.2 


 67a  


7.7 7.4 0.316 0.010 28.4 28.3a 1.86 1.72 


1.80a 


2.33 2.65a 


PN1 60.0 57.5 


67a 


7.0 7.3 0 0 28.8 28.6a 1.80 1.92 


1.93a 


2.40 2.57a 


P2 61.4 59.0 7.1 7.4 0.327 n.d 29.3 n.d 1.90 1.93 0 n.d. 


PN2 61.0 58.2 7.0 7.1 0 n.d 30.2 n.d 1.80 1.97 0 n.d. 


 
a) Mass concentration obtained by XPS. 


 
 
 
Table S2. Parameters with standard deviations derived from fitting of the frontal 
analysis binding isotherms with Langmuir models. 
 


Polymer Mobile phasea qs1  


(mM) 


K1  


(M-1) 


qs2  


(mM) 


K2  


(M-1) 


P1 A 1.4±0.3 8.0 (±1.7) x103 0.05±0.006 2.5 (±0.3) x105 


PN1 A (b) (b)  - 


P1 B 0.5±0.04 15 (±1.0) x103 0.03±0.003 7.6 (±0.6) x105 


PN1 B 0.8±0.03 8.0 (±0.3) x103  - 


P1 C 0.8±0.1 9.0 (±1.5) x103 0.007±0.003 8.7 (±3.4) x105 


PN1 C 0.6±0.05 5.5 (±0.45) x103  - 


 
The isotherms were fitted with Bi-Langmuir (P1) or Mono-Langmuir (PN1) adsorption models. 


a) A: MeCN/[sodium carbonate (10mM), pH 9.8 TBAOH (10mM)]: 50/50 (v/v). B: MeCN/[sodium 
carbonate (10mM), pH 9.8]: 20/80 (v/v). C: MeCN/water: 50/50 (v/v) (0.1% TFA). 


b) No fitting possible due very low curvature of the isotherm. 
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Figure S1.  Jobs plot for determining the complex stochiometry between 1 and 
tetrabutylammonium hydrogen-1-naphtylphosphate (TBAHNP).  The product of the mole 
fraction of 1 (fM) and the CIS of H7 (purple squares) and H10 (blue diamonds) were plotted 
versus fM. 
 


Figure S2.  Jobs plot for determining the complex stochiometry between 1 and TBA2NP.  The 
product of the mole fraction of 1 (fM) and the CIS of H13e (squares), H13z (triangles) and 
H12 (diamonds) were plotted versus fM. 
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Figure S3.  Average complexation induced shift (CIS) of the two urea protons H7 and H10 of 
1 as a function of the free concentration (Cf) of tetrabutylammonium hydrogen-1-
naphtylphosphate (TBAHNP) in d6-DMSO. The curve fit was obtained by nonlinear 
regression assuming a mono-Langmuir association model. 
 
 


 
Figure S4.  Average complexation induced shift (CIS) of the two urea protons H7 and H10 of 
3 as a function of the free concentration (Cf) of tetrabutylammonium hydrogen-
naphtylphosphate (TBAHNP) in d6-DMSO. The curve fit was obtained by nonlinear 
regression assuming a mono-Langmuir association model. 
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Figure S5. Complexation induced upfield shift (CIS) of H32e (squares), H32z (triangles) and 
H31 (diamonds) of 2 as a function of the total concentration (C) of bis-tetrabutylammonium 
1-naphtylphosphate (TBA2NP) in d6-DMSO. 
 


 
 
Figure S6.  Complexation induced upfield shift (CIS) of H13e (squares), H13z (triangles) and 
H12 (diamonds) of 1 as a function of the total concentration (C) of bis-tetrabutylammonium 
1-naphtylphosphate (TBA2NP) in d6-DMSO.  
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Figure S7.  Complexation induced upfield shift (CIS) of H13e (squares), H13z (triangles) and 
H12 (diamonds) of 3 as a function of the total concentration (C) of bis-tetrabutylammonium 
1-naphtylphosphate (TBA2NP) in d6-DMSO.  
 


 
Figure S8.  Jobs plot for determining the complex stochiometry between 1 and bis-
triethylammonium 1-naphtylphosphate (TEA2NP).  The product of the mole fraction of 1 (fM) 
and the CIS of H7 (purple squares), H10 (blue diamonds) were plotted versus fM. 
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Figure S9. 


A. 


B. 


Figure S9.  Complexation induced shift (CIS) of (A) H10 (blue diamonds) and H7 (purple 
squares) of 1 and (B) H7 of 3, as a function of the total concentration of bis-
triethylammonium 1-naphtylphosphate (TEA2NP) in d6-DMSO.  
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Figure S10.  Complexation induced shift (CIS) of H7 (squares) and H10 (diamonds) of 1 as a 
function of the total concentration of mono-triethylammonium 1-naphtylphosphate (TEA NP) 
in d6-DMSO.  


 


Figure S11.  Complexation induced shift (CIS) of H8 and H10 (squares) and H13 and H16 
(diamonds) of 2 as a function of the total concentration of bis-triethylammonium 1-
naphtylphosphate (TEA2NP) in d6-DMSO.  
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Figure S12.  Transmission infrared spectra (KBr) of the bulk imprinted and nonimprinted 
polymers used in the study. 
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Figure S13 
 
 


 
 
 
Figure S13.  Representative optical micrographs (20x magnification) of the imprinted and 
nonimprinted crushed monoliths used in the study. The average diameter range of the 
particles was ca. 25-35 µm. 
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Figure S14.  


 
 
 
Figure S14.  13C-CP-MAS NMR spectra of the bulk imprinted and nonimprinted polymers.  
All  13C CP/MAS NMR spectra were recorded on a Bruker ASX 300 Spectrometer (7.05 T)  
at a spinning rate of 10000 Hz with 4 mm double bearing rotors made from ZrO2.  The proton 
90° pulse length was 3.5 µs and the temperature was 295 K.  The spectra were obtained with a 
cross-polarisation contact time of 3 ms.  The pulse intervals were 2-300s.  Glycine was used 
as a reference and to adjust the Hartmann-Hahn condition. The number of scans recorded in 
each experiment was 20,480. Arrows indicate resonances originating from the urea monomer. 
 







  S11 


 


Fmoc-Glu-OMe
Fmoc-Lys-OMe Fmoc-Tyr-OMe


Fmoc-pSerFmoc-pTyr


O N
H


O


O


O


NH2


O N
H


O


O


O


OH


O N
H


O


O


O


HO O


O N
H


OH


O


O


O


P
HO OH


O


O N
H


OH


O


O


O


P
HO OH


O


 
 
Figure S15.  Fmoc-protected aminoacids and esters used as control analytes for the selectivity 
assessment. 
 


 
 
 
Figure S16. Retention factor for Fmoc-pTyrOMe using MeCN/[potassium phosphate buffer, 
0.02M, pH7]: 50/50 (v/v) as mobile phase. Conditions: 4.5 x 125 mm column, DAD λ=260 
nm, Flow rate = 1mL/min, Injection= 20 µL of 0.5 mM stock solutions in acetonitrile. 
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Figure S17A 
 


 
Figure S17B 


 
 
Figure S17.  Inter run and inter capillary reproducibility for nonimprinted (A) and imprinted 
(B) monoliths. (A) shows two runs for five independently grafted nonimprinted polymers 
whereas (B) shows up to five runs for three independently grafted imprinted polymers.  
Microliquid chromatography conditions:  Mobile phase: MeCN/water: 90/10 (v/v) (10 mM 
tetraethylammonium tetrafluoroborate). Flow rate: 15 µL/min (8 MPa). Loading: Injection of 
25.6 mg/L of the template in pure acetonitrile in a 157 nL loop. Detection at 260 nm UV.   
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Figure S18A. 
 


 
 
 
Figure S18B. 


 
 
 
Figure S18.  Elution profiles of Fmoc-pTyrOMe on P1 and PN1 using (A) MeCN/carbonate 
buffer (10 mM pH=9.8) 20/80 (v/v) and (B) MeCN/[0.1%TFA in water]: 50/50 (v/v) as 
mobile phase. 
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Figure S19.  Chromatograms of Angiotensin (A) and p-Angiotensin (B) on P1 and PN1 
within the  firstrst 10 minutes elution. Method: 0-30 min 100% A; 30-40 min 100% B. A= 
MeCN/water: X/Y (v/v) 0.1%TFA. B=MeOH 0.1%TFA. X in % is indicated in the figure. 
Injection: 10  µL; Flow rate: 0.5 ml/min.  Wavelength: 260nm. 
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Figure S20.  Chromatograms of pSer-436 (A) and Ser-436 (B) on P1 and PN1 within the first 
10 minutes elution. Method: 0-30 min 100% A; 30-40 min 100% B. A= MeCN/water: X/Y 
(v/v)  0.1%TFA. B=MeOH 0.1%TFA. X in % is indicated in the figure. Injection: 10  µL; 
Flow rate: 0.5 ml/min.  Wavelength: 260nm. 
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Figure S21.  Elution profiles of pZAP 70 on P1 (red dashed line) and PN1 (blue solid line) 
using MeCN/water: 98/2 (0.1% TFA) as mobile phase.  Conditions: 4.5 x 125 mm column, 
DAD λ=260 nm, Flow = 1 mL/min, Inj. Vol.= 20 µL. 
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Figure S22A 
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Figure S22   Peak intensities of peptides identified by MALDI-MS analysis of fractions 
collected during solid phase extraction experiments performed using P1 (A) or PN1 (B).  
The fractions were collected with 5-min intervals after injection (10 µL) of a model peptide 
mixture on P1 or PN1 using a loading mobile phase A (Load) and after switch to an eluting 
mobile phase B (Elute). Mobile phase: 1-10 min: A=MeCN/water: 95/5 (v/v) (0.1% TFA); 
10-20 min: B= MeOH (0.1% TFA).  
The peptide mixture consisted of five peptides each at a concentration of 11 µg/mL except for 
pAng which was present at a concentration of 0.11 µg/mL in water.  The peptide 
masse/charge ratios and sequences were: Ang (m/z=1047) (DRVYIHPF), pAng (m/z=1127) 
(DRVpYIHPF), Ser-436 (m/z=1305) (CDFRSFRSVT), pSer-436 (m/z=1385) 
(CDFRpSFRSVT), pThr-295 (m/z=1471) (SQVGLpTRRSRTE). The out of range intensities 
have been indicated in the figure. 
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Figure S23A 
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Figure S23. MALDI-MS intensities of peaks corresponding ZAP70 (A) and pZAP70 (B) in 
fractions collected during solid phase extraction experiments performed using P1 or PN1.  The 
fractions were collected with 5-minute intervals after injection (10 µL) of a model peptide 
mixture on P1 or PN1 using a loading mobile phase A (Load) and after switch to an eluting 
mobile phase B (Elute). Mobile phase: 1-10 min: A= MeCN/water: 95/5 (v/v) (0.1% TFA); 10-
20 min: B= MeOH (0.1% TFA).  The peptide mixture consisted of ZAP70 at a concentration of 
11 µg/mL and pZAP70 at a concentration of 0.11 µg/mL in water.  
The peptide masse/charge ratios and sequences were: ZAP70 (m/z=1303) 
(ALGADDSYYTAR), pZAP70 (m/z=1383) (ALGADDSpYYTAR). 
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Table S1. Selected inter-atomic distances (Å) and angles 


(deg.) for [Cu4] from X-ray diffraction at 293K. 


Cu1 - O1 1.897(5) Cu2 – O8 1.961(4) Cu4 - O7 1.917(5) 


Cu1 – O2 1.959(4) Cu2 – O2 2.414(5) Cu4 - N4 1.934(6) 


Cu1 – N1 1.939(6) Cu3 – O5 1.907(5) Cu4 – O2 1.944(4) 


Cu1 – O6 1.950(4) Cu3 - O4 1.949(4) Cu4 – O6 2.456(5) 


Cu1 – O4 2.419(5) Cu3 – N3 1.927(5) Cu1 ... Cu3 3.109(2) 


Cu2 – O3 1.914(3) Cu3 – O6 1.954(4) Cu1 ... Cu2 3.297(2) 


Cu2 – O4 1.952(4) Cu3 – O8 2.408(5) Cu1 ... Cu4 3.130(1) 


Cu2 - N2 1.942(5) Cu4 – O8 1.959(5) Cu2 ... Cu4 3.150(2) 


Cu2 ... Cu3 3.128(2) Cu3 ... Cu4 3.313(2)   


Cu2 – O8 – Cu4 107.0(2) Cu4-O8-Cu3 98.20(18) Cu1-O4-Cu2 97.36(18) 


Cu2 – O8 - Cu3 90.88(17) Cu2-O4-Cu3 106.6(2) Cu2-O2-Cu1 97.32(18) 


Cu4 – O6 - Cu3 96.73(18) Cu3-O4-Cu1 90.12(16) Cu3-O6-Cu1 105.60(19) 


Cu4 – O6 - Cu1 89.77(17) Cu1-O2-Cu4 106.6(2) Cu4-O2-Cu2 91.93(18) 
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Figure S1. Magnetization at 2 K. The solid lines hold for the 


best fits of the data as explained in text (g = 2.18, J1 = + 


30.5 cm-1, J2 = -5.5 cm
-1 and θ = - 0.10 K). 
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Figure S2: Sections of the reconstructed experimental spin 


density in the various Cu---Cu dinuclear planes (in µB/Å3) for 


asymmetrical configurations and the short Cu…Cu distance 3.1 


Å.  
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Figure S3: Sections of the reconstructed experimental spin 


density in the various Cu---Cu dinuclear planes (in µB/Å3) for 


symmetrical configurations and a long Cu…Cu distance 3.3 Å. 
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1 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -2.984828   -0.357006   -0.000296 
    2          6             0       -1.755342    0.535587    0.000274 
    3          8             0       -0.594313   -0.286257   -0.000475 
    4          6             0        0.616440    0.450534    0.000525 
    5          6             0        1.765767   -0.545516    0.000639 
    6          8             0        2.975180    0.215141   -0.001125 
    7          1             0       -2.996658   -0.998120    0.886525 
    8          1             0       -2.996407   -0.997162   -0.887817 
    9          1             0       -3.894904    0.252406   -0.000111 
   10          1             0       -1.748580    1.188804   -0.887919 
   11          1             0       -1.748380    1.187455    0.889457 
   12          1             0        0.683511    1.094987    0.891279 
   13          1             0        0.684701    1.095671   -0.889654 
   14          1             0        1.694004   -1.185188   -0.889737 
   15          1             0        1.695605   -1.183527    0.892326 
   16          1             0        3.727941   -0.387996    0.001595 
 --------------------------------------------------------------------- 


-308.9009562 -308.75968 -308.751605 -308.750661 -308.792136 
 
 
2a 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.942832   -0.377297   -0.062456 
    2          6             0        1.721327    0.519358    0.048709 
    3          8             0        0.554796   -0.288555   -0.042592 
    4          6             0       -0.648672    0.453952    0.064655 
    5          6             0       -1.791682   -0.499256    0.015740 
    6          8             0       -3.015779    0.119179   -0.099478 
    7          1             0        2.944848   -0.909318   -1.018665 
    8          1             0        2.951809   -1.117751    0.743295 
    9          1             0        3.858377    0.220150    0.004704 
   10          1             0        1.724512    1.063747    1.007933 
   11          1             0        1.717146    1.271755   -0.757374 
   12          1             0       -0.741294    1.185764   -0.756580 
   13          1             0       -0.646163    1.035870    1.010446 
   14          1             0       -1.743847   -1.436285    0.567962 
   15          1             0       -3.720369   -0.539470   -0.065048 
 --------------------------------------------------------------------- 


-308.2393717 -308.112059 -308.10397 -308.103025 -308.145339 
 
 







2b 
 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.968786   -0.333724   -0.072585 
    2          6             0        1.741601    0.556175   -0.000139 
    3          8             0        0.573893   -0.276075   -0.013539 
    4          6             0       -0.616378    0.376783    0.100508 
    5          6             0       -1.809414   -0.510128    0.147058 
    6          8             0       -2.949581    0.261870   -0.247726 
    7          1             0        2.960376   -0.930988   -0.989253 
    8          1             0        3.007220   -1.014301    0.783384 
    9          1             0        3.875552    0.280193   -0.068177 
   10          1             0        1.741808    1.156498    0.921248 
   11          1             0        1.696131    1.243135   -0.855839 
   12          1             0       -0.619185    1.343486    0.603839 
   13          1             0       -1.970998   -0.919745    1.163106 
   14          1             0       -1.644747   -1.363563   -0.527279 
   15          1             0       -3.748219   -0.215714    0.010043 
 --------------------------------------------------------------------- 


-308.2399451 -308.112635 -308.104391 -308.103447 -308.146315 
 
 
 
2c 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        3.037996   -0.280890    0.017738 
    2          6             0        1.772898    0.499045   -0.046991 
    3          8             0        0.632809   -0.258835   -0.032846 
    4          6             0       -0.593036    0.469939   -0.059044 
    5          6             0       -1.726832   -0.538859    0.034299 
    6          8             0       -2.941544    0.210436    0.010383 
    7          1             0        3.069176   -1.044243   -0.768611 
    8          1             0        3.162784   -0.803762    0.981750 
    9          1             0        3.897120    0.383868   -0.114084 
   10          1             0        1.692050    1.490110    0.402169 
   11          1             0       -0.671660    1.045580   -0.990112 
   12          1             0       -0.639112    1.167748    0.788695 
   13          1             0       -1.629390   -1.115665    0.964388 
   14          1             0       -1.667356   -1.235038   -0.813472 
   15          1             0       -3.689882   -0.396814    0.052966 
 --------------------------------------------------------------------- 


-308.2413552 -308.114033 -308.105735 -308.104791 -308.147463 
 
 







3a 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        3.462205    0.645836   -0.253355 
    2          6             0        2.439548   -0.313536    0.329174 
    3          8             0        1.162803   -0.008918   -0.228955 
    4          6             0        0.130444   -0.843026    0.247652 
    5          6             0       -1.179947   -0.349981   -0.331691 
    6          8             0       -2.166584   -1.289538   -0.106484 
    7          8             0       -1.509518    0.914043    0.383166 
    8          8             0       -2.689696    1.356863   -0.013653 
    9          1             0        3.198461    1.680541   -0.015238 
   10          1             0        3.512394    0.543558   -1.341584 
   11          1             0        4.453792    0.435536    0.160912 
   12          1             0        2.704611   -1.357643    0.095816 
   13          1             0        2.393330   -0.217780    1.425610 
   14          1             0        0.066451   -0.824816    1.346635 
   15          1             0        0.271652   -1.886543   -0.072166 
   16          1             0       -1.086671   -0.057535   -1.383887 
   17          1             0       -3.003559   -0.930676   -0.439376 
 --------------------------------------------------------------------- 


-458.6248188 -458.487458 -458.477822 -458.476878 -458.52389 
 
 
3b 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -2.926105   -0.705531   -0.330838 
    2          6             0       -2.065920    0.461013    0.136952 
    3          8             0       -0.814251    0.015206    0.707433 
    4          6             0        0.211705   -0.210093   -0.175204 
    5          6             0        1.308923   -1.003697    0.523222 
    6          8             0        2.404130   -1.272452   -0.335486 
    7          8             0        0.768099    1.084480   -0.695423 
    8          8             0        1.319253    1.813345    0.263582 
    9          1             0       -3.126743   -1.392865    0.496423 
   10          1             0       -2.446796   -1.267910   -1.139102 
   11          1             0       -3.883887   -0.331666   -0.709432 
   12          1             0       -1.864832    1.169314   -0.674790 
   13          1             0       -2.557237    1.008409    0.944901 
   14          1             0       -0.098533   -0.673904   -1.119973 
   15          1             0        0.889277   -1.969720    0.814246 
   16          1             0        1.607148   -0.464446    1.429439 
   17          1             0        2.892141   -0.452000   -0.487355 
 --------------------------------------------------------------------- 


-458.6211596 -458.483584 -458.47391 -458.472966 -458.519942 







 
3c 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.285098   -1.305487   -0.202679 
    2          6             0        1.225223   -0.458130    0.461868 
    3          8             0        0.038414   -0.555370   -0.232509 
    4          6             0       -1.103260    0.035194    0.403305 
    5          6             0       -2.306665   -0.266326   -0.475416 
    6          8             0       -3.441162    0.284149    0.191706 
    7          8             0        1.678104    0.966908    0.550830 
    8          8             0        1.934674    1.486448   -0.638608 
    9          1             0        2.410781   -0.988636   -1.240151 
   10          1             0        1.974364   -2.353220   -0.181824 
   11          1             0        3.236647   -1.203962    0.325200 
   12          1             0        1.097195   -0.678468    1.531327 
   13          1             0       -0.971294    1.117666    0.505098 
   14          1             0       -1.246533   -0.399492    1.402445 
   15          1             0       -2.404691   -1.353262   -0.603856 
   16          1             0       -2.159001    0.188726   -1.463869 
   17          1             0       -4.220087    0.182069   -0.368196 
 --------------------------------------------------------------------- 


-458.6219399 -458.4847 -458.47484 -458.473896 -458.521339 
 
4a 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        3.496166    0.692039   -0.254926 
    2          6             0        2.493278   -0.310886    0.288701 
    3          8             0        1.200464    0.026340   -0.204275 
    4          6             0        0.188931   -0.853743    0.241210 
    5          6             0       -1.152181   -0.359702   -0.283209 
    6          8             0       -2.070170   -1.414453   -0.176721 
    7          8             0       -1.515636    0.743915    0.538491 
    8          8             0       -2.711707    1.327361   -0.060445 
    9          1             0        3.239663    1.705990    0.066649 
   10          1             0        3.510272    0.669876   -1.348916 
   11          1             0        4.501469    0.456017    0.109724 
   12          1             0        2.755757   -1.334273   -0.026511 
   13          1             0        2.484282   -0.295175    1.390573 
   14          1             0        0.151154   -0.902308    1.340112 
   15          1             0        0.343962   -1.871571   -0.145717 
   16          1             0       -1.064736   -0.005567   -1.318981 
   17          1             0       -2.937096   -1.085506   -0.453404 
   18          1             0       -2.365498    2.190960   -0.340589 
 --------------------------------------------------------------------- 







-459.2661662 -459.116966 -459.106885 -459.10594 -459.152821 
4b 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -2.947109   -0.719885   -0.247283 
    2          6             0       -2.080168    0.494397    0.063025 
    3          8             0       -0.828673    0.122647    0.675734 
    4          6             0        0.202976   -0.207393   -0.209595 
    5          6             0        1.221620   -1.065311    0.539572 
    6          8             0        2.338509   -1.375021   -0.275067 
    7          8             0        0.789562    0.960726   -0.793928 
    8          8             0        1.455076    1.731096    0.248009 
    9          1             0       -3.144089   -1.294135    0.662935 
   10          1             0       -2.469981   -1.383041   -0.976554 
   11          1             0       -3.906041   -0.397227   -0.668189 
   12          1             0       -1.884046    1.089730   -0.837452 
   13          1             0       -2.574593    1.141989    0.792831 
   14          1             0       -0.157737   -0.723893   -1.110384 
   15          1             0        0.747904   -2.013768    0.804213 
   16          1             0        1.513517   -0.553639    1.463844 
   17          1             0        2.756477   -0.542965   -0.538463 
   18          1             0        0.698889    2.150521    0.694913 
 --------------------------------------------------------------------- 


-459.2659524 -459.116234 -459.106296 -459.105352 -459.151604 
4c 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -2.219263    1.357570   -0.249420 
    2          6             0       -1.196344    0.488273    0.455952 
    3          8             0        0.003090    0.521549   -0.276253 
    4          6             0        1.152536    0.042189    0.425474 
    5          6             0        2.344836    0.195880   -0.505704 
    6          8             0        3.481898   -0.301394    0.198855 
    7          8             0       -1.641247   -0.850024    0.690239 
    8          8             0       -2.097229   -1.434360   -0.561657 
    9          1             0       -2.358245    1.021711   -1.278233 
   10          1             0       -1.872510    2.394271   -0.257100 
   11          1             0       -3.176265    1.301946    0.275398 
   12          1             0       -1.024401    0.818172    1.493115 
   13          1             0        1.031130   -1.009858    0.710990 
   14          1             0        1.313073    0.630085    1.340557 
   15          1             0        2.467977    1.254423   -0.772483 
   16          1             0        2.164486   -0.373382   -1.428376 
   17          1             0        4.267236   -0.198831   -0.351986 
   18          1             0       -1.275169   -1.828172   -0.899166 
 --------------------------------------------------------------------- 







-459.2640291 -459.115076 -459.104714 -459.10377 -459.15145 
H2O2 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          8             0       -0.718562   -0.118803   -0.053567 
    2          8             0        0.718562    0.118803   -0.053567 
    3          1             0       -1.025032    0.666260    0.428532 
    4          1             0        1.025032   -0.666259    0.428532 
 --------------------------------------------------------------------- 


-151.5584105 -151.53197 -151.528735 -151.527791 -151.554288 
 
4d 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -2.846860   -0.416186    0.000039 
    2          6             0       -1.653777    0.523104   -0.000181 
    3          8             0       -0.460026   -0.256835    0.000106 
    4          6             0        0.720300    0.514588    0.000157 
    5          6             0        1.909232   -0.427152   -0.000092 
    6          8             0        3.058218   -0.041276   -0.000051 
    7          1             0       -2.834510   -1.055917    0.887595 
    8          1             0       -2.834570   -1.056312   -0.887233 
    9          1             0       -3.778647    0.158973   -0.000056 
   10          1             0       -1.667878    1.173926   -0.889379 
   11          1             0       -1.667992    1.174470    0.888611 
   12          1             0        0.786947    1.164896    0.888943 
   13          1             0        0.786698    1.165341   -0.888295 
   14          1             0        1.651041   -1.506605   -0.000161 
 --------------------------------------------------------------------- 


-307.6858655 -307.568922 -307.561427 -307.560483 -307.600966 
 
4e 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.938079   -0.255558   -0.019125 
    2          6             0        1.637606    0.475022    0.262482 
    3          8             0        0.557431   -0.307909   -0.259761 
    4          6             0       -0.669883    0.302588   -0.189693 
    5          6             0       -1.766771   -0.401316    0.101245 
    6          8             0       -3.019191    0.167704   -0.023224 
    7          1             0        3.078298   -0.393774   -1.095480 
    8          1             0        2.939501   -1.240266    0.457978 
    9          1             0        3.784247    0.319695    0.371229 
   10          1             0        1.491039    0.622965    1.342350 







   11          1             0        1.632523    1.465730   -0.217367 
   12          1             0       -0.713695    1.359817   -0.451795 
   13          1             0       -1.716635   -1.456216    0.359759 
   14          1             0       -3.635382   -0.280731    0.567745 
 --------------------------------------------------------------------- 


-307.6687741 -307.551548 -307.543896 -307.542951 -307.583275 
 
4f 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -3.056374   -0.217380   -0.001033 
    2          6             0       -1.860079    0.375819    0.000867 
    3          8             0       -0.693050   -0.330325    0.000770 
    4          6             0        0.505053    0.446299   -0.000527 
    5          6             0        1.672311   -0.527508    0.000909 
    6          8             0        2.859658    0.263946   -0.001252 
    7          1             0       -3.954306    0.388271    0.000012 
    8          1             0       -3.155500   -1.297472   -0.003312 
    9          1             0       -1.748092    1.459891    0.003156 
   10          1             0        0.550644    1.086033    0.890858 
   11          1             0        0.550578    1.083185   -0.893948 
   12          1             0        1.614171   -1.168993   -0.888936 
   13          1             0        1.615003   -1.165456    0.893341 
   14          1             0        3.629171   -0.317806    0.001385 
 --------------------------------------------------------------------- 


-307.6666765 -307.549242 -307.541422 -307.540478 -307.584318 
 
5 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.088814   -0.527769    0.097325 
    2          6             0        1.084072    0.609807    0.014067 
    3          8             0       -0.173316    0.131747   -0.514798 
    4          6             0       -1.241720    0.087549    0.303988 
    5          8             0       -2.318119   -0.320279   -0.046830 
    6          1             0        2.226306   -0.992409   -0.883127 
    7          1             0        1.755727   -1.297715    0.800250 
    8          1             0        3.056961   -0.144648    0.437898 
    9          1             0        0.916315    1.068513    0.996869 
   10          1             0        1.420100    1.390740   -0.673497 
   11          1             0       -1.030925    0.466246    1.322355 
 --------------------------------------------------------------------- 


-
268.3958231 


-
268.305957 


-
268.300028 


-
268.299084 


-
268.335752 


 
6 
--------------------------------------------------------------------- 







 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -0.531797    0.000007   -0.000053 
    2          8             0        0.677998   -0.000016    0.000013 
    3          1             0       -1.116487    0.941370    0.000108 
    4          1             0       -1.116713   -0.941279    0.000108 
 --------------------------------------------------------------------- 


-
114.5115241 


-
114.484851 


-
114.481983 


-
114.481039 


-
114.50652 


 
7 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        1.170181   -0.149280   -0.000093 
    2          6             0       -0.231149    0.399919   -0.000188 
    3          8             0       -1.238275   -0.277324    0.000015 
    4          1             0        1.710571    0.223370   -0.879533 
    5          1             0        1.161183   -1.240981   -0.000326 
    6          1             0        1.708636    0.222443    0.881123 
    7          1             0       -0.308380    1.509919    0.000303 
 --------------------------------------------------------------------- 


-
153.8451887 


-
153.789774 


-
153.785863 


-
153.784918 


-
153.814762 


 
8 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        0.727627   -0.353157   -0.114851 
    2          6             0       -0.516214    0.523249   -0.068732 
    3          8             0       -1.717718   -0.230296   -0.010835 
    4          8             0        1.843942    0.057418    0.118743 
    5          1             0        0.541227   -1.412974   -0.396875 
    6          1             0       -0.552749    1.095743   -1.003985 
    7          1             0       -0.419805    1.244838    0.753359 
    8          1             0       -1.846943   -0.565139    0.885733 
 --------------------------------------------------------------------- 


-
229.0564999 


-
228.995957 


-
228.991087 


-
228.990143 


-
229.023338 


 
 
Intermediate 1 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.492299   -0.547101    0.874706 







    2          6             0        1.958728   -0.508400   -0.521291 
    3          8             0        0.624873   -0.751974   -0.787251 
    4          6             0       -0.373627   -0.162327    0.018949 
    5          6             0       -1.669474   -0.944025   -0.201943 
    6          8             0       -2.709035   -0.480665    0.639933 
    7          8             0       -0.668628    1.158311   -0.405948 
    8          8             0        0.309440    2.070901    0.159555 
    9          1             0        2.279373   -1.507651    1.374264 
   10          1             0        2.093281    0.250254    1.511615 
   11          1             0        3.579112   -0.428212    0.839435 
   12          1             0        0.959311    2.119273   -0.564668 
   13          1             0        2.562925   -0.873759   -1.345983 
   14          1             0       -0.088486   -0.138047    1.074297 
   15          1             0       -1.490460   -1.990277    0.055035 
   16          1             0       -1.938555   -0.889299   -1.265774 
   17          1             0       -2.857253    0.456250    0.448937 
 --------------------------------------------------------------------- 


-
458.6022851 


-
458.46652 


-
458.456487 


-
458.455542 


-
458.502428 


 
 
Intermediate 1 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.914176   -0.181130    0.744387 
    2          6             0        2.097859    0.309685   -0.444339 
    3          8             0        0.924799   -0.506157   -0.667082 
    4          6             0       -0.200108   -0.140516    0.051201 
    5          6             0       -1.193036   -1.319857   -0.038789 
    6          8             0       -2.474595   -0.988965    0.297582 
    7          8             0       -0.766246    1.020255   -0.573286 
    8          8             0       -1.572549    1.701595    0.422993 
    9          1             0        3.220056   -1.222040    0.601482 
   10          1             0        2.351626   -0.110546    1.681350 
   11          1             0        3.815912    0.431874    0.852827 
   12          1             0        1.791099    1.354326   -0.326696 
   13          1             0        2.672096    0.228688   -1.370748 
   14          1             0        0.012937    0.123627    1.096559 
   15          1             0       -0.832927   -2.215355    0.495053 
   16          1             0       -1.238117   -1.594316   -1.115521 
   17          1             0       -2.397298    1.180824    0.369278 
 --------------------------------------------------------------------- 


-
458.5907477 


-
458.45521 


-
458.445806 


-
458.444861 


-
458.490672 


 
 
 
 
TS formation of 2a 







--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        3.878453   -3.058890    0.958151 
    2          6             0        2.418552   -3.459638    1.074642 
    3          8             0        1.600083   -2.304062    0.869162 
    4          6             0        0.204606   -2.572609    0.961631 
    5          6             0       -0.550843   -1.271607    0.736241 
    6          8             0       -1.912870   -1.590313    0.629022 
    7          8             0       -0.283300   -0.448690    1.869360 
    8          8             0       -0.482183    0.910596    1.516146 
    9          1             0        4.142254   -2.316376    1.717722 
   10          1             0        4.090562   -2.637703   -0.029236 
   11          1             0        4.517106   -3.936298    1.102535 
   12          1             0        2.160531   -4.220690    0.322793 
   13          1             0        2.204812   -3.880610    2.068542 
   14          1             0       -0.050092   -2.973863    1.952406 
   15          1             0       -0.101246   -3.296933    0.195229 
   16          1             0       -0.189445   -0.743045   -0.153321 
   17          1             0       -2.405985   -0.762141    0.542043 
   18          6             0        1.746527    5.959269    2.224961 
   19          6             0        2.202018    5.014103    1.126482 
   20          8             0        1.952865    3.677095    1.545863 
   21          6             0        2.336743    2.707814    0.591985 
   22          6             0        1.994663    1.344239    1.143982 
   23          8             0        2.345263    0.354891    0.254094 
   24          1             0        2.294803    5.766237    3.152069 
   25          1             0        0.678315    5.831217    2.423900 
   26          1             0        1.923294    6.998160    1.926672 
   27          1             0        1.658082    5.215534    0.189045 
   28          1             0        3.277396    5.144624    0.920234 
   29          1             0        3.422901    2.760357    0.392670 
   30          1             0        1.818299    2.862663   -0.368345 
   31          1             0        0.698520    1.281022    1.325084 
   32          1             0        2.330013    1.176529    2.177018 
   33          1             0        2.181227   -0.537777    0.624772 
 --------------------------------------------------------------------- 


-767.5097727 -767.234622 -767.216495 -767.215551 -767.283912 
 
TS formation of 2b 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        3.192645    2.158833    0.875706 
    2          6             0        2.638953    2.695182   -0.432609 
    3          8             0        1.397834    2.041730   -0.722180 
    4          6             0        0.761002    2.547175   -1.887260 
    5          6             0       -0.494908    1.728511   -2.134447 







    6          8             0       -1.268660    2.399804   -3.091132 
    7          8             0       -0.056608    0.455955   -2.601696 
    8          1             0        3.359834    1.079626    0.820371 
    9          1             0        2.500689    2.356855    1.699880 
   10          1             0        4.146284    2.648271    1.099887 
   11          1             0        2.464152    3.780055   -0.366870 
   12          1             0        3.341586    2.517103   -1.260940 
   13          1             0        1.420326    2.472816   -2.763851 
   14          1             0        0.473395    3.598211   -1.749270 
   15          1             0       -1.058412    1.571665   -1.204833 
   16          1             0       -2.022080    1.831890   -3.308431 
   17          8             0       -1.157573   -0.437818   -2.549834 
   18          6             0       -3.941559   -3.749268   -0.302256 
   19          6             0       -2.617251   -3.345989   -0.923103 
   20          8             0       -2.002307   -2.355798   -0.080233 
   21          6             0       -0.767036   -1.909386   -0.487147 
   22          6             0       -0.087668   -1.088981    0.599803 
   23          8             0        1.231415   -0.730932    0.241216 
   24          1             0       -4.608702   -2.886304   -0.218989 
   25          1             0       -3.791712   -4.169948    0.696566 
   26          1             0       -4.429672   -4.504615   -0.926773 
   27          1             0       -1.937990   -4.205623   -1.010643 
   28          1             0       -2.760293   -2.918669   -1.923967 
   29          1             0       -0.123813   -2.693706   -0.914146 
   30          1             0       -0.024555   -1.710962    1.503485 
   31          1             0       -0.704071   -0.214716    0.852517 
   32          1             0        1.228525    0.115097   -0.241074 
   33          1             0       -0.943282   -1.134979   -1.536498 
 --------------------------------------------------------------------- 


-767.5099908 -767.234989 -767.216731 -767.215787 -767.284292 
 
TS formation of 2c 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -0.639619   -2.757572    1.673910 
    2          6             0       -1.338167   -1.646540    0.908777 
    3          8             0       -0.397601   -1.034256    0.033314 
    4          6             0       -0.953245    0.021298   -0.727295 
    5          6             0        0.148191    0.650444   -1.564758 
    6          8             0       -0.457740    1.405035   -2.580170 
    7          8             0        0.916170    1.478492   -0.689794 
    8          8             0        2.037073    1.950420   -1.419357 
    9          1             0        0.195043   -2.356906    2.257139 
   10          1             0       -0.249287   -3.514689    0.986765 
   11          1             0       -1.341734   -3.242452    2.360464 
   12          1             0       -2.183232   -2.047406    0.324871 
   13          1             0       -1.743363   -0.891916    1.602330 
   14          1             0       -1.397244    0.792080   -0.079226 







   15          1             0       -1.731408   -0.347804   -1.411375 
   16          1             0        0.817425   -0.114822   -1.979579 
   17          1             0        0.245468    1.899516   -3.026450 
   18          6             0        3.667795   -0.900146   -0.738086 
   19          6             0        3.995905    0.557238   -0.542710 
   20          8             0        4.112585    0.880862    0.790676 
   21          6             0        4.569752    2.209108    1.066863 
   22          6             0        4.575885    2.380538    2.577612 
   23          8             0        5.117034    3.675532    2.833833 
   24          1             0        2.743250   -1.161700   -0.214603 
   25          1             0        4.475811   -1.533598   -0.349029 
   26          1             0        3.543213   -1.117820   -1.802962 
   27          1             0        4.826855    0.946857   -1.151696 
   28          1             0        2.981330    1.256939   -1.023311 
   29          1             0        3.898590    2.938894    0.599830 
   30          1             0        5.583352    2.348704    0.666284 
   31          1             0        5.190553    1.591933    3.033806 
   32          1             0        3.550655    2.288063    2.959536 
   33          1             0        5.049527    3.867598    3.776765 
 --------------------------------------------------------------------- 


-767.5036345 -767.229513 -767.210716 -767.209772 -767.281487 
 
 
TS1a 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -2.444980   -0.198937   -1.619785 
    2          6             0       -0.943118   -0.376568   -1.755167 
    3          8             0       -0.368867   -0.393486   -0.449563 
    4          6             0        1.029796   -0.555464   -0.451126 
    5          6             0        1.518913   -0.551928    0.975359 
    6          8             0        2.770472   -0.622558    1.218953 
    7          8             0        1.303864    1.339148    1.459445 
    8          8             0        2.515524    1.591994    1.847758 
    9          1             0       -2.677371    0.741039   -1.110529 
   10          1             0       -2.880845   -1.021030   -1.044136 
   11          1             0       -2.912555   -0.182583   -2.609828 
   12          1             0       -0.705214   -1.319111   -2.274694 
   13          1             0       -0.503115    0.446923   -2.339817 
   14          1             0        1.542584    0.235529   -1.020102 
   15          1             0        1.322500   -1.525119   -0.893462 
   16          1             0        0.789831   -0.884411    1.726959 
   17          1             0        2.978579    0.520428    1.652023 
 --------------------------------------------------------------------- 


-458.6050472 -458.473271 -458.46405 -458.463106 -458.509306 
 
TS1b 
--------------------------------------------------------------------- 







 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.333905    1.179699   -0.716230 
    2          6             0        1.498367    0.603712    0.412608 
    3          8             0        0.366300   -0.059619   -0.163674 
    4          6             0       -0.453716   -0.704653    0.770766 
    5          6             0       -1.779512   -0.877242    0.377581 
    6          8             0       -2.498525   -1.871579    0.925820 
    7          8             0       -2.573090    0.863295    1.763629 
    8          8             0       -1.464734    1.025074    2.405635 
    9          1             0        1.752140    1.901266   -1.297803 
   10          1             0        2.674425    0.387203   -1.389528 
   11          1             0        3.212308    1.691417   -0.309266 
   12          1             0        2.083663   -0.120321    1.000588 
   13          1             0        1.157161    1.395799    1.093865 
   14          1             0       -0.755009    0.172861    1.744909 
   15          1             0        0.012255   -1.533033    1.317837 
   16          1             0       -2.207379   -0.305732   -0.439100 
   17          1             0       -3.445153   -1.693231    0.834458 
 --------------------------------------------------------------------- 


-458.573114 -458.442327 -458.432676 -458.431732 -458.478282 
 
TS2a 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -2.178484   -1.890474    0.110786 
    2          6             0       -1.546159   -0.688255    0.794211 
    3          8             0       -0.109875   -0.853945    0.937163 
    4          6             0        0.642567   -0.504025   -0.096955 
    5          6             0        2.025451   -0.383805    0.051390 
    6          8             0        2.755210   -0.497537   -1.153417 
    7          8             0        0.397014    1.950920    0.067144 
    8          8             0        1.618421    2.126983    0.463986 
    9          1             0       -1.968685   -2.809124    0.666409 
   10          1             0       -1.811355   -2.012404   -0.913390 
   11          1             0       -3.264441   -1.755160    0.064452 
   12          1             0       -1.733017    0.246334    0.256651 
   13          1             0       -1.907038   -0.576741    1.818564 
   14          1             0        0.173393   -0.363305   -1.067180 
   15          1             0        2.473527   -0.881259    0.916921 
   16          1             0        2.009349    0.911978    0.392380 
   17          1             0        3.390691    0.228015   -1.209657 
 --------------------------------------------------------------------- 


-458.5747605 -458.444147 -458.434284 -458.43334 -458.480446 
TS2b 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 







 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.177472   -0.446641    0.176293 
    2          6             0        1.201337    0.445088   -0.577441 
    3          8             0       -0.133077   -0.122340   -0.615873 
    4          6             0       -0.930476    0.160398    0.456436 
    5          6             0       -2.083510   -0.955246    0.536296 
    6          8             0       -3.030689   -0.560569    1.427512 
    7          8             0       -1.594755    1.396051    0.222941 
    8          8             0       -2.324730    1.699486    1.388398 
    9          1             0        2.214101   -1.443937   -0.271925 
   10          1             0        1.905285   -0.550163    1.231935 
   11          1             0        3.182280   -0.012080    0.134087 
   12          1             0        1.149729    1.452144   -0.148557 
   13          1             0        1.486281    0.538762   -1.627820 
   14          1             0       -0.413995    0.213522    1.423490 
   15          1             0       -1.551230   -1.861090    0.868647 
   16          1             0       -2.453103   -1.067544   -0.493402 
   17          1             0       -2.892583    0.785925    1.520825 
 --------------------------------------------------------------------- 


-
458.5864287 


-
458.454702 


-
458.446013 


-
458.445069 


-
458.489569 


 
TS2c 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -1.574742   -0.006779   -1.912094 
    2          6             0       -1.701903   -0.509437   -0.492950 
    3          8             0       -0.601122   -1.186193    0.038397 
    4          6             0        0.436519   -0.335485    0.521273 
    5          6             0        1.525752   -1.201724    1.139548 
    6          8             0        2.642600   -0.426172    1.537711 
    7          8             0       -0.112463    0.456985    1.556307 
    8          8             0       -1.022837    1.374087    0.959134 
    9          1             0       -1.448267   -0.851718   -2.602387 
   10          1             0       -0.722716    0.667479   -2.038670 
   11          1             0       -2.482403    0.534232   -2.196822 
   12          1             0       -1.673447    0.608992    0.307052 
   13          1             0       -2.607503   -1.075878   -0.266111 
   14          1             0        0.818927    0.318462   -0.271281 
   15          1             0        1.880037   -1.906433    0.383859 
   16          1             0        1.094376   -1.771475    1.973090 
   17          1             0        2.361293    0.187887    2.230032 
 --------------------------------------------------------------------- 


-
458.5878226 


-
458.455755 


-
458.447071 


-
458.446127 


-
458.48974 


 
TS2d 
--------------------------------------------------------------------- 







 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        2.750462    0.321509   -0.100650 
    2          6             0        1.662666   -0.564979   -0.687793 
    3          8             0        0.797102   -1.111911    0.351622 
    4          6             0       -0.244155   -0.422141    0.849874 
    5          6             0       -1.951204   -0.926378   -0.342737 
    6          8             0       -2.642084    0.122716   -0.353278 
    7          8             0       -0.268643    0.933118    0.911452 
    8          8             0       -0.393075    1.536537   -0.428778 
    9          1             0        3.329807   -0.220557    0.652909 
   10          1             0        2.328948    1.221890    0.351306 
   11          1             0        3.431459    0.626259   -0.903138 
   12          1             0        1.052560   -0.023725   -1.412277 
   13          1             0        2.087179   -1.455728   -1.155673 
   14          1             0       -0.576487   -0.832440    1.802115 
   15          1             0       -2.258978   -1.785620    0.276428 
   16          1             0       -1.289533   -1.174747   -1.189685 
   17          1             0       -1.357969    1.352917   -0.582297 
 --------------------------------------------------------------------- 


-
458.578097 


-
458.444192 


-
458.434874 


-
458.43393 


-
458.479419 


 
TS2e 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -3.020746   -0.237668   -0.392245 
    2          6             0       -1.913469   -0.731208    0.495106 
    3          8             0       -0.839137   -1.221434    0.016071 
    4          6             0        0.645244   -0.020837   -0.300606 
    5          6             0        1.767649   -0.921188    0.112065 
    6          8             0        3.047645   -0.424503   -0.291196 
    7          8             0        0.503788    1.039843    0.542094 
    8          8             0       -0.114881    2.150699   -0.176669 
    9          1             0       -3.214091   -0.953076   -1.200038 
   10          1             0       -2.748430    0.715737   -0.872861 
   11          1             0       -3.943675   -0.078160    0.174411 
   12          1             0       -0.807803    2.392036    0.461653 
   13          1             0       -2.001915   -0.595757    1.582940 
   14          1             0        0.479945    0.204931   -1.347767 
   15          1             0        1.633626   -1.880657   -0.389994 
   16          1             0        1.724487   -1.092279    1.195146 
   17          1             0        3.226469    0.395794    0.188199 
 --------------------------------------------------------------------- 


-
458.5718119 


-
458.440748 


-
458.429764 


-
458.428819 


-
458.479274 


 
 







TS3a 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        1.890130   -0.417366    0.644653 
    2          6             0        1.297964    0.301370   -0.549703 
    3          8             0        0.138271   -0.250404   -1.078575 
    4          6             0       -1.078674    0.138980   -0.413213 
    5          6             0       -2.245734   -0.450428   -1.169421 
    6          1             0       -3.182700   -0.169994   -0.682391 
    7          8             0       -1.163196    1.544923   -0.479808 
    8          8             0       -0.146972    2.076454    0.364002 
    9          1             0        2.171286   -1.439076    0.337871 
   10          1             0        1.150915   -0.497536    1.454419 
   11          8             0        3.029381    0.332776    1.049186 
   12          1             0        0.796442    1.489202   -0.055242 
   13          1             0        2.012797    0.528691   -1.343173 
   14          1             0       -1.039611   -0.164680    0.640293 
   15          1             0       -2.160729   -1.539808   -1.181087 
   16          1             0       -2.247582   -0.083092   -2.198518 
   17          1             0        3.441331   -0.093663    1.810548 
 --------------------------------------------------------------------- 


-
458.5856509 


-
458.454071 


-
458.445165 


-
458.444221 


-
458.488534 


 
 
TS3b 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        3.001002    0.221246    0.054582 
    2          6             0        1.723154   -0.028165    0.549911 
    3          8             0        0.665920   -0.002449   -0.258970 
    4          6             0       -0.631852    0.001774    0.368729 
    5          6             0       -1.664478   -0.094416   -0.742539 
    6          8             0       -2.932365   -0.164245   -0.096175 
    7          8             0        1.570992    2.195167    1.452219 
    8          8             0        2.681934    2.611815    0.935963 
    9          1             0        3.116934    0.218737   -1.028257 
   10          1             0        3.065055    1.518843    0.395754 
   11          1             0        3.824262   -0.212712    0.619279 
   12          1             0        1.544444   -0.337476    1.577131 
   13          1             0       -0.752089    0.927568    0.938307 
   14          1             0       -0.719532   -0.857748    1.044119 
   15          1             0       -1.470513   -0.990691   -1.348133 
   16          1             0       -1.588073    0.787906   -1.391808 
   17          1             0       -3.632105   -0.130955   -0.759547 
 --------------------------------------------------------------------- 


-458.5791274 -458.44815 -458.438334 -458.43739 -458.485035 







 








 
 
 
 
 
 
 
 


 
 
 
 
 
 


Supporting Information 
 


© Copyright Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, 2008 
 


 


 







 


 


 


Elusive Trimethyllanthanum: Snapshots of Extensive Methyl Group 


Degradation in La–Al heterobimetallic Complexes 


 


 


Laura C. H. Gerber,[a] Erwan Le Roux,[a] Karl W. Törnroos,[a] and Reiner Anwander[a]* 


 


 


[a] Department of Chemistry, University of Bergen, Allégaten 41, 5007 Bergen, Norway,  


 







S2 


 


 
 


Zur Anzeige wird der QuickTime™ 
Dekompressor „“ 


benötigt.


 
 
 
Figure S1. 1H MAS NMR spectra of La(AlMe4)3 with excess Et2O (2c(++), A), neat La(AlMe4)3 


(1c, B), neat Y(AlMe4)3 (1a, C), Y(AlMe4)3 with excess PMe3 (2a, D), and La(AlMe4)3 with 3 
equivalents PMe3 (2c(+), E) (* = solvent). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. 31P CP MAS NMR spectra of Y(AlMe4)3 with excess PMe3 (2a) (* = rotational side 
bands). 
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Figure S3. Molecular structure of 3c (atomic displacement parameters set at the 50% level) showing both clusters A 


(left) and B (right) and cocrystallized coproduct Me3Al(PMe3). Hydrogen atoms are omitted for clarity.  
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Figure S1. Schematic views of the anion environments in (a) {[Ag(4-pia)](PF6)}n (1 ⊃ PF6
–), (b) 


{[Ag(4-pia)](ClO4)}n (1 ⊃ ClO4
–), (c) {[Ag(4-pia)](BF4)}n (1 ⊃ BF4


–) and (d) 
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{[Ag(4-pia)](NO3)}n (1 ⊃ NO3
–). Numbers exhibit the distances (Å) among atoms. Expressions 


for double bonds in ClO4
– and NO3


– anions are omitted. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Figure S2. Schematic views of the PF6  environments in (a) {[Ag(4-pmna)](PF6)·MeOH}n (4a ⊃ 


PF6
–·MeOH and (b) {[Ag(4-pmna)](PF6)·MeOH}n (4b ⊃ PF6


–·MeOH). Numbers exhibit the 


distances (Å) among atoms. 
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Figure S3. IR spectra of (a) {[Ag(4-pia)](PF6)}n (1 ⊃ PF6


–), (b) {[Ag(4-pia)](ClO4)}n (1 ⊃ ClO4
–), 


(c) {[Ag(4-pia)](BF4)}n (1 ⊃ BF4
–) and (d) {[Ag(4-pia)](NO3)}n (1 ⊃ NO3


–) at room temperature. 
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Figure S4. IR spectra of (a) {[Ag(4-pmia)](PF6)}n (2 ⊃ PF6


–), (b) {[Ag(4-pmia)](ClO4)·H2O}n (2 


⊃ ClO4
–·H2O) and (c) {[Ag(4-pmia)](NO3)·H2O}n (2 ⊃ NO3


–·H2O) at room temperature. 
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Figure S5. IR spectra of (a) {[Ag(3-pmia)](PF6)}n (3 ⊃ PF6


–), (b) {[Ag(3-pmia)](ClO4)}n (3 ⊃ 


ClO4
–), (c) {[Ag(3-pmia)](BF4)}n (3 ⊃ BF4


–), (d) {[Ag(3-pmia)](NO3)·H2O}n (3 ⊃ NO3
–·H2O) 
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and (e) {[Ag(4-pmna)](PF6)·MeOH}n (4 ⊃ PF6
–·MeOH) at room temperature. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 
Figure S6. XRPD patterns of (a) as prepared {[Ag(4-pia)](PF6)}n (1 ⊃ PF6


–), (b) simulation of 1 ⊃ 


PF6
–, (c) as prepared {[Ag(4-pia)](ClO4)}n (1 ⊃ ClO4


–), (d) simulation of 1 ⊃ ClO4
–, (e) as 


prepared {[Ag(4-pia)](BF4)}n (1 ⊃ BF4
–) and (f) simulation of 1 ⊃ BF4


–. Since it was not 


succeeded in obtaining the microcrystalline sample 1 ⊃ NO3
–, single crystals were used for some 


experiments. The simulation patterns were based on the single X-ray analyses. 
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Figure S7. XRPD patterns of (a) as prepared {[Ag(4-pmia)](PF6)}n (2 ⊃ PF6


–), (b) simulation of 2 


⊃ PF6
–, (c) as prepared {[Ag(4-pmia)](ClO4)·H2O}n (2 ⊃ ClO4


–·H2O), (d) simulation of 2 ⊃ 


ClO4
–·H2O, (e) as prepared {[Ag(4-pmia)](NO3)·H2O}n (2 ⊃ NO3


–·H2O) and (f) simulation of 2 


⊃ NO3
–·H2O. The simulation patterns were based on the single X-ray analyses. 
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Figure S8. XRPD patterns of (a) as prepared {[Ag(3-pmia)](PF6)}n (3 ⊃ PF6


–), (b) simulation of 3 


⊃ PF6
–, (c) as prepared {[Ag(3-pmia)](ClO4)}n (3 ⊃ ClO4


–), (d) simulation of 3 ⊃ ClO4
–, (e) as 


prepared {[Ag(3-pmia)](BF4)}n (3 ⊃ BF4
–), (f) simulation of 3 ⊃ BF4


–, (g) as prepared 


{[Ag(3-pmia)](NO3)·H2O}n (3 ⊃ NO3
–·H2O) and (h) simulation of 3 ⊃ NO3


–·H2O. The 


simulation patterns were based on the single X-ray analyses. 
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Figure S9. The plots of b versus a. Open circles are corresponding to those in 


{[Ag(4-pmia)](PF6)}n (2 ⊃ PF6
–). Other angles (filled circles) appear a tendency for a large value 


of a to be accompanied by a small value of b. 
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Figure S10. XRPD patterns (left) and IR spectra (right) at room temperature for anion exchange of compounds 2. See the text for 


the detailed information. 
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Figure S11. XRPD patterns (left) and IR spectra (right) at room temperature for anion exchange of compounds 3. See the text for 


the detailed information. 
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Description of Experimental Techniques 


Gelation studies. The gelation studies were carried out as per reported procedures.
S1


 A typical 


procedure for gelation studies is as follows: Gelation studies were carried out in glass vials of 1 


cm diameter. A weighted amount of the compound in an appropriate solvent was placed in the 


vial, which was sealed and heated until the compound was dissolved. The solution was then 


allowed to cool. The gel formation was confirmed by the failure of the content to flow by 


inverting the glass vial. Repeated heating and cooling confirmed the thermal reversibility of 


gelation. The critical gelator concentration (CGC) is determined from the minimum amount of 


gelator required for the formation of a stable gel at room temperature. 


Gel Melting Temperature (Tgel) Determination. The thermotropic behaviour of the gels 


formed by 5 in different solvents were investigated by dropping ball method.
S1


 In dropping ball 


method, a steel ball (100 mg) was placed on the top of a 1 mL volume gel in a sealed glass vial. 


Then the gels were slowly heated, while the position of the ball on the top of gel is continuously 


observed, until the gel no longer bears the ball. The temperature at which the ball reaches the 


bottom of the vial is taken as the sol-gel phase transition temperature (Tgel). 


Time Correlated Single Photon Counting (TCSPC). Fluorescence lifetimes and time resolved 


emission spectra (TRES) were measured using IBH (FluoroCube) time-correlated picosecond 


single photon counting (TCSPC) system. Solutions were excited with a pulsed diode laser (<100 


ps pulse duration) at a wavelength of 440 nm (NanoLED-11) with a repetition rate of 1 MHz. 


The detection system consists of a microchannel plate photomultiplier (5000U-09B,Hamamatsu) 


with a 38.6 ps response time coupled to a monochromator (5000M) and TCSPC electronics 


(DataStation Hub including Hub-NL, NanoLED controller and preinstalled Fluorescence 


Measurement and Analysis Studio (FMAS) software). The fluorescence lifetime values were 
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determined by deconvoluting the instrument response function with biexponential decay using 


DAS6 decay analysis software. The quality of the fit has been judged by the fitting parameters 


such as χ2 (<1.2) as well as the visual inspection of the residuals. All measurements were carried 


out in a 1 mm cuvette using a front face sample holder (5000U-04). For the TRES measurements 


the decay curves were measured at multiple emission wavelengths (450 to 700 nm) to construct a 


3D dataset of counts versus time versus wavelength. Using the FMAS software, this 3D dataset 


was then sliced orthogonally to the time axis to produce 2D spectra of counts versus wavelength 


to visualize how the emission spectrum evolves during the fluorescence decay time. 


Polarizing Optical Microscopy (POM). The POM studies were carried out using a Nikon HFX 


35 A Optiphot equipped with a Linkan THMS 600 heating and freezing stage connected to 


Linkan TP 92 temperature programmer. 


Rheological studies. Rheological measurements were conducted on an Anton Paar modular 


compact (MCR 150) stress controlled rheometer (Physica) equipped with a parallel plate 


geometry (20 mm diameter) with a striated cone and a rough plate to minimize the errors due to 


sliding of the gel layers. A hot solution of 5 (2 x 10
-3 


M) in n-decane was poured on to the Peltier 


kept at 20 °C and was allowed to form a uniform layer. Inorder to avoid the solvent evaporation 


the plate was properly covered.The gap between the cone and the plate was fixed between 0.25 


mm.  


 


 


 


 


 







S4 


 


 


Tables and Figures  


Table S1. Critical gelator concentrations (CGC)
 
of 5 in different solvents. 


 


Solvent CGC in mM CGC in Wt% Nature of the Gel 


n-Decane 


n-Hexane 


Cyclohexane 


Benzene 


Toluene 


p-Xylene 


Chloroform 


Dichloromethane 


N,N-dimethylaniline 


Tetrahydrofuran 


0.72 


0.75 


0.76 


0.85 


0.97 


1.09 


2.23 


2.60 


2.65 


- 


0.20 


0.24  


0.21 


0.21 


0.23  


0.20 


0.32 


0.41 


0.42 


- 


Stable, Opaque 


Stable, Opaque 


Stable, Opaque 


Stable, Opaque 


Stable, Opaque 


Stable, Opaque 


Stable, Opaque 


Stable, Opaque 


Stable, Opaque 


Soluble 
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Figure S1. a) Absorption and b) emission changes of 5 before () and after (⋅⋅⋅⋅−−−−⋅⋅⋅⋅−−−−⋅⋅⋅⋅) UV 


irradiation (365 nm) in n-decane for 48 hours (1 x 10
-4


 M). 
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Figure S2. Plots of aggregate fraction (α) vs temperature for a) 4, b) 5 in n-decane at different 


concentrations (data points obtained from variable temperature emission measurements).
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Figure S3. (a) Gel melting temperatures (Tgel) vs concentration of 5 in different solvents (data 


points are obtained by dropping ball method) and (b) plot of elastic modulus (G’), viscous 


modulus (G”) and complex viscosity (ŋ*) vs angular frequency (υ) on double logarithmic scale 


for a 2 x 10
-3 


M gel of 5 in n-decane at 20
o
C at a shear strain = 5%.
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a) b)


 


Figure S4. POM images of (a) aggregates of 4 and (b) gel of 5 in n-decane (0.72 mmol) (40x).  
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Figure S5. a) Absorption and b) emission changes of 5 (8.3 x 10
-5


 M) before () and after (⋅⋅⋅⋅ 


−−−−⋅⋅⋅⋅−−−−⋅⋅⋅⋅) addition of DMA (0.83 M) in n-decane solution (λex = 415 nm).  
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Figure S6. Excitation spectra of 5 (8.3 x 10
-5


 M) before (⋅⋅⋅⋅−−−−⋅⋅⋅⋅−−−−⋅⋅⋅⋅) and after (−−−− −−−− −−−−) addition of 


DMA (0.83 M) in n-decane solution (λex = 300-555 nm, λem = 565 nm).  
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Figure S7. Time resolved emission spectra of 4 at 56 ps () and 1.1 ns (−−−− −−−− −−−−) after the 


excitation at 440 nm at 20
o
C in n-decane (8.3 x 10


-5
 M). b) Variable temperature emission 


changes of 5 (8.3 x 10
-5


 M) in the presence of 0.83 M DMA at 20
o
C (), 40


o
C (), 65


o
C 


() in n-decane.  


 


Figure S8. Proposed molecular packing of 5 in presence of DMA in the gel state. This model has been 


arrived taking into consideration of the previous reports on the crystal packing of fluorinated distyryl 


derivatives. Gelation of 5 in DMA indicates the intercalation of the solvent within the brickwall type self-
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assembly. The proposed supramolecular structure is ideally suited for exciplex formation when excited as 


observed in the case of 5 + DMA in n-decane. 
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Figure S1. Three different orientation of the C78(2)Cl18 molecule (left, top) and C78(3)Cl18 molecule 


(right, top) and superimposure of all three orientations for both molecules (bottom).   
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Figure S2. ORTEP projections of C78(2)Cl18 (left, top and bottom) and C78(3)Cl18 (right, top and 


bottom). Thermal ellipsoids are drown at 50% probability level. 
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Figure S3. Electron density map calculated from observed structure factor (F(obs), structure II). Only 


one orientation of Br2 molecule is presented for clarity.  
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Figure S4. Trindane fragments (bold) in the C78(2)Cl18 and C78(3)Cl18 which superpose under rotation  
of the fullerene molecule at 120o.  
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Table S1. The C-C distances in trindane fragment of C78(2)Cl18. 
 


Bonding* DFT DFT avarage X-Ray Deviation Å 
8-9 


10-10 
1.460 
1.455 1.456 1.446 0.010 


8-8 
9-10 


1.395 
1.401 1.398 1.372 0.026 


8-5 
9-14 


10-11 


1.416 
1.417 
1.421 


1.418 1.426 -0.008 


5-7 
7-14 


11-15 


1.536 
1.516 
1.520 


1.524 1.520 0.004 
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Tabele S2. The C-C distances in trindane fragment of C78(3)Cl18. 
 


Bonding* DFT DFT avarage X-Ray Deviation Å 
8-9 


10-10 
1.457 
1.461 1.459 1.444 0.005 


8-8 
9-10 


1.400 
1.393 1.397 1.400 -0.003 


8-5 
9-14 


10-11 


1.418 
1.417 
1.414 


1.416 1.411 0.005 


5-7 
7-14 


11-15 


1.516 
1.537 
1.532 


1.528 1.523 0.005 


 
* Numbering of carbon atoms according to Colt, J.; Scuseria, G.E. Chem. Phys. Lett. 1992, 199, 505. 







 
S-9


Table S3. Cartesian Coordinates for Optimized Structure for C78(2)Cl18 by B3LYP/6-31G. 
 


--------------------------------------------------- 
                                      Atom              X              Y               Z 


---------------------------------------------------- 
 


C            -3.44020    0.66350   -1.99170 


C            -3.89100    1.45780   -0.79040 


C            -2.54900    1.45020   -2.92040 


C            -3.44020   -0.66350   -1.99170 


C             3.44020    0.66350   -1.99170 


C             2.54900    1.45020   -2.92040 


C             3.89100    1.45780   -0.79040 


C             3.44020   -0.66350   -1.99170 


C             0.00000    2.95320   -3.08970 


C             1.17770    3.44090   -2.26220 


C            -1.17770    3.44090   -2.26220 


C             0.00000    1.42210   -3.22190 


C            -2.78060    2.90670    1.58440 


C            -1.40510    3.22140    2.19120 


C            -2.62010    3.41780    0.16600 


C            -3.06450    1.42120    1.61940 


C             2.78060    2.90670    1.58440 


C             2.62010    3.41780    0.16600 


C             1.40510    3.22140    2.19120 
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C             3.06450    1.42120    1.61940 


C             0.72740    4.21410   -1.15880 


C             1.43120    4.18080    0.05190 


C            -0.72740    4.21410   -1.15880 


C             0.69730    4.07380    1.30930 


C            -0.69730    4.07380    1.30930 


C            -1.43120    4.18080    0.05190 


C             2.33550    2.71170   -2.14360 


C             3.07420    2.70850   -0.92490 


C            -0.71690    2.38550    3.06960 


C            -3.07420    2.70850   -0.92490 


C             0.71690    2.38550    3.06960 


C            -1.49040    1.23970    3.66810 


C             1.49040    1.23970    3.66810 


C            -2.33550    2.71170   -2.14360 


C            -1.22740    0.70820   -3.19080 


C             1.22740    0.70820   -3.19080 


C             3.59460    0.71090    0.51270 


C             2.51210    0.69770    2.68210 


C            -2.51210    0.69770    2.68210 


C            -3.59460    0.71090    0.51270 


C             0.66920    0.00000    3.93360 
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C            -0.66920    0.00000    3.93360 


C            -1.22740   -0.70820   -3.19080 


C             1.22740   -0.70820   -3.19080 


C             3.59460   -0.71090    0.51270 


C             2.51210   -0.69770    2.68210 


C            -2.51210   -0.69770    2.68210 


C            -3.59460   -0.71090    0.51270 


C            -2.54900   -1.45020   -2.92040 


C            -3.89100   -1.45780   -0.79040 


C             3.89100   -1.45780   -0.79040 


C             2.54900   -1.45020   -2.92040 


C            -2.78060   -2.90670    1.58440 


C            -1.40510   -3.22140    2.19120 


C            -2.62010   -3.41780    0.16600 


C            -3.06450   -1.42120    1.61940 


C             0.00000   -2.95320   -3.08970 


C             1.17770   -3.44090   -2.26220 


C            -1.17770   -3.44090   -2.26220 


C             0.00000   -1.42210   -3.22190 


C             2.78060   -2.90670    1.58440 


C             1.40510   -3.22140    2.19120 


C             2.62010   -3.41780    0.16600 
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C             3.06450   -1.42120    1.61940 


C            -1.43120   -4.18080    0.05190 


C            -0.69730   -4.07380    1.30930 


C            -0.72740   -4.21410   -1.15880 


C             0.69730   -4.07380    1.30930 


C             1.43120   -4.18080    0.05190 


C             0.72740   -4.21410   -1.15880 


C            -0.71690   -2.38550    3.06960 


C             0.71690   -2.38550    3.06960 


C            -1.49040   -1.23970    3.66810 


C             1.49040   -1.23970    3.66810 


C             2.33550   -2.71170   -2.14360 


C            -2.33550   -2.71170   -2.14360 


C             3.07420   -2.70850   -0.92490 


C            -3.07420   -2.70850   -0.92490 


Cl            -2.34010    1.84620    5.28770 


Cl            -2.34010   -1.84620    5.28770 


Cl             2.34010    1.84620    5.28770 


Cl             2.34010   -1.84620    5.28770 


Cl             5.76640    1.87950   -0.88110 


Cl             4.17700    3.85490    2.49720 


Cl             3.42920    1.83710   -4.58550 
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Cl             0.00000    3.74080   -4.83630 


Cl            -4.17700    3.85490    2.49720 


Cl            -5.76640    1.87950   -0.88110 


Cl            -5.76640   -1.87950   -0.88110 


Cl            -4.17700   -3.85490    2.49720 


Cl            -3.42920   -1.83710   -4.58550 


Cl             0.00000   -3.74080   -4.83630 


Cl             5.76640   -1.87950   -0.88110 


Cl             4.17700   -3.85490    2.49720 


Cl            -3.42920    1.83710   -4.58550 


Cl             3.42920   -1.83710   -4.58550 
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Table S4. Cartesian Coordinates for Optimized Structure for C78(3)Cl18 by B3LYP/6-31G. 


 
 


--------------------------------------------------- 
                                      Atom              X              Y               Z 


---------------------------------------------------- 
 


C             0.00000    0.66470    4.02210 


C             1.25750    1.46090    3.76820 


C            -1.25750    1.46090    3.76820 


C             0.00000   -0.66470    4.02210 


C            -2.72720    2.90270    1.59300 


C            -2.56530    3.20370    0.09480 


C            -1.41210    3.40010    2.16080 


C            -2.91200    1.42010    1.83020 


C             2.72720    2.90270    1.59300 


C             2.56530    3.20370    0.09480 


C             1.41210    3.40010    2.16080 


C             2.91200    1.42010    1.83020 


C             0.00000    2.85440   -3.26500 


C            -1.18960    3.17780   -2.35570 


C             1.18960    3.17780   -2.35570 


C             0.00000    1.42120   -3.68420 


C            -0.69990    4.12900    1.17490 


C            -1.42380    4.02350   -0.08570 
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C             0.69990    4.12900    1.17490 


C            -0.73050    3.98980   -1.29290 


C             0.73050    3.98980   -1.29290 


C             1.42380    4.02350   -0.08570 


C            -3.01040    2.37760   -0.93560 


C            -2.31790    2.37150   -2.19420 


C            -3.92170    1.24070   -0.54900 


C            -2.52300    1.24430   -3.17880 


C             3.01040    2.37760   -0.93560 


C             0.71320    2.70210    3.12190 


C             2.31790    2.37150   -2.19420 


C             3.92170    1.24070   -0.54900 


C             2.52300    1.24430   -3.17880 


C            -0.71320    2.70210    3.12190 


C            -2.22390    0.71080    2.84770 


C            -3.56330    0.69770    0.82480 


C            -1.20050    0.70130   -3.68320 


C             1.20050    0.70130   -3.68320 


C             3.56330    0.69770    0.82480 


C             2.22390    0.71080    2.84770 


C            -3.76360    0.00000   -1.39480 


C            -3.13560    0.00000   -2.57590 
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C             3.13560    0.00000   -2.57590 


C             3.76360    0.00000   -1.39480 


C            -2.22390   -0.71080    2.84770 


C            -3.56330   -0.69770    0.82480 


C            -1.20050   -0.70130   -3.68320 


C             1.20050   -0.70130   -3.68320 


C             3.56330   -0.69770    0.82480 


C             2.22390   -0.71080    2.84770 


C            -1.25750   -1.46090    3.76820 


C             1.25750   -1.46090    3.76820 


C             2.72720   -2.90270    1.59300 


C             2.56530   -3.20370    0.09480 


C             1.41210   -3.40010    2.16080 


C             2.91200   -1.42010    1.83020 


C            -2.72720   -2.90270    1.59300 


C            -2.56530   -3.20370    0.09480 


C            -1.41210   -3.40010    2.16080 


C            -2.91200   -1.42010    1.83020 


C             0.00000   -2.85440   -3.26500 


C             1.18960   -3.17780   -2.35570 


C            -1.18960   -3.17780   -2.35570 


C             0.00000   -1.42120   -3.68420 
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C             0.69990   -4.12900    1.17490 


C             1.42380   -4.02350   -0.08570 


C            -0.69990   -4.12900    1.17490 


C             0.73050   -3.98980   -1.29290 


C            -0.73050   -3.98980   -1.29290 


C            -1.42380   -4.02350   -0.08570 


C             3.01040   -2.37760   -0.93560 


C             2.31790   -2.37150   -2.19420 


C             3.92170   -1.24070   -0.54900 


C             2.52300   -1.24430   -3.17880 


C            -3.01040   -2.37760   -0.93560 


C            -0.71320   -2.70210    3.12190 


C            -2.31790   -2.37150   -2.19420 


C            -3.92170   -1.24070   -0.54900 


C            -2.52300   -1.24430   -3.17880 


C             0.71320   -2.70210    3.12190 


Cl             5.74680    1.85670   -0.59790 


Cl             5.74680   -1.85670   -0.59790 


Cl             3.59870    1.88940   -4.64360 


Cl             3.59870   -1.88940   -4.64360 


Cl            -3.59870    1.88940   -4.64360 


Cl             0.00000    3.99700   -4.80940 
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Cl            -5.74680    1.85670   -0.59790 


Cl            -4.20330    3.87280    2.34150 


Cl             4.20330    3.87280    2.34150 


Cl             2.15470    1.90180    5.41320 


Cl             2.15470   -1.90180    5.41320 


Cl             4.20330   -3.87280    2.34150 


Cl            -2.15470   -1.90180    5.41320 


Cl            -4.20330   -3.87280    2.34150 


Cl            -3.59870   -1.88940   -4.64360 


Cl             0.00000   -3.99700   -4.80940 


Cl            -2.15470    1.90180    5.41320 


Cl            -5.74680   -1.85670   -0.59790 
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Synthesis of cholapods 2, 3, 5, 8, 9, 10, 11 and 14. 
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Methyl 3a-amino-7a,12a-di-[N-(t-butoxycarbonyl)amino]-5β-cholan-24-oate (A):  To a 


solution of azide 16[1] (232 mg, 0.36 mmol) in dry tetrahydrofuran (3.6 mL) was added a solution of  


trimethylphosphine in tetrahydrofuran (1 M, 0.72 mL, 0.72 mmol). The reaction was stirred 


overnight followed by the addition of water (130 µL, 7.2 mmol). The reaction was stirred for 


another 16 hours before the solvent was removed under reduced pressure. A white foam was 


obtained. The latter was purified by flash chromatography (gradient dichloromethane/methanol 96:4 


to 8:2) yielding amine A as a white solid (224 mg, 100%). Rf = 0.37 (dichloromethane/methanol 


85:15); 1H NMR (400 MHz; CDCl3, 25 °C): d = 0.78 (s, 3H; 18-CH3), 0.88 (d, 3J(H,H) = 6.4 Hz, 


3H; 21-CH3), 0.92 (s, 3H; 19-CH3), 1.45 (s, 18H; (CH3)3C), 2.64 (m, 1H; 3β-H), 3.66 (s, 3H; 


COOCH3), 3.67 (m, 1H; 7β-H), 3.93 (m, 1H; 12β-H), 4.80 (br s, 1H; NH), 4.87 (br s, 1H; NH); 13C 







 S4 


NMR (100 MHz; CDCl3, 25 °C): d = 13.74 (CH3), 17.27 (CH3), 23.06 (CH2), 23.15 (CH3), 26.82 


(CH2), 27.12 (CH2), 28.44 (CH3), 29.17 (CH), 30.75 (CH2), 30.86 (CH2), 31.27 (CH2), 32.20 


(CH2), 34.69 (C), 34.93 (CH2), 35.57 (CH2), 37.01 (CH), 40.08 (CH2), 41.83 (CH), 44.76 (C), 


45.04 (CH), 47.13 (CH), 48.46 (CH), 51.57 (CH), 51.71 (CH3), 53.11 (CH), 79.00 (C), 79.03 (C), 


155.24 (C), 155.40 (C), 174.77 (C); IR (Neat): νmax = 3371, 2916, 2859, 1706, 1506, 1363, 1241, 


1166 cm-1; MS (FAB+): m/z (%): 621 (100) [M+H]+, 642 (70) [M+Na]+. 


 


Methyl 3a-[(4-nitrobenzenesulfonyl)amino]-7a,12a-di-[N-(t-butoxycarbonyl)amino]-5β-


cholan-24-oate (B):  To a solution of amine A (1.01 g, 1.63 mmol) in dry dichloromethane (16 mL) 


was added triethylamine (409 mg, 564 µl, 4.04 mmol) followed by 4-nitrobenzenesulfonyl chloride 


(1.08 g, 4.89 mmol). The slightly orange reaction mixture was stirred for 4 hours at room 


temperature. The reaction mixture was diluted with dichloromethane and washed with a saturated 


sodium bicarbonate solution. The aqueous phase was extracted with dichloromethane and the 


combined organic phases were dried over magnesium sulfate. After evaporation of the solvent under 


reduced pressure, the crude mixture was purified by flash chromatography 


(dichloromethane/methanol 98:2) to give B as a white solid (1.03 g, 78 %). Rf = 0.28 


(dichloromethane/methanol 98:2); 1H NMR (400 MHz, (CD3)2CO, 25 °C): d = 0.80 (s, 3H; 18-


CH3), 0.89 (d, 3J(H,H) = 6.4 Hz, 3H; 21-CH3) 0.91 (s, 3H; 19-CH3), 1.40 (s, 18H; C(CH3)3), 2.92 


(m, 1H; 3β-H), 3.59 (s, 3H, COOCH3), 3.65 (m, 1H; 7β-H), 4.00 (m, 1H; 12β-H), 5.94 (br s, 1H; 


carbamate NH), 6.06 (br s, 1H; carbamate NH), 6.54 (br s, 1H; SO2NH), 8.13 (d, 3J(H,H) = 8.8 Hz, 


2H; aryl H), 8.43 (d, 3J(H,H) = 8.8 Hz, 2H; aryl H); 13C NMR (100 MHz; CDCl3, 25 °C): d = 13.67 


(CH3), 17.28 (CH3), 22.88 (CH3), 22.96 (CH2), 27.13 (CH2), 28.40 (CH3 + CH), 30.75 (CH2), 31.16 


(CH2), 31.87 (CH2), 34.49 (C), 34.89 (CH), 35.52 (CH2), 36.81 (CH), 37.46 (CH2), 42.01 (CH), 


44.75 (C + CH), 47.02 (CH), 48.45 (CH), 51.45 (CH3), 53.12 (CH), 54.71 (CH), 79.07 (C), 124.26 


(CH), 128.14 (CH), 147.60 (C), 149.92 (C), 155.47 (C), 174.54 (C); IR (Neat): νmax = 3396, 3350, 


3260, 2948, 2867, 1703, 1533, 1498, 1450, 1431, 1364, 1348, 1242, 1164, 1067, 1045, 1013, 739 


cm-1;  m.p. 222-224 °C (crystallised from ethyl acetate/hexane); MS (ES+): m/z (%): 827.6 (100) 


[M+Na]+; elemental analysis calcd (%) for C41H64N4O10S (805.03): C 61.17, H 8.01, N 6.96; found: 


C 61.19, H 7.82, N 6.80. 


 


Methyl 3a-[(4-nitrobenzenesulfonyl)amino]-7a,12a-diamino-5β-cholan-24-oate (C):  


Dicarbamate B (205 mg, 0.255 mmol) was stirred at 0 °C in a solution of trifluoroacetic acid in dry 


dichloromethane (30%, 7.5 mL). After 1 hour the ice bath was removed and the reaction was 
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allowed to stir for another 2.5 hours at room temperature. The solvent was removed under reduced 


pressure, redissolved in dichloromethane and washed with a saturated sodium bicarbonate solution. 


After extraction of the aqueous phase with dichloromethane the combined organic phases were dried 


over magnesium sulfate. Evaporation of the solvent yielded the pure diamino compound C (150 mg, 


97 %) as a slightly yellow solid. Rf = 0.28 (DCM/methanolic ammonia[2] 94:6); 1H NMR (400 MHz; 


CDCl3, 25 °C): d = 0.70 (s, 3H; 18-CH3), 0.87 (s, 3H; 19-CH3), 0.96 (d, 3J(H,H) = 6.4 Hz, 3H; 21-


CH3), 2.4-3.00 (br s; amine NH), 3.08 (m, 1H; 3β-H), 3.14 (m, 1H), 3.22 (m, 1H), 3.66 (s, 3H; 


COOCH3 ), 8.07 (d, 3J(H,H) = 8.8 Hz, 2H; aryl H), 8.34 (d, 3J(H,H) = 8.8 Hz, 2H; aryl H); 13C 


NMR (100 MHz; CDCl3, 25 °C): d = 13.44 (CH3), 17.27 (CH3), 22.61 (CH3), 23.56 (CH2), 25.81 


(CH), 27.58 (CH2), 27.91 (CH2), 29.12 (CH2), 30.92 (CH2), 31.12 (CH2), 34.53 (CH2), 34.78 (C), 


35.11 (CH), 35.93 (CH2), 38.26 (CH2), 39.44 (CH), 41.70 (CH), 42.49 (CH), 46.09 (C), 47.54 


(CH), 47.97 (CH), 51.45 (CH3), 53.89 (CH), 54.42 (CH), 124.18 (CH), 127.98 (CH), 148.25 (C), 


149.75 (C), 174.43 (C); IR (Neat): νmax = 3103, 2933, 2866, 1733, 1527, 1446, 1348, 1307, 1158, 


1092, 852, 734, 685 cm-1; MS (ES+): m/z (%): 605.3 (100) [M+H]+; m.p. 106-108 °C (crystallised 


from dichloromethane/hexane); elemental analysis calcd (%) for C31H48N4O6S.3/2 H2O (604.80): C 


58.93, H 8.14, N 8.87; found: C 59.15, H 8.25, N 8.85. 


 


Methyl 3a-[(4-nitrobenzenesulfonyl)amino]-7a,12a-di-[(4-nitrobenzeneaminothio-


carbonyl)amino]-5β-cholan-24-oate (2):  A solution of 7a,12a-diamine C (141 mg, 0.233 mmol) 


and 4-nitrophenyl isothiocyanate (86 mg, 0.478 mmol) in dry dichloromethane (11 mL) was stirred 


overnight. The solvent was removed under reduced pressure and the residue was purified by flash 


chromatography (gradient dichloromethane/methanol 98:2 to 8:2). The title compound 2 was 


obtained as a yellow solid (158 mg, 70%). The product was precipitated from dichloromethane by 


slow diffusion of diethyl ether. Rf = 0.23 (dichloromethane/methanol 9:1); 1H NMR (400 MHz, 


(CD3)2CO, 25 °C): d = 0.88 (d, 3J(H,H) = 6.11 Hz, 3H; 21-CH3), 0.94 (s, 3H; 18-CH3), 1.05 (s, 3H; 


19-CH3), 2.86 (br s, 1H; 3β-H), 3.57 (s, 3H; COOCH3), 4.67-4.82 (m, 2H, 7β- + 12β-H), 6.43 (br s, 


1H; NH), 7.52 (br s, 2H; NH), 8.00-8.13 (m, 6H; aryl H), 8.28 (d, 3J(H,H) = 9.0 Hz, 2H; aryl H), 


8.29 (d, 3J(H,H) = 8.8 Hz, 2H; aryl H), 8.38 (d, 3J(H,H) = 8.0 Hz, 2H; aryl H), 9.50 (br s, 1H; NH), 


9.78 (br s, 1H; NH); 13C NMR (100 MHz; (CD3)2CO, 25 °C): d = 13.92 (CH3), 17.79 (CH3), 23.30 


(CH3), 24.16 (CH2), 25.73 (CH2), 27.85 (CH2), 28.92 (CH2), 30.60 (CH), 31.26 (CH2), 31.53 


(CH2), 31.77 (CH2), 35.37 (CH), 35.75 (C), 35.88 (CH2), 37.49 (CH2), 37.84 (CH), 42.22 (CH), 


45.81 (C), 46.30 (CH), 49.34 (CH), 51.33 (CH), 51.54 (CH3, COOCH3), 55.29 (CH), 57.85 (CH), 


120.88 (CH), 121.11 (CH), 121.41 (CH), 121.50 (CH), 125.27 (CH), 129.27 (CH), 143.52 (C), 
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143.67 (C), 147.10 (C), 147.46 (C), 150.95 (C), 174.44 (C), 180.17 (C), 180.73 (C); IR (Neat): νmax 


= 3338, 2943, 2865, 1727, 1712, 1596, 1496, 1327, 1294, 1254, 1203, 1158, 1110, 850, 735 cm-1;[3] 


MS (FAB+): m/z (%): 965 (100) [M+H]+, 987 (90) [M+Na]+; elemental analysis calcd (%) for 


C45H56N8O10S3.H2O (964.33): C 54.97, H 5.95, N 11.40; found: C 55.02, H 5.93, N 11.27. 
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Methyl 3α-Acetoxy-7α,12α-bis[(4-nitrophenylaminothiocarbonyl)amino]-5β-cholan-24-oate 


(3):  Bis-carbamate 17a was converted into diamine D by treatment with TFA/CH2Cl2 followed by 


NaHCO3 aq., as described previously.[4] A solution of diamine D (0.138 g, 0.299 mmol), 4-


nitrophenyl isothiocyanate (0.134 g, 0.746 mmol) and DMAP (0.08 g, 0.65 mmol) in CHCl3 (15 mL, 


stabilised with amylenes) was stirred at rt under N2 for 2 d. The mixture was diluted with CH2Cl2, 


washed with aq. 4% NaHCO3, dried (Na2SO4), and the solvent was removed in vacuo to give the 


crude product (0.387 g). Flash chromatography with 5-50% ethyl acetate/dichloromethane gradient 


elution gave the product 3 (0.290 g, 57%): Rf = 0.50 (dichloromethane/methanol 9:1); 1H NMR (400 


MHz, (CD3)2CO, 25 °C): d = 0.88 (d, 3J(H,H) = 5.9 Hz, 3H; 21-CH3), 0.95 (s, 3H; 18-CH3), 1.12 


(s, 3H; 19-CH3), 1.92 (s, 3H, CH3CO2), 3.57 (s, 3H; COOCH3), 4.54 (br s, 1H; 3β-H), 4.73-4.80 


(m, 2H, 7β- + 12β-H), 7.48 (br s, 1H; NH), 7.58 (br s, 1H; NH), 8.00-8.08 (m, 4H; aryl H), 8.19 (d, 
3J(H,H) = 3.1 Hz, 2H; aryl H), 8.21 (d, 3J(H,H) = 3.0 Hz, 2H; aryl H), 9.44 (br s, 1H; NH), 9.78 (br 


s, 1H; NH). 13C NMR (100 MHz; (CD3)2CO, 25 °C): d = 14.01 (CH3), 17.86 (CH3), 21.41 (CH3), 
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23.20 (CH3), 24.38 (CH2), 25.67 (CH2), 27.64 (CH2), 27.96 (CH2), 31.31 (CH2), 31.61 (CH2), 


32.05 (C), 35.44 (CH), 35.57 (CH2), 35.83 (C), 36.00 (C), 37.98 (CH), 41.98 (CH), 45.86 (C), 


46.46 (C), 49.36 (CH), 51.42 (CH), 51.61 (CH3, COOCH3), 57.98 (CH), 74.50 (CH), 79.28 (C), 


121.15 (CH), 121.60 (CH), 125.25 (CH), 125.33 (CH), 143.56 (C), 143.69 (C), 147.58 (2C), 


170.27 (C), 174.51 (C), 180.45 (C), 180.77 (C); IR (Neat): νmax = 3337, 2946, 2870, 1731, 1596, 


1496, 1325,1296, 1247, 1203, 1175, 1111, 1024, 881, 848, 750 cm-1;[3] MS (ES+): m/z (%): 845 


(100) [M+Na]+; elemental analysis calcd (%) for C41H54N6O8S2.2H2O (859.06): C 57.32, H  6.81, N 


9.78, S 7.47; found: C 57.21, H 6.78, N 9.82, S 7.50. 
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Methyl 3a-[(p-toluenesulfonyl)amino]-7a,12a-di-[N-(t-butoxycarbonyl)amino]-5β-cholan-24-


oate (E):  To a solution of amine A (150 mg, 0.242 mmol) and triethylamine (54 mg, 0.532 mmol, 


74 µl) in dry dichloromethane (2.5 mL) was added p-toluenesulfonyl chloride (51 mg, 0.266 mmol). 


The reaction was stirred overnight at room temperature. Next the reaction mixture was diluted with 


dichloromethane and washed with a 0.2 M hydrochloric acid solution. The aqueous phase was 


extracted twice with dichloromethane. The combined organic phases were washed with water and 


dried over anhydrous magnesium sulfate. The crude mixture was purified by flash chromatography 


(dichloromethane/methanol 98/2) to give toluenesulfonamide E as a white solid (147 mg, 78%). Rf = 


0.28 (dichloromethane/methanol 97:3); m.p. 240-242 °C (crystallised from dichloromethane/hexane); 
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1H NMR (400 MHz, (CD3)2CO, 25 °C): d = 0.82 (s, 3H; 18-CH3), 0.92 (m, 6H; 19-CH3 + 21-CH3), 


1.41 (s, 18H; C(CH3)3), 2.40 (s, 3H; tosylamido CH3), 2.77 (m, 1H; 3ß-H), 3.60 (s, 3H; COOCH3), 


3.65 (m, 1H; 7β-H), 4.01 (m, 1H; 12β-H), 5.95-6.29 (m, 3H; NH), 7.37 (d, 3J(H,H) = 7.8 Hz, 2H; 


aryl H), 7.73 (d, 3J(H,H) = 7.8 Hz, 2H; aryl H); 13C NMR (100 MHz; (CD3)2CO, 25 °C): d = 13.77 


(CH3), 17.34 (CH3), 21.53 (CH3), 22.93 (CH3, CH3), 23.08 (CH2), 27.05 (CH2), 27.25 (CH2), 28.50 


(C(CH3)3), 29.20 (CH2), 30.80 (CH2), 31.30 (CH2), 31.93 (CH2), 34.54 (C), 34.99 (CH), 35.48 


(CH2), 36.87 (CH), 37.45 (CH2), 42.06 (CH), 44.82 (C), 45.00 (CH), 47.12 (CH), 48.46 (CH), 


51.65 (CH3), 53.11 (CH), 54.34 (CH), 79.08 (C), 127.03 (CH), 129.65 (CH), 143.15 (C), 155.5 


(C), 174.93 (C); IR (Neat): νmax = 3369, 3291, 2958, 2928, 2861, 1702, 1517, 1500, 1362, 1322, 


1242, 1155, 1069, 1043, 872, 816, 666 cm-1; MS (ES+): m/z (%): 774.6 (30) [M+H]+, 791.6 (100) 


[M+NH4]+, 796.6 (40) [M+Na]+; elemental analysis calcd (%) for C42H67N3O8S.1/2H2O (774.06): C 


64.42, H 8.75, N 5.37; found: C 64.56, H 9.11, N 5.40. 


 


Methyl 3a-[(p-toluenesulfonyl)amino]-7a,12a-di-[(4-nitrobenzeneaminocarbonyl)-amino]-5β-


cholan-24-oate 5:  A solution of dicarbamate E (51 mg, 0.066 mmol) in dry dichloromethane (0.5 


mL) was cooled in an ice bath. Trifluoroacetic acid was added (250 µL) and the reaction was stirred 


at 0 °C. After 20 minutes the ice bath was removed and the reaction was allowed to stir for another 


hour at room temperature. The solution was evaporated under reduced pressure and the residue was 


redissolved in dichloromethane and washed with a saturated sodium bicarbonate solution. The 


aqueous phase was extracted with dichloromethane (3 portions) and the combined organic phases 


were dried over sodium sulfate. Filtration, evaporation and drying under high vacuum gave the 


diamine F (38 mg, 0.067 mmol). This material was dissolved in dry tetrahydrofuran (2 mL) and 4-


nitrophenyl isocyanate (33 mg, 0.2 mmol) was added. After stirring for 22 hours at room 


temperature the solvent was removed under reduced pressure and the crude mixture was purified by 


flash chromatography through a short silica plug (gradient dichloromethane/ethyl acetate 95:5 to 


8:2). The bisurea 5 (56 mg, 93%) was obtained as a yellow solid. An analytically pure sample was 


obtained by crystallisation from acetone. Rf = 0.28 (dichloromethane/methanol 9:1); 1H NMR (400 


MHz, (CD3)2CO, 25 °C): d = 0.86 (d, 3J(H,H) = 6.6 Hz, 3H; 21-CH3), 0.89 (s, 3H; 18-CH3), 0.98 


(s, 3H; 19-CH3), 2.34 (s, 3H; tosylamido CH3), 2.74 (m, 1H; 3β-H), 3.53 (s, 3H; COOCH3), 4.03 


(br s, 1H; 7β-H), 4.15 (m, 1H; 12β-H), 6.05 (br d, 3J(H,H) = 7.9 Hz, 1H; NH), 6.10 (br d, 3J(H,H) 


= 3.4 Hz, 1H; NH), 6.15 (br d, 3J(H,H) = 7.5 Hz, 1H; NH), 7.32 (d, 3J(H,H) = 8.3 Hz, 2H; Aryl H), 


7.66-7.72 (m, 6H; aryl H), 8.15 (d, 3J(H,H) = 9.2 Hz, 2H; aryl H), 8.16 (d, 3J(H,H) = 9.3 Hz, 2H; 


aryl H), 8.62 (br s, 1H, NH), 8.74 (br s, 1H, NH); 13C NMR (100 MHz, CDCl3, 25 °C): d = 13.96 
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(CH3), 17.30 (CH3), 21.74 (CH3), 22.81 (CH2), 23.08 (CH3) 27.12 (CH2), 27.83 (CH2), 29.92 


(CH2), 30.02 (CH), 30.66 (CH2), 31.02 (CH2), 31.45 (CH2), 34.04 (C), 34.59 (CH2), 34.88 (CH), 


35.56 (CH2), 36.48 (CH), 41.94 (CH), 45.02 (C), 46.17 (CH), 48.55 (CH), 51.45 (CH3), 52.02 


(CH), 55.14 (CH), 116.32 (CH), 117.16 (CH), 124.82 (CH), 125.24 (CH), 130.74 (CH), 134.75 


(CH), 140.28 (C), 141.78 (C), 144.45 (C), 146.03 (C), 146.74 (C), 153.24 (C), 153.52 (C), 174.61 


(C); IR (Neat): νmax = 3360, 2947, 1703, 1597, 1498, 1323, 1202, 1176, 1110, 851, 812, 751, 664 


cm-1; MS (ES+): 902.7 (30) [M+H]+, 924.7 (100) [M+Na]+; m.p. 196 °C (crystallised from acetone); 


elemental analysis calcd (%) for C46H59N7O10S (902.07): C 61.25, H 6.59, N 10.87; found: C 61.18, 


H 6.63, N 10.51. 
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Methyl 3α-azido-7α,12α-bis[(phenylaminocarbonyl)amino]-5β-cholan-24-oate (H):  Azido-bis-


carbamate 16[1] was converted into bis-urea H as described previously.[5] 


 


Methyl 3α-p-nitrobenzenesulfonamido-7α,12α-bis[(phenylaminocarbonyl)amino]-5β-cholan-


24-oate (8):  To a solution of azide H (0.3 g, 0.44 mmol) in dry THF (4.4 mL) was added 


trimethylphosphine (0.88 mL as a 1 M solution in THF, 0.88 mmol). The solution was stirred for 5 h 


before water (80 µL, 0.08 g, 4.4 mmol) was added and the solution was stirred for a further 24 h. 


The reaction solution was evaporated under reduced pressure and dried azeotropically by addition of 


toluene and re-evaporation. The dried residue and p-nitrobenzenesulfonylchloride (0.107 g, 0.48 


mmol) were dissolved in dry DCM (9 mL) and to the stirred solution was added triethylamine (67 


µL, 0.049 g, 0.48 mmol). After 24 h the solvent was removed under reduced pressure, the crude 


product was dissolved in dichloromethane, washed with 1 N HCl(aq.), dried (MgSO4) and evaporated 


under reduced pressure. Purification of the resultant residue by flash column chromatography (eluent 


DCM/methanolic ammonia[2] 97:3 to 96:4) gave product sulfonamide 8 (0.100 g, 27 %) as a pale 


yellow solid. Rf = 0.30 (DCM/methanolic ammonia[2] 95:5); 1H NMR (400 MHz, (CD3)2CO, 25 
oC): δ = 0.86-0.88 (m, 3 H; 21-H3), 0.87 (s, 3 H; 18-H3), 0.98 (s, 3 H; 19-H3), 2.10-2.20 (m, 1 H), 


2.20-2.30 (m, 1 H), 2.80-2.90 (m, 1 H; 3β-H), 3.55 (s, 3 H; COCH3), 3.97-4.04 (m, 1 H; 7β-H), 


4.10-4.16 (m, 1 H; 12β−H), 5.77-5.87 (m, 2 H; 2 x CH-NHCO), 6.51 (s, 1 H; Ar-SO2NH), 6.87-


6.97 (m, 2 H), 7.18-7.28 (m, 4 H), 7.46-7.54 (m, 4 H), 7.90 (s, 1 H; Ar-NHCO), 8.04-8.11 (m, 3 H; 


2 x Ar-CH + Ar-NHCO), 8.33-8.39 (m, 2 H); 13C NMR (100 MHz, (CD3)2CO, 25 oC): δ = 14.1 (18-


CH3), 17.4 (21-CH3), 23.5 (19-CH3), 24.1 (CH2), 27.6 (CH2), 28.0 (CH2), 29.1 (CH2), 29.5 (CH), 


31.3 (CH2), 31.7 (CH2), 33.5 (CH2), 35.6 (CH), 35.7 (10-C), 36.2 (CH2), 37.9 (CH2), 38.3 (CH), 


42.8 (CH), 45.5 (CH), 45.7 (13-C), 46.9 (CH), 49.1 (7-CH), 51.5 (COOCH3), 53.6 (12-CH), 55.6 


(3-CH), 118.6 (2 x Ar-CH), 118.7 (2 x Ar-CH), 122.1 (Ar-CH), 122.2 (Ar-CH), 125.2 (2 x Ar-CH), 


129.3 (2 x Ar-CH), 129.6 (2 x Ar-CH), 129.6 (2 x Ar-CH), 141.8 (Ar-C), 141.9 (Ar-C), 147.6 (Ar-


C), 151.0 (Ar-C), 155.2 (NHCONH), 155.4 (NHCONH), 174.4 (COOCH3); IR (Neat): νmax = 3386, 


2941, 1528, 1348, 1155, 747, 735, 691 cm-1; MS (FAB): m/z (%): 843 (24) [M+H]+, 865 (66) 


[M+Na]+, 911 (100) [M+H+NaNO2]+, 933 (44) [M+Na+NaNO2]+; elemental analysis calculated (%) 


for C45H58N6O8S/2.5 H2O: C 63.14, H 7.42, N 9.82; found C 63.34, H 7.18, N 9.76. 


 


Methyl 3α-p-toluenesulfonamido-7α,12α-bis[(phenylaminocarbonyl)amino]-5β-cholan-24-


oate (9):  To a solution of azido compound H (0.179 g, 0.260 mmol) in dry THF (2.6 mL) was 


added trimethylphosphine (0.52 mL as a 1 M solution in THF, 0.520 mmol). The reaction solution 
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was stirred for 6 h before water (47 µL, 0.047 g, 2.6 mmol) was added and the solution was stirred 


for a further 24 h. The reaction solution was evaporated under reduced pressure and dried 


azeotropically by addition of toluene and re-evaporation. The dried residue and p-


toluenesulfonylchloride (0.055 g, 0.286 mmol) were dissolved in dry DCM (5 mL) and to the stirred 


solution was added triethylamine (40 µL, 0.029 g, 0.286 mmol). After 4 h the solvent was removed 


under reduced pressure, the crude product was dissolved in dichloromethane, washed with 1 N 


HCl(aq.), dried (MgSO4) and evaporated under reduced pressure. Purification of the resultant residue 


by flash column chromatography (DCM/methanolic ammonia[2] 98:2) gave product sulfonamide 9 


(0.106 g, 50 %) as a pale yellow solid. Rf = 0.30 (DCM/methanolic ammonia[2] 97.5:2.5); 1H NMR 


(400 MHz, CDCl3, 25 oC): δ = 0.77 (s, 3 H; 18-H3), 0.81 (s, 3 H; 19-H3), 0.95 (d, 3J(H,H) = 6.4 Hz, 


3 H; 21-H3), 2.15-2.26 (m, 1 H), 2.31 (bs, 3 H; Ar-CH), 2.87 (m, 1 H; 3β-H), 3.65 (s, 3 H; 


COOCH3), 3.78 (m, 1 H; 7β-H), 4.15 (m, 1 H; 12β-H), 5.24 (bs, 1 H, CH-NHCO), 5.69 (bs, 1 H, 


CH-NHCO), 6.65-6.75 (m, 1 H), 6.85-6.95 (m, 1 H), 6.95-7.20 (m, 6 H), 7.23-7.31 (m, 3 H), 7.37-


7.50 (m, 2 H), 7.90-7.97 (m, 3 H); 13C NMR (100 MHz, CDCl3, 25 oC): δ = 14.0 (18-CH3), 17.3 


(21-CH3), 21.5 (CH), 22.9 (Ar-CH3), 22.9 (19-CH3), 23.0 (CH2), 27.1 (CH2), 27.5 (CH2), 29.4 


(CH2), 30.7 (CH2), 31.0 (CH2), 31.0 (CH2), 34.9 (CH), 34.9 (10-C), 35.0 (CH2), 36.8 (CH2), 36.8 


(CH), 41.7 (7-CH), 44.9 (13-C), 46.0 (CH), 47.3 (CH), 48.4 (12-CH), 48.4 (CH), 51.5 (COOCH3), 


53.4 (3-CH), 117.8 (Ar-CH), 117.8 (Ar-CH), 117.8 (Ar-CH), 117.9 (Ar-CH), 121.7 (2 x Ar-CH), 


127.7 (2 x Ar-CH), 128.7 (2 x Ar-CH), 128.9 (2 x Ar-CH), 130.5 (2 x Ar-CH), 135.3 (Ar-C0, 138.9 


(Ar-C), 139.8 (Ar-C), 145.0 (Ar-C), 154.5 (NHCONH), 154.7 (NHCONH), 174.5 (COOCH3); IR 


(Neat): νmax = 3417, 2945, 1696, 1531, 1375, 1148, 749, 691 cm-1; MS (FAB): m/z (%): 812 (38) 


[M+H]+, 834 (100) [M+Na]+; elemental analysis calculated (%) for C46H61N5O6S/0.5 H2O: C 67.30, 


H 7.61, N 8.53; found C 67.30, H 7.60, N 8.44. 


 


Methyl 3α-methanesulfonamido-7α,12α-bis[(phenylaminocarbonyl)amino]-5β-cholan-24-oate 


(10):  To a solution of azido compound H (0.200 g, 0.292 mmol) in dry THF (2.9 mL) was added 


trimethylphosphine (0.58 mL as a 1 M solution in THF, 0.58 mmol). The reaction solution was 


stirred for 5 h before water (53 µL, 0.053 g, 2.92 mmol) was added and the solution was stirred for 


a further 24 h. The reaction solution was evaporated under reduced pressure and dried azeotropically 


by addition of toluene and re-evaporation. The dried residue and methanesulfonylchloride (34 µL, 


0.050 g, 0.438 mmol) were dissolved in dry DCM (5.8 mL) and to the stirred solution was added 


triethylamine (61 µL, 0.044 g, 0.438 mmol). After 24 h the solvent was removed under reduced 


pressure, the crude product was dissolved in dichloromethane, washed with 1 N HCl(aq.), dried 
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(MgSO4) and evaporated under reduced pressure. Purification of the resultant residue by flash 


column chromatography (DCM/methanolic ammonia[2] 97:3 to 96:4) gave product sulfonamide 10 


(0.100 g, 47 %) as a pale yellow solid: Rf = 0.55 (DCM/methanolic ammonia[2] 97:3); 1H NMR (400 


MHz, (CD3)2CO, 25 oC): δ = 0.88 (s, 3 H; 18-H3), 0.87-0.89 (m, 3 H; 21-H3), 0.98 (s, 3 H; 19-H3), 


2.10-2.21 (m, 1 H), 2.21-2.32 (m, 1 H), 2.92 (s, 3 H; CH3SO2N), 3.09-3.20 (m, 1 H; 3β-H), 3.55 (s, 


3 H; COOCH3), 4.00 (bs, 1 H; 7β-H), 4.14-4.20 (m, 1 H; 12β-H), 5.70-5.82 (m, 3 H; 2 x CH-


NHCO + CH3SO2NH), 6.87-6.94 (m, 2 H), 7.18-7.26 (m, 4 H), 7.45-7.59 (m, 4 H), 7.81 (s, 1 H; 


Ar-NHCO), 7.98 (s, 1 H; Ar-NHCO); 13C NMR (100 MHz, (CD3)2CO, 25 oC): δ = 14.2 (18-CH3), 


17.7 (21-CH3), 23.5 (19-CH3), 24.0 (CH2), 27.9 (CH2), 28.0 (CH2), 29.7 (CH2), 30.0 (CH), 31.4 


(CH2), 31.7 (CH2), 33.5 (CH2), 35.5 (10-C), 35.7 (CH), 36.2 (CH2), 38.1 (CH2), 38.1 (CH), 40.5 


(CH3SO2NH), 42.9 (CH), 45.8 (13-C), 45.8 (2 x CH), 49.1 (7-CH), 51.5 (COOCH3), 53.4 (12-CH), 


55.6 (3-CH), 118.6 (2 x Ar-CH), 119.4 (Ar-CH), 119.9 (Ar-CH), 122.0 (Ar-CH), 122.1 (Ar-CH), 


129.5 (4 x Ar-CH), 141.8 (Ar-C), 142.0 (Ar-C), 155.3 (NHCONH), 155.4 (NHCONH), 174.4 


(COOCH3); IR (Neat): νmax = 3381, 2941, 2869, 1679, 1534, 750, 692 cm-1; MS (FAB): m/z 


(%):736 (64) [M+H]+, 758 (100) [M+Na]+; elemental analysis calculated (%) for C40H57N5O6S: C 


65.28, H 7.81, N 9.52; found C 65.17, H 8.19, N 9.08. 
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Methyl 3α-acetamido-7α,12α-bis[(phenylaminocarbonyl)amino]-5β-cholan-24-oate 11:  Azide 


H (0.212 g, 0.31 mmol) and triphenylphosphine (0.105 g, 0.40 mmol) were dissolved in dry THF 
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(1.55 mL) and the resultant solution stirred overnight. Water (56 µL, 0.056 g, 3.1 mmol) was added 


and the solution refluxed overnight before being allowed to cool to rt. Solvents were removed by 


evaporation, addition of toluene, re-evaporation, addition of dichloromethane and further re-


evaporation.  Purification by chromatography through a plug of silica (eluent DCM/methanolic 


ammonia[2] 97:3 to 9:1) gave amine I[6] (0.147 g, 72 %) which was dissolved in dry DCM (4 mL). To 


the resultant solution was added acetic anhydride (23 µL, 0.0245 g, 0.24 mmol) followed by 


diisopropylethylamine (42 µL, 0.031 g, 0.24 mmol) and the reaction mixture was stirred overnight. 


Evaporation of the solvent under reduced pressure gave crude product which was dissolved in 


dichloromethane, washed with 1 N HCl, dried (MgSO4) and evaporated under reduced pressure. 


Purification of the resultant residue by flash column chromatography (eluent DCM/methanolic 


ammonia[2] 96:4) gave the acetamide 11 (0.131 g, 61 % over two steps) as a white solid: Rf = 0.40 


(DCM/methanolic ammonia[2] 95:5);  1H NMR (400 MHz, (CD3)2CO, 25 oC): δ = 0.70 (s, 3 H; 18-


H3), 0.84 (s, 3 H; 19-H3), 0.87 (d, 3J(H,H) = 6.6 Hz, 3 H; 21-H3), 1.98 (s, 3 H; CH3CO), 2.12-2.20 


(m, 1 H), 2.20-2.29 (m, 1 H), 3.25-3.36 (m, 1 H; 3β-H), 3.54 (s, 3 H; COOCH3), 4.00-4.10 (m, 2 H; 


7β-H +12β-H), 5.77 (d, 3J(H,H) = 9.5 Hz, 1 H; CH-NHCO), 6.00 (d, 3J(H,H) = 7.0 Hz, 1 H; CH-


NHCO), 6.85-6.94 (m, 2 H), 7.17-7.26 (m, 5 H; 4 x Ar-CH + CH3CONH), 7.49-7.59 (m, 4 H), 8.37 


(s, 1 H; Ar-NHCO), 8.69 (s, 1 H; Ar-NHCO); 13C NMR (100 MHz, (CD3)2CO, 25 oC): δ = 14.3 


(18-CH3), 17.4 (21-CH3), 23.4 (19-CH3), 23.8 (CH3CONH), 24.0 (CH2), 27.4 (CH2), 27.9 (CH2), 


28.0 (CH2), 29.8 (CH), 31.2 (CH2), 31.7 (CH2), 34.4 (CH2), 35.5 (CH), 35.6 (10-C), 36.5 (CH2), 


37.2 (CH2), 38.2 (CH), 41.9 (CH), 45.6 (CH), 45.7 (13-C), 46.0 (CH), 48.9 (7-CH),  51.5 


(COOCH3), 52.8 (3-CH), 54.0 (12-CH), 118.4 (Ar-CH), 118.4 (Ar-CH), 118.5 (Ar-CH), 118.5 (Ar-


CH), 121.7 (Ar-CH), 121.9 (Ar-CH), 129.5 (2 x Ar-CH), 129.5 (2 x Ar-CH), 142.1 (Ar-C), 142.4 


(Ar-C), 155.2 (NHCONH), 155.4 (NHCONH), 172.2 (CH3CONH ), 174.4 (COOCH3); IR (Neat): 


νmax = 3326, 2943, 1539, 1203, 750, 693 cm-1; MS (FAB): m/z (%):701 (50) [M+H]+, 723 (100) 


[M+Na]+; HRMS (ES+): m/z calculated for [M+Na]+ = 722.4252, found 722.4226. 
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Eicosyl 3α-Acetoxy-7α,12α-bis[(4-nitrophenylaminocarbonyl)amino]-5β-cholan-24-oate (14):  


The preparation of 17b and its conversion to J has been described previously.[4] A solution of bis-


amine J (0.082 g, 0.113 mmol) and 4-nitrophenyl isocyanate (0.0420 g, 0.338 mmol) in CHCl3 (6 


mL) under N2 was stirred at rt for 16 h. The reaction was diluted with CHCl3 (75 mL), washed with 


aq. 0.5 N HCl (50 mL), sat. aq. NaHCO3 (50 mL), dried (Na2SO4), and the solvent removed in 


vacuo to give the crude product. Radial chromatography (SiO2, 1 mm) with 5-50% ethyl 


acetate/hexanes gradient elution gave pure 14 as a yellow solid (0.084 g, 65%): m.p. 225-228 °C; 1H 


NMR (300 MHz, (CD3)2CO) δ = 0.84-0.92 (m, 9 H), 1.07-2.29 (m, 66 H), 3.97 (t, J = 6.6 Hz, 2 H 


CO2CH2), 4.10 (br s, 1 H), 4.20 (br d, 1 H), 4.52 (m, 1 H, 3ß-H), 6.17 (br s, 2 H, 6a-NH, 12a-NH), 


7.75 (d, J = 9 Hz, 4 H, Ar-H), 8.14 (d, J = 9 Hz ,4 H, Ar-H), 8.63 (br s, 1 H, 12a-NH-Ar), 8.81 (br 


s, 1 H, 7a-NH-Ar);  13C NMR (75 MHz, (CD3)2CO) δ = 14.6 (18-CH3), 14.9 ((CH2)18CH3), 17.9 


(21-CH3), 21.8 (19-CH3), 23.7, 23.8, 27.1, 27.7, 28.1, 28.4, 29.5, 29.8, 30.1, 30.2, 30.3, 30.4, 30.6, 


30.7, 30.8, 30.9, 31.0, 31.1, 31.9, 32.1, 33.9, 35.9, 36.0, 36.3, 38.6, 42.6, 46.1, 47.5, 49.7, 54.4, 


65.0 (CO2CH2), 75.0 (3-CH), 118.1 (Ar-CH), 126.4 (Ar-CH), 142.6 (Ar-CH), 148.4 (NHCONH), 


148.5 (NHCONH), 154.8 (Ar-CH), 170.6 (3a-O2CCH3), 174.4 (CO2CH2(CH2)18CH3); 


HRMS(FAB+) m/z calc'd for C60H92N6O10 [M+H]+: 1057.6875, Found 1057.6875. 
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Calculation of the Number of Lipid Molecules per Vesicle. 


 


The vesicles used in this study possessed a diameter of 200 nm (2000 Å).   


Surface area of these vesicles = 4πr2 = 12.56 × 106 Å2. 


 


The surface areas occupied by phospholipid and cholesterol molecules have been estimated by 


Engelman[7] to be as follows: 


 


Surface area per phospholipid = 71 Å2  


Surface area per cholesterol = 46 Å2 


 


For, phospholipid:cholesterol 7:3 mixture, the average surface area per lipid molecule is therefore 


63.5 Å2 


 


It follows that the number of lipids in one membrane leaflet of a 200 nm vesicle is = 12.56 × 106/63.5 


= 198000, and that the total number of lipid molecules per vesicle is roughly double this number, i.e. 


396000 molecules/vesicle. 


 


 


References and Notes 


[1]. V. del Amo, L. Siracusa, T. Markidis, B. Baragana, K. M. Bhattarai, M. Galobardes, G. 


Naredo, M. N. Pérez-Payán, A. P. Davis, Org. Biomol. Chem. 2004, 2, 3320. 


[2] Methanolic ammonia was produced by bubbling ammonia gas through methanol at room 


temperature, until a saturated solution had been formed. 


[3] No characteristic S-H band (-SH: 2600-2550(w)) was observed, supporting the thiourea 


structure as opposed to the iminothiol tautomer. 


[4] T. N. Lambert, J. M. Boon, B. D. Smith, M. N. Pérez-Payán, A. P. Davis, J. Am. Chem. Soc. 


2002, 124, 5276. 


[5]. A. L. Sisson, V. del Amo Sanchez, G. Magro, A. M. E. Griffin, S. Shah, J. P. H. Charmant, 


A. P. Davis, Angew. Chem. Int. Ed. 2005, 44, 6878. 


[6] For characterisation see ref [5]. 


[7] D. M. Engelman, Nature 1969, 223, 1279.  See also S. Pikula, J. B. Hayden, S. Awasthi, Y. 


C. Awasthi, P. Zimniak, J. Biol. Chem. 1994, 269, 27574. 







 S16 


 








 
 
 
 
 
 
 
 


 
 
 
 
 
 


Supporting Information 
 


© Copyright Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, 2008 
 


 


 







Origin of Diastereocontrol in the Oxy-Michael Reactions of δ-Lactol 


Anions: A Computational and Experimental Study 


 
 
Robert D. Richardson,*b Felix. A. Hernandez-Juan,a John W. Warda and Darren J. Dixon*a 


 
 


[a] School of Chemistry, The University of Manchester, Oxford Road, Manchester, UK, M13 9PL. 


 


[b] Cambridge University Chemical Laboratory, Lensfield Road, Cambridge, UK, CB2 1EW. 


Current Address: School of Chemistry, Cardiff University, Park Place, Cardiff, UK, CF10 3AT. 







 2


Energy breakdown for all species in the study 


All energies are at the MP2/6-31++G**//B3LYP/6-31+G* level.  ZPE and thermochemical energies are 


determined by frequency analysis at the B3LYP/6-31+G* level.  Performing the single point calculations 


at the B3LYP/6-31++G** level reproduces the MP2 energy differences to within ±0.5 kcal•mol
–1


. 


Species gas  solution  ZPE imag. thermochem  total G 


 energy energy   freq. energy  


 / Eh / Eh / kcal•mol–1 / cm-1 / kcal•mol–1 / kcal•mol–1 


Ground state anions      


3 -384.544894 -384.651373 101.276 - -11.800 -241279.26 


4 -384.549377 -384.648748 101.568 - -11.727 -241277.25 


5 -384.542550 -384.640235 101.718 - -11.691 -241271.72 


6 -384.537399 -384.645441 101.718 - -11.691 -241274.99 


7 -384.530914 -384.632032 102.993 - -12.607 -241266.21 


       


Ring opening TS      


8 -384.529599 -384.625588 99.040 74.1 -12.445 -241265.96 


9 -384.529973 -384.625359 99.221 81.8 -11.955 -241265.15 


       


Reagents       


MeCl -499.377291 -499.381359 23.365 - -8.624 -313347.06 


nitropropene -321.509469 -321.519508 50.941 - -11.585 -201714.13 


       


Alkylation TS      


10 -883.922321 -884.004401 124.490 408.6 -13.928 -554602.20 


11 -883.926572 -884.003784 127.625 412.2 -13.896 -554598.65 


12 -883.918943 -884.002352 124.896 360.8 -13.993 -554600.57 


13 -883.919655 -883.996143 126.475 398.3 -13.819 -554594.92 


14 -883.913117 -883.997565 126.704 421.9 -13.395 -554595.16 


15 -883.919699 -884.003032 125.219 425.8 -14.290 -554600.97 


       


Conjugate addition TS     


17 -706.060279 -706.144139 152.487 194.0 -14.811 -442967.77 


18 -706.067217 -706.142538 152.412 137.4 -14.340 -442966.37 


20 -706.059398 -706.137334 152.633 117.2 -14.324 -442962.87 
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Cartesian coordinates for all species in the study 


All structures here are optimised at the B3LYP/6-31+G* level using a THF continuum solvent model as 


stated in the main text. 


Species discussed in this study 


 


Diequatorial lactolate conformer 3 


 


atom x y z 
C1 -2.080944 1.273389 0.738359 


C2 -2.719956 2.654792 0.571573 


C3 -4.25171 2.542524 0.556336 


C4 -4.723578 1.483574 -0.451386 


O5 -4.079549 0.23778 -0.20501 


C6 -2.584281 0.285721 -0.327608 


C7 -6.229542 1.245303 -0.403915 


O8 -2.089038 -0.93611 -0.238074 


H9 -0.987667 1.331768 0.657926 


H10 -2.313463 0.8466 1.724149 


H11 -2.388565 3.340171 1.362118 


H12 -2.378557 3.086973 -0.381262 


H13 -4.610311 2.252613 1.55513 


H14 -4.708683 3.510755 0.310886 


H15 -4.448804 1.824598 -1.468031 


H16 -2.430347 0.759504 -1.3343 


H17 -6.51895 0.461074 -1.112958 


H18 -6.537154 0.925749 0.599838 


H19 -6.777061 2.160688 -0.659218 


 


Axial methyl, equatorial alkoxide lactolate conformer 4 


 


atom x y z 
C1 8.998886 0.50621 -1.694637 


C2 7.857368 -0.288757 -1.044197 


C3 7.83562 -0.037881 0.4661 


C4 9.187056 -0.379723 1.112175 


O5 10.229766 0.452148 0.414351 


C6 10.354118 0.272195 -0.999768 


H7 9.085988 0.269976 -2.763455 


H8 8.765583 1.577716 -1.619496 


H9 6.896723 -0.018369 -1.501063 


H10 7.994998 -1.364624 -1.224552 


H11 7.614784 1.016529 0.685831 


H12 7.062639 -0.643079 0.957762 


H13 9.44282 -1.430591 0.834193 


C14 11.030729 -1.062931 -1.349059 


H15 11.971601 -1.150606 -0.792441 


H16 10.41341 -1.93192 -1.100465 


H17 11.262294 -1.104444 -2.420513 


O18 9.262207 -0.15534 2.414425 


H19 11.039056 1.070309 -1.317209 


 


Equatorial methyl, axial alkoxide lactolate conformer 6 


 


atom x y z 
C1 0.415287 3.323724 -2.743646 


C2 -1.087214 3.057802 -2.891845 
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C3 -1.681875 2.590681 -1.554357 


C4 -0.888811 1.405801 -0.985133 


O5 0.489619 1.759304 -0.860553 


C6 1.142899 2.078906 -2.18657 


O7 1.162524 1.045357 -3.014569 


C8 -1.379603 0.963925 0.389107 


H9 0.867114 3.573962 -3.712116 


H10 0.584797 4.177895 -2.072301 


H11 -1.607506 3.953809 -3.255258 


H12 -1.238077 2.275409 -3.645782 


H13 -1.646071 3.41519 -0.825536 


H14 -2.736529 2.305926 -1.675749 


H15 -0.972965 0.559058 -1.683169 


H16 2.149892 2.385318 -1.817462 


H17 -0.81208 0.095811 0.744995 


H18 -1.259286 1.772391 1.122059 


H19 -2.440578 0.68625 0.351441 


 


Diaxial lactolate conformer 5 


 


atom x y z 
C1 7.37616 0.459562 -2.978886 


C2 8.767479 0.685807 -2.372261 


C3 9.021762 -0.351111 -1.275321 


C4 7.948665 -0.248957 -0.169937 


O5 6.599094 -0.443682 -0.843318 


C6 6.267578 0.454638 -1.909574 


H7 7.146581 1.216957 -3.740667 


H8 7.36705 -0.518192 -3.481965 


H9 9.538298 0.628939 -3.151854 


H10 8.829184 1.690159 -1.937016 


H11 9.016861 -1.363588 -1.705608 


H12 10.001336 -0.198797 -0.804386 


H13 5.368344 0.010815 -2.359082 


H14 7.963874 -1.189013 0.431133 


C15 5.876957 1.861187 -1.430846 


H16 5.08707 1.796846 -0.674365 


H17 6.721161 2.389952 -0.98514 


H18 5.48754 2.443093 -2.277747 


O19 8.021867 0.854553 0.554942 


 


Lowest energy open chain conformer 7 


 


atom x y z 
C1 -0.072426 -0.028057 -0.045194 


C2 0.052703 -0.526712 1.407378 


C3 1.481021 -0.525722 1.957714 


C4 1.52943 -1.087297 3.399481 


O5 1.025536 -2.359663 3.472799 


C6 0.503607 -1.015012 -1.012847 


O7 1.316566 -0.752485 -1.887811 


C8 2.96044 -1.006313 3.970763 


H9 -1.140088 0.063767 -0.304312 


H10 0.399246 0.950782 -0.192422 


H11 -0.58759 0.096155 2.046254 


H12 -0.342437 -1.546493 1.47815 


H13 2.129267 -1.15185 1.323822 


H14 1.890901 0.496702 1.931616 


H15 0.917551 -0.371279 4.011987 
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H16 0.145076 -2.058492 -0.904629 


H17 2.962908 -1.412538 4.990355 


H18 3.643165 -1.621091 3.367736 


H19 3.351442 0.02093 4.006217 


 


TS 8 for opening of cis-lactolate 


 


atom x y z 
C1 1.770778 0.141338 -1.37482 


C2 0.352311 -0.426222 -1.20849 


C3 -0.580466 0.401946 -0.295367 


C4 -1.203525 -0.480495 0.812305 


O5 -0.228289 -1.016003 1.612814 


C6 2.592809 0.03898 -0.12091 


O7 3.429948 0.866361 0.217097 


C8 -2.268834 0.300209 1.611711 


H9 2.32066 -0.452434 -2.125586 


H10 1.775777 1.181787 -1.722229 


H11 -0.089688 -0.553052 -2.203599 


H12 0.449523 -1.427416 -0.772514 


H13 -0.015813 1.200333 0.210982 


H14 -1.362323 0.893036 -0.894375 


H15 -1.7729 -1.283466 0.268905 


H16 2.429894 -0.857877 0.50035 


H17 -2.672191 -0.344607 2.403095 


H18 -1.821481 1.178472 2.096797 


H19 -3.10619 0.639109 0.983835 


 


TS 9 for opening of trans-lactolate 


 


atom x y z 
C1 2.073048 -0.182493 -0.827628 


C2 0.665434 -0.806827 -0.791821 


C3 -0.457046 0.189977 -0.442848 


C4 -1.476844 -0.416432 0.551938 


O5 -0.859845 -0.827626 1.70294 


C6 2.544209 0.209195 0.542919 


O7 3.705102 0.112622 0.922236 


C8 -2.616576 0.585446 0.829882 


H9 2.82069 -0.852931 -1.268482 


H10 2.060579 0.73591 -1.437855 


H11 0.472579 -1.28708 -1.758683 


H12 0.660924 -1.596898 -0.032292 


H13 -0.036069 1.082875 0.043562 


H14 -0.957437 0.536706 -1.359854 


H15 -1.954493 -1.27642 0.008597 


H16 1.779811 0.590448 1.240961 


H17 -3.324528 0.144965 1.543307 


H18 -2.208389 1.496261 1.289621 


H19 -3.169015 0.869155 -0.077984 


 


TS 10 for alkylation of diequatorial lactolate with MeCl APP to C2–C3 


 


atom x y z 
C1 -8.922835 -0.515735 1.681306 


C2 -7.897291 0.387892 0.983687 


C3 -7.828144 0.063749 -0.514091 


C4 -9.215237 0.08632 -1.187996 
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O5 -10.105279 -0.827162 -0.428915 


C6 -10.270394 -0.480327 0.946302 


H7 -9.065688 -0.207974 2.726511 


H8 -8.558169 -1.553952 1.692462 


H9 -6.908027 0.284266 1.449367 


H10 -8.193523 1.439639 1.113908 


H11 -7.405336 -0.938796 -0.669059 


H12 -7.178042 0.77663 -1.038026 


C13 -11.026552 -0.298263 -3.70057 


Cl14 -12.701737 -0.383765 -5.01102 


H15 -10.882853 0.768956 -3.733309 


H16 -10.37322 -0.920323 -4.289481 


H17 -11.491678 -0.73007 -2.82971 


H18 -9.667499 1.098074 -1.028447 


O19 -9.180527 -0.281651 -2.472059 


C20 -11.298163 -1.436055 1.5417 


H21 -12.238688 -1.389438 0.980972 


H22 -11.505228 -1.181547 2.58839 


H23 -10.926758 -2.468087 1.503703 


H24 -10.665918 0.551596 1.002542 


 


TS 11 for alkylation of diequatorial lactolate with MeCl APP to C2–H 


 


atom x y z 
C1 -11.124186 1.310434 1.276219 


C2 -10.765943 -0.182564 1.2734 


C3 -10.609076 -0.700656 -0.162739 


C4 -9.620929 0.161335 -0.966962 


O5 -10.101862 1.563141 -0.917133 


C6 -10.145317 2.106569 0.402318 


H7 -11.112676 1.709842 2.299621 


H8 -12.139362 1.452021 0.877705 


H9 -11.519603 -0.764818 1.819318 


H10 -9.814448 -0.324252 1.80907 


H11 -11.574378 -0.69408 -0.686957 


H12 -10.240438 -1.734571 -0.160197 


C13 -11.064367 -0.340026 -3.711023 


Cl14 -12.510029 -0.483928 -5.292469 


H15 -11.453 0.549849 -3.244974 


H16 -10.203463 -0.247429 -4.351496 


H17 -11.272092 -1.297252 -3.264883 


H18 -8.654375 0.184193 -0.402457 


O19 -9.433003 -0.209115 -2.239756 


C20 -10.504343 3.583161 0.285943 


H21 -9.771571 4.109021 -0.337519 


H22 -10.519666 4.056751 1.275286 


H23 -11.493429 3.703277 -0.173282 


H24 -9.135886 2.0211 0.849037 


 


TS 12 for alkylation of ax.Me, eq.alkoide lactolate with MeCl APP to C2–C3 


 


atom x y z 
C1 8.86111 -0.363898 -1.473347 


C2 7.697848 -0.863362 -0.606869 


C3 7.661808 -0.094259 0.718855 


C4 9.000987 -0.156381 1.484883 


O5 10.075925 0.310835 0.534939 


C6 10.195643 -0.38537 -0.7032 


H7 8.952014 -0.952472 -2.395411 
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H8 8.658948 0.672961 -1.772985 


H9 6.748349 -0.761239 -1.147673 


H10 7.817893 -1.936109 -0.402653 


H11 7.442455 0.966839 0.540558 


H12 6.874519 -0.482016 1.377484 


C13 10.992602 0.212866 3.67676 


Cl14 12.747496 -0.140373 4.713088 


H15 10.406716 -0.625769 4.013866 


H16 10.73598 1.177852 4.082978 


H17 11.351883 0.194924 2.660734 


H18 9.24131 -1.238992 1.656657 


C19 10.778879 -1.799858 -0.542453 


H20 11.689151 -1.758021 0.063293 


H21 10.085485 -2.489578 -0.053442 


H22 11.037443 -2.219952 -1.521335 


O23 9.023846 0.590436 2.571589 


H24 10.92782 0.195437 -1.283137 


 


TS 13 for alkylation of ax.Me, eq.alkoide lactolate with MeCl APP to C2–H 


 


atom x y z 
C1 1.418455 -0.58502 1.218218 


C2 0.138535 -0.628957 2.064416 


C3 -1.094276 -0.469867 1.164723 


C4 -1.009164 0.815543 0.326897 


O5 0.255219 0.769473 -0.454284 


C6 1.468718 0.652413 0.302899 


H7 2.313858 -0.609849 1.853751 


H8 1.450573 -1.479215 0.581001 


H9 0.089691 -1.566551 2.633446 


H10 0.149811 0.181959 2.807605 


H11 -1.189408 -1.324957 0.480799 


H12 -2.009944 -0.424737 1.768363 


C13 -2.550267 -0.305646 -2.18919 


Cl14 -3.176288 -1.445351 -3.894746 


H15 -1.492868 -0.310326 -2.392015 


H16 -3.114478 0.579603 -2.429866 


H17 -2.939331 -0.973205 -1.439523 


H18 -0.887039 1.669877 1.031496 


O19 -2.033311 1.031358 -0.510713 


C20 1.832836 1.955924 1.032259 


H21 1.80674 2.795049 0.327007 


H22 2.849381 1.884859 1.43996 


H23 1.154554 2.189613 1.859635 


H24 2.24216 0.484071 -0.457547 


 


TS 15 for alkylation of eq.Me, ax.alkoide lactolate with MeCl 


 


atom x y z 
C1 0.640844 3.11692 -3.271845 


C2 -0.830436 3.334337 -2.897403 


C3 -0.969621 3.54444 -1.38256 


C4 -0.270156 2.41959 -0.606261 


O5 1.096729 2.306567 -1.013121 


C6 1.264286 1.955292 -2.462149 


O7 0.777836 0.750604 -2.774442 


C8 -0.287934 2.64493 0.901152 


H9 0.742284 2.891954 -4.340847 


H10 1.212266 4.036383 -3.07621 
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H11 -1.247664 4.18968 -3.445636 


H12 -1.411808 2.4531 -3.19539 


H13 -0.514782 4.505574 -1.096912 


H14 -2.028994 3.586455 -1.09212 


H15 -0.778821 1.47152 -0.832029 


H16 2.372116 2.014528 -2.543872 


H17 0.207845 1.817831 1.422539 


H18 0.231287 3.576356 1.162079 


H19 -1.320025 2.71172 1.267998 


C20 2.212081 -0.891344 -2.281371 


Cl21 3.551085 -2.473465 -1.872255 


H22 2.841041 -0.344753 -2.964745 


H23 1.41176 -1.482768 -2.694791 


H24 2.103946 -0.51992 -1.27642 


 


TS 14 for alkylation of diaxial lactolate with MeCl 


 


atom x y z 
C1 7.36596 0.447384 -3.052757 


C2 8.709167 0.741116 -2.371882 


C3 8.884784 -0.183535 -1.163074 


C4 7.728807 -0.016106 -0.149402 


O5 6.443017 -0.258008 -0.891517 


C6 6.189051 0.53138 -2.062982 


H7 7.187421 1.134776 -3.891181 


H8 7.395406 -0.569142 -3.471504 


H9 9.534375 0.610031 -3.084455 


H10 8.742527 1.78538 -2.039234 


H11 8.918887 -1.229627 -1.503472 


H12 9.828909 0.021357 -0.643229 


H13 5.321625 0.040757 -2.525672 


C14 6.657154 1.029848 2.474423 


Cl15 5.679456 0.96351 4.340207 


H16 5.799156 1.20331 1.846355 


H17 7.307874 1.862668 2.684207 


H18 7.081337 0.038267 2.499026 


H19 7.710943 -0.910135 0.515128 


C20 5.774541 1.972449 -1.737586 


H21 4.977213 1.973857 -0.986251 


H22 6.608124 2.553018 -1.338659 


H23 5.394748 2.461755 -2.645038 


O24 7.761938 1.133209 0.525958 


 


TS 17 for (R)-selective lactolate addition to nitropropene APP to C2–C3 


 


atom x y z 
C1 0.000000 0.000000 0.000000 


C2 0.000000 0.000000 1.534773 


C3 1.435177 0.000000 2.081886 


C4 2.299384 1.121907 1.466449 


O5 2.224268 0.987478 -0.009247 


C6 0.905695 1.116337 -0.537814 


H7 -1.020064 0.130512 -0.387363 


H8 0.372835 -0.964395 -0.376091 


H9 -0.556939 -0.863214 1.922677 


H10 -0.526677 0.896666 1.894882 


H11 1.928165 -0.956095 1.859085 


H12 1.431245 0.115993 3.172894 


H13 1.798793 2.100699 1.682004 







 9


O14 3.576321 1.073564 1.861256 


C15 1.015493 1.121232 -2.058218 


H16 1.685749 1.922703 -2.390316 


H17 0.032495 1.275487 -2.519849 


H18 1.421331 0.166509 -2.416501 


H19 0.488895 2.087542 -0.207358 


C20 4.895164 2.767401 1.610532 


C21 6.111221 2.168191 1.355888 


N22 6.920230 1.699787 2.367851 


O23 6.626795 1.869921 3.581895 


O24 7.991783 1.101062 2.048924 


H25 6.491310 1.955856 0.366459 


H26 4.657251 3.008134 2.637690 


C27 4.200115 3.538071 0.534991 


H28 4.469622 3.179145 -0.462280 


H29 3.116846 3.473007 0.647091 


H30 4.485178 4.598207 0.617444 


 


TS 18 for (S)-selective lactolate addition to nitropropene APP to C2–C3 


 


atom x y z 
C1 -0.031576 0.058301 0.003017 


C2 0.081034 0.023422 1.532489 


C3 1.549513 -0.035043 1.970484 


C4 2.405848 1.091866 1.345639 


O5 2.207044 1.008624 -0.155203 


C6 0.860685 1.167749 -0.575744 


H7 -1.073718 0.218073 -0.307570 


H8 0.291917 -0.906374 -0.416812 


H9 -0.478019 -0.829070 1.941827 


H10 -0.388711 0.927597 1.948164 


H11 2.003079 -0.989869 1.671847 


H12 1.630089 0.037285 3.063202 


H13 1.925280 2.076459 1.599862 


O14 3.696864 1.017347 1.632440 


C15 0.848712 1.199242 -2.101928 


H16 1.503295 1.997464 -2.471775 


H17 -0.164495 1.368337 -2.486864 


H18 1.219726 0.247173 -2.502932 


H19 0.479011 2.138731 -0.199953 


C20 5.154455 2.468471 0.972693 


C21 6.103581 2.466176 1.951626 


N22 7.151927 1.535805 1.968943 


O23 7.326328 0.731068 1.026512 


O24 7.935752 1.559573 2.954420 


H25 6.108991 3.119152 2.814586 


C26 4.194647 3.599745 0.817888 


H27 3.246633 3.216041 0.441164 


H28 4.036070 4.134639 1.761093 


H29 4.595405 4.315681 0.085376 


H30 5.242931 1.760322 0.159332 


 


2
nd


 order saddle point 20 for lactolate addition to nitropropene APP to C2–H 


 


atom x y z 
C1 -0.099424 0.038325 0.035273 


C2 -0.056600 0.127272 1.567333 


C3 1.387334 0.043328 2.084230 


C4 2.280655 1.098540 1.403404 
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O5 2.194056 0.852886 -0.067961 


C6 0.879722 1.037638 -0.596623 


H7 -1.115683 0.231462 -0.335682 


H8 0.180085 -0.975362 -0.288631 


H9 -0.676944 -0.659157 2.017501 


H10 -0.493639 1.087098 1.883240 


H11 1.801352 -0.954984 1.891528 


H12 1.417334 0.208381 3.169053 


H13 1.769492 2.087122 1.528258 


O14 3.555976 1.179146 1.797557 


C15 0.954475 0.919610 -2.115413 


H16 1.644583 1.663635 -2.529892 


H17 -0.034785 1.081586 -2.562093 


H18 1.306954 -0.076803 -2.410562 


H19 0.539768 2.059985 -0.341356 


C20 5.193932 -0.177350 2.461312 


C21 6.136812 0.752127 2.813150 


N22 7.030995 1.283384 1.890208 


O23 7.073427 0.870947 0.706869 


O24 7.828540 2.177047 2.291237 


H25 6.237347 1.183821 3.800541 


H26 5.206468 -0.565169 1.451415 


C27 4.492277 -0.960932 3.523189 


H28 4.326372 -0.363886 4.425854 


H29 3.537994 -1.343258 3.164251 


H30 5.122133 -1.821378 3.799605 


Other species relevant to this study 


 


Chloromethane 


atom x y z 
C1 0.000000 0.000000 1.251367 


H2 -0.518700 0.898416 1.585619 


H3 -0.518700 -0.898416 1.585619 


Cl4 0.000000 0.000000 -0.566518 


H5 1.037401 0.000000 1.585619 


 


Nitropropene 


atom x y z 
N1 -0.446774 1.398428 1.105461 


O2 -0.485469 0.862286 2.219796 


O3 -0.849966 0.839134 0.074556 


H4 0.051943 3.075607 -0.072186 


C5 0.544862 3.412339 2.011909 


C6 0.082840 2.732468 0.954263 


H7 0.513256 2.939027 2.991979 


C8 1.105104 4.790568 1.924857 


H9 2.139075 4.795329 2.297110 


H10 1.090960 5.186697 0.905068 


H11 0.537285 5.465283 2.580420 


 


Diequatorial conformer of lactol 1 


atom x y z 
C1 -5.683569 -14.624337 0.215835 


O2 -7.069255 -14.640752 -0.132052 


C3 -7.933747 -14.137601 0.912921 


C4 -7.764801 -14.981508 2.181094 


C5 -6.288292 -15.071595 2.598516 
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C6 -5.410813 -15.517767 1.417685 


H7 -5.398984 -13.580630 0.436695 


H8 -7.629926 -13.098646 1.126525 


H9 -8.364875 -14.540186 2.987779 


H10 -8.163115 -15.988404 1.990533 


H11 -5.947084 -14.086944 2.950644 


H12 -6.169302 -15.764214 3.440215 


H13 -5.638290 -16.555094 1.136994 


H14 -4.346618 -15.466232 1.677971 


C15 -9.349401 -14.148643 0.353696 


H16 -10.048017 -13.712458 1.077279 


H17 -9.403659 -13.566437 -0.573591 


H18 -9.670868 -15.175071 0.138021 


O19 -4.969102 -15.095283 -0.896519 


H20 -5.103958 -14.481429 -1.640554 
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Experimental Details 


General:  All reactions were carried out under an atmosphere of argon, in oven-dried glassware using 


freshly distilled anhydrous solvents.  All other solvents and reagents were used as supplied or prepared as 


described in previous reports.[1]  Flash column chromatography was carried out using Breckland 


Scientific Supplies or Merck Kieselgel 60 silica gel (230-400 mesh) under pressure Infrared spectra were 


obtained on Perkin Elmer 983G, FTIR 1620, or Spectrum One FT-IR ATR (Attenuated Total 


Reflectance) spectrometers, from a thin film deposited onto the diamond ATR or on an ATI Mattison: 


Genesis Series FTIR spectrometer from a thin film deposited on a sodium chloride plate.  Mass 


Spectrometric data were obtained on Micromass Platform LC-MS; Waters LCT with Agilent 1100 


HPLC; Finnigan MAT 900 XLT; Bruker BIOAPEX 4.7 T FTICR; Fissions VG Trio 


2000 quadrupole; or Thermo Finnigan Mat 95XP mass spectrometers, by electron ionization, chemical 


ionization or fast atom/ion bombardment techniques at the University Chemical Laboratory, Cambridge; 


the School of Chemistry, University of Manchester; or the EPSRC National Mass Spectrometry Service 


Centre, Swansea.  
1
H NMR spectra were recorded in CDCl3, at ambient temperature on Bruker DPX-400, 


Bruker DRX-500 or Bruker-DRX-600 spectrometers, at 400, 500 or 600 MHz against an internal 


deuterium lock; Chemical shifts (�) are given in parts per million (ppm) downfield of tetramethylsilane 


relative to the residual solvent signal (δH (CHCl3) = 7.26 ppm), and coupling constants (J) are given in 


Hertz (Hz).  
13


C NMR spectra were recorded in CDCl3 at ambient temperature on the same spectrometers 


at 100, 125 or 150 MHz 


NO2


OO


 


(–)-(2R,6S)-2-((R)-2-nitro-1-phenylethoxy)tetrahydro-6-methyl-2H-pyran (2): To a stirred solution 


of (S)-6-methyltetrahydropyran-2-ol 1 (116 mg, 1 mmol) in THF (5.5 mL) at –78 
o
C was added dropwise 


KHMDS (2 mL, 1 mmol, 0.5 M solution in toluene). The reaction mixture was stirred for 15 min at –


78 
o
C before 18-crown-6 (0.47 mL, 2.15 M in toluene) was added dropwise. Stirring was maintained for a 


further 30 min at –78 
o
C before a solution of (E)-β-nitrostyrene (100 mg, 0.67 mmol, 1 equiv.) in THF 


(2 mL) was added dropwise. Stirring was maintained for a further 15 min at –78 
o
C. The reaction was 


quenched with glacial acetic acid (0.08 mL, 2 mmol) via syringe and the resulting mixture was allowed to 


warm to room temperature. Diethyl ether (15 mL) and water (15 mL) were added and the aqueous layer 


was separated and extracted with diethyl ether (3 × 5mL). The combined organic layers were washed with 


brine (15 mL), dried (MgSO4), filtered and concentrated under reduced pressure. The crude major : minor 
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ratio of diastereoisomers was determined as 255:1 by inspection of the crude 600 MHz 
1
H NMR 


spectrum. Purification by flash column chromatography eluting with 40-60 petroleum ether / diethyl ether 


(20 : 1) gave the title compound (180 mg, 99%) as an oil. [α]D
25


 = –19.7 (c = 1.4, CHCl3); νmax(film) 


1557, 1379 cm
–1


; δH(600 MHz) 7.41–6.98 (m, 5H), 5.42 (1H, dd, J 10.0, 3.5), 4.71 (1H, dd, J 13.0, 10.0), 


4.52 (1H, dd, J 9.0, 2.0), 4.48 (1H, dd, J 13.0, 3.5), 3.45-3.38 (1H, m), 1.81-1.06 (6H, m),  1.03 (3H, d, 


J 6.0); δC(100 MHz) 137.7, 129.6, 128.4, 126.6, 102.9, 80.2, 77.0, 72.4, 32.0, 30.6, 22.0, 21.3; HRMS-EI 


(calcd for [M]
+
) 265.1314, found 265.1300. 


NO2


OO


 


(–)-(2R,6S)-2-((R)-2-nitro-1-phenylethoxy)tetrahydro-3,3,6-trimethyl-2H-pyran (24a): oil; [α]D
25


 = –


15.3 (c = 0.3, CHCl3); νmax(film) 1554, 1378, 1156, 1065 cm
–1


; ��(500 MHz) 7.40–7.30 (5H, m), 5.37 


(1H, dd, J 10.0, 3.5), 4.68 (1H, dd, J 10.0, 13.0), 4.47 (1H, dd, J 13.0, 3.5), 4.42 (1H, s), 3.36 (1H, dqd, 


J 12.5, 6.0, 3.5), 1.45-1.28 (4H, m),  0.98 (3H, d, J 6.0), 0.96 (3H, s), 0.89 (3H, s); ��(125 MHz) 138.1, 


128.4, 128.2, 126.5, 108.6, 80.4, 77.5, 72.9, 37.4, 33.8, 29.5, 25.9, 21.1, 17.9; HRMS-ESI (calcd for 


[M+NH4]
+
) 311.1965, found 311.1969. 


NO2


OO


 


(+/–)-(2R,6S)-2-((R)-2-nitro-1-phenylethoxy)-6-hexyltetrahydro-2H-pyran (24b): oil; νmax(film) 1555, 


1378, 1037 cm
–1


; δH(400 MHz) 7.40–7.26 (5H, m), 5.36 (1H, dd, J 10.0, 3.5), 4.68 (1H, dd, J 13.0, 10.0), 


4.51-4.43 (2H, m), 3.24-3.18 (1H, m), 1.81-1.02 (16H, m), 0.87 (3H, t, J 7.0); δC(100 MHz) 137.9, 128.5, 


128.4, 126.5, 103.8, 80.3, 77.9, 76.2, 35.7, 31.7, 30.9, 30.5, 29.1, 25.1, 22.6, 22.1, 14.1; HRMS-ESI 


(calcd for [M+Na]
+
) 358.1994, found 358.2002. 


NO2


OO


 


(+/–)-(2R,6R)-2-((R)-2-nitro-1-phenylethoxy)-6-tert-butyl-tetrahydro-2H-pyran (24c): oil; IR (film) 


νmax 1555, 1378, 1139, 1037 cm
–1


; δH(500 MHz) 7.42–7.28 (5H, m), 5.37 (1H, dd, J 10.0, 3.0), 4.64 (1H, 
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dd, J 13.0, 10.0), 4.54 (1H, dd, J 9.5, 2.0), 4.47 (1H, dd, J 13.0, 3.0), 2.88 (1H, dd, J 11.5, 2.0), 1.87-0.89 


(6H, m), 0.63 (9H, s); δC(125 MHz) 138.4, 128.3, 128.1, 126.3, 104.1, 84.1, 80.5, 77.7, 33.8, 31.0, 25.7, 


24.3, 22.2; HRMS-ESI (calcd for [M+NH4]
+
) 325.2122, found 325.2124. 


Experimental procedure for reactions with nitropropene 


Selective oxy-Michael reaction 


NO2


δ-lactol (1.5 equiv.)


KHMDS (1.5 equiv.)


18-C-6 (1.5 equiv.)


THF, -78oC, 1h,


then AcOH (2.0 equiv.)


NO2


OO


NO2


OO
+


Yield = 55%
d.r. = 32:1  


To a stirred solution of (S)-6-methyltetrahydropyran-2-ol (199 mg, 1.5 equiv.) in dry THF (16 mL)  at –


78 °C was added KHMDS (3.43 mL, 1.5 equiv., 0.5 M solution in toluene) dropwise. The reaction 


mixture was then stirred for 15 min at –78 °C before of 18-crown-6 (0.85 mL, 1.5 equiv., 2.03 M solution 


in toluene) was added dropwise. Stirring was maintained for a further 30 min at –78 °C before a solution 


of nitropropene (100 mg, 1.0 equiv.) in dry THF was added dropwise. Stirring was maintained for a 


further 2 h at –78 °C. The reaction was then quenched by adding glacial acetic acid (0.132 mL, 2.0 


equiv.) dropwise via syringe. The resulting mixture was allowed to slowly warm to room temperature and 


partitioned between diethyl ether and water. The aqueous layer was separated and extracted three times 


with diethyl ether. The combined organic extracts were washed with brine, dried (MgSO4), filtered, and 


concentrated in vacuo. Purification was performed by flash column chromatography on silica (Light 


petroleum ether : diethyl ether, 3 : 1) affording a inseparable mixture of diastereomers (128 mg, 55%) as a 


colourless oil. A small amount of each diastereomer was isolated for characterisation. 


Unselective oxy-Michael reaction 


NO2 NO2


OO


NO2


OO
+


δ-lactol (1.5 equiv.)


KHMDS (1.5 equiv.)


THF, -78oC, 2h


then AcOH (2.0 equiv.)


Yield = 62%
d.r. = 5:1  


To a stirred solution of (S)-6-methyltetrahydropyran-2-ol (199 mg, 1.5 equiv.) in dry THF (16 mL)  at –


78 °C was added KHMDS (3.43 mL, 1.5 equiv., 0.5 M solution in toluene) dropwise. The reaction 


mixture was then stirred for 30 min at –78 °C before a solution of nitropropene (100 mg, 1.0 equiv.) in 


dry THF was added dropwise. Stirring was maintained for a further 2 h at –78 °C. The reaction was then 


quenched by adding glacial acetic acid (0.132 mL, 2.0 equiv.) dropwise via syringe. The resulting mixture 
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was allowed to slowly warm to room temperature and partitioned between diethyl ether and water. The 


aqueous layer was separated and extracted three times with diethyl ether. The combined organic extracts 


were washed with brine, dried (MgSO4), filtered, and concentrated in vacuo. Purification was performed 


by flash column chromatography on silica (Light petroleum ether : diethyl ether, 3 : 1) affording a 


inseparable mixture of diastereomers (144 mg, 62%) as a colourless oil. 


NO2


OO


 


(2R,6S)-2-methyl-6-((S)-1-nitropropan-2-yloxy)tetrahydro-2H-pyran ((βS)-22) [α]D
26


 -46.15° (c 0.35, 


CHCl3); IR (neat) 2935, 2861, 1555, 1458, 1384, 1162, 1068, 1035, 996 cm
-1


; 
1
H NMR (500 MHz, C6D6) 


4.33 (1H, dd, J 9.3, 2.1), 4.27 (1H, dqd, J 9.7, 6.5, 3.3), 3.84 (1H, dd, J 12.8, 9.3), 3.36 (1H, dd, J 12.8, 


3.3), 3.10 (1H, dqd, J 12.4, 6.2, 1.9), 1.53 (1H, m, CH2), 1.37-1.23 (2H, m), 1.06 (3H, d, J 6.2), 1.03 (1H, 


m), 1.00 (1H, m), 0.96 (3H, d, J 6.4), 0.85 (1H, m); 
13


C NMR (125 MHz, C6D6) δ 103.4, 80.0, 72.1, 71.9, 


32.5, 31.2, 22.2, 21.8, 19.5; HRMS calcd for C9H17O4NNa (M+Na
+
) 226.1050, found 226.1054. 


NO2


OO


 


(2R,6S)-2-methyl-6-((R)-1-nitropropan-2-yloxy)tetrahydro-2H-pyran ((βR)-22) [α]D
26


 -73.55° (c 0.39, 


CHCl3); IR (neat) 2930, 1555, 1459, 1380, 1162, 1068, 1035 cm
-1 


; 
1
H NMR (500 MHz, C6D6)  4.35 (2H, 


m), 4.18 (1H, d, J 9.4), 3.65 (1H, t, J 7.3), 3.14 (1H, qd, J 12.0), 1.51 (1H, d, J 12.1 Hz), 1.36 (2H, m), 


1.13 (3H, d, J 6.1 Hz), 1.07 (4H, m),  0.88 (3H, d, J 6.1 Hz); 
13


C NMR (125 MHz, C6D6) δ 101.4, 80.7, 


72.1, 70.8, 32.4, 31.2, 22.3, 21.6, 18.2; HRMS calcd for C9H17O4NNa (M+Na
+
) 226.1050, found 


226.1041. 
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1. Synthesis 
 


Scheme S1. Synthesis of compound 4. 
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Scheme S2. Synthesis of mCPZnCy (1). 
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Scheme S3. Synthesis of FIrpicZnDPA (2). 
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2. Job plot 
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 Figure S1. The Job plot between FIrpicZnDPA (2) and TTP in 10 mM HEPES buffer at 298 K 


and pH 7.4. The total concentration of the two compounds is 50 µM.  
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 Figure S2. The Job plot between mCPZnCy (1) and TTP in 10 mM HEPES buffer at 298 K 


and pH 7.4. The total concentration of the two compounds is 50 µM. 


 


 


 


 


 


 


3. PL Spectra 
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Figure S3. PL spectra in HEPES buffer at 298 K and pH 7.4 upon excitation at 310 nm. (black) 


1 (10 µM) + 2 (10 µM), (red) 1 (10 µM) + 2 (20 µM), and (green) 1 (10 µM) + 2 (20 µM) + 


TTP (10 µM). 


 


Without TTP, the acceptor (2) emission intensity is similar, irrespective of the concentration of 


the acceptor (2) when excited at the donor (1) absorption peak (λex = 310 nm). This is because 


the distance between the donor and the acceptor is too far away for the efficient intermolecular 


energy transfer in the mixture of the donor and the acceptor. However, with TTP, the acceptor 


emission intensity increases more than three times compared with that without TTP due to the 


intermolecular energy transfer in the 1:1:1 termolecular complex.  
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Figure S4. Photoluminescence spectra of 1 (10 µM) + nucleotides (TTP, ATP, CTP, GTP) (each 


10 µM) + 2 (20 µM) in HEPES buffer at 298 K and pH 7.4, upon excitation at 310 nm. 
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Figure S5. Photoluminescence spectra of 1 (10 µM) + nucleotides (TTP, ATP, CTP, GTP) (each 


10 µM) + 2 (20 µM) in HEPES buffer at 298K and pH 7.4, upon excitation at 380 nm. 


 


 







 S7 


TTP ADP AMP H2PO4-
0


1


2


3


4


5


6


7
I
A
 / I


D


 


 


350 400 450 500 550 600
0


20


40


60


80


100


120


140


160


180


200


 


 
In


te
ns


ity
 (A


.U
.)


Wavelwngth(nm)


 TTP
 ADP
 AMP
 H


2
PO


4


-


 


Figure S6. Photoluminescence spectra of 1 (10 µM) + various anions (TTP, ADP, AMP, H2PO4
-) 


(each 10 µM) + 2 (20 µM) in HEPES buffer at 298 K and pH 7.4, upon excitation at 310 nm. 


The right box shows the relative ratios when the acceptor emission intensity (IA) at 476 nm is 


divided by the residual donor emission (ID) at 348 nm. 
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4. Energy Transfer (ET) Efficiency via Steady-State PL method 


 In the steady state PL method, ET efficiency was measured from the extent of the 


luminescence quenching of the donor in the presence of the acceptor. This was measured from 


the relative ratio between the integrated area of the donor peak in the 1 + TTP (IAD+T) and that 


of the donor peak in 1 + TTP + 2 (IAD+T+A). The ET efficiency was (1 -  IAD+T+A/IAD+T) × 100 


(%). All the measurements were done in an aqueous solvent of HEPES buffer (10 mM, pH 7.4) 


at 25? .  


350 400 450 500 550 600
0


10


20


30


40


50


60


70


80


90


 


 


TTP energy transfer efficiency


In
te


ns
ity


(A
.U


.)


Wavelength(nm)
 Donor+TTP
 Donor+TTP+Acceptor


350 400 450 500 550 600
0


10


20


30


40


50


60


70


80


90


 


 ATP energy transfer efficiency


In
te


ns
ity


(A
.U


.)


Wavelength(nm)
 Donor+ATP
 Donor+ATP+Acceptor


 


            ET = 91%                               ET = 74% 


350 400 450 500 550 600
0


10


20


30


40


50


60


70


80


90


 


 CTP energy transfer efficiency


In
te


ns
ity


(A
.U


.)


Wavelength(nm)
 Donor+CTP
 Donor+CTP+Acceptor


350 400 450 500 550 600
0


10


20


30


40


50


60


70


80


90


 


 GTP energy transfer efficiency


In
te


ns
ity


(A
.U


.)


Wavelength(nm)
 Donor+GTP
 Donor+GTP+Acceptor


 


           ET = 79%                                ET = 76% 


Figure S7. PL spectra of 1 (10 µM) + NTP (10 µM) and 1 (10 µM) + NTP (10 µM) + 2 (20 µM). 


ET efficiency was measured according to the above equation. 
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2-Benzyl-2-(methanesulfonyloxy)butyronitrile (4b). According to the procedure (Method C) 


described in the journal for compound 2a, 1-phenyl-2-butanone 1b (0.30 g, 2 mmol) in 


dichloromethane (6 mL) was reacted with trimethylsilyl cyanide (0.4 mL, 3 mmol) and boron 


trifluoride diethyl etherate (10.23 mL, 2 mmol). The mixture was stirred at room temperature 


for 2 h. Volatiles were removed and the residue was dissolved in ethyl acetate (10 mL) and 


washed with brine (2 × 5 mL). The organic layer was dried (Na2SO4), filtered and evaporated to 


dryness. The residue (compound 2b) was treated with NEt3 (1.95 mL, 14 mmol) and 


methanesulfonyl chloride (0.46 mL, 6 mmol) following the procedure described for compound 


4a. The final residue was purified by flash column chromatography on silica gel (hexane: ethyl 


acetate, 10:1) to give 4b (0.37 g, 74%) as a white foam. IR (film): 2536 cm-1. 1H NMR [200 


MHz, CDCl3] δ: 1.17 (t, 3H, J = 7.1 Hz) 2.10 (c, 2H, J = 7.1 Hz), 3.09 (s, 3H), 3.19 (s, 2H), 


7.41 (m, 5H). 13C NMR [50 MHz, CDCl3] δ: 8.4, 32.3, 40.0, 44.1, 83.6, 117.2, 138.7, 129.3, 


131.7, 133.9. MS (ES+) m/z 254.6 [M+1]+. Anal. Cald for C12H15NO3S: C, 56.90; H, 5.97; N, 


5.53. Found: C, 56.83; H, 5.64; N, 5.34.  


4-Amino-5-benzyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (5b). According to the method 


described in the journal for the preparation of 5a, a suspension of 4b (250 mg , 1 mmol) and 


cesium carbonate (490 mg, 1.5 mmol) in dry acetonitrile (3 mL) was stirred at room temperature 


for 2 h. The final residue was purified by flash column chromatography on silica gel 


(hexane/ethyl acetate, 6:1) to give 5b (205 mg, 81%) as a white solid. M.p. (toluene): 165-166 


ºC. IR (film): 3503, 3408 cm-1. 1H NMR [200 MHz, (CD3)2CO] δ: 0.90 (t, J = 7.0 Hz, 3H), 1.75 


(m, 1H), 1.98 (m, 1H), 3.22 (s, 2H), 5.40 (s, 1H), 6.19 (bs, 2H, NH2), 7.26 (m, 5H). 13C NMR 


[50 MHz, (CD3)2CO] δ: 5.8, 27.8, 42.8, 87.9, 91.8, 126.1, 127.1, 130.1, 134.4, 156.2. MS (ES+) 


m/z 254.1 [M+1]+, 276.0 [M+Na]+, 507.2 [2M+1]+, 529.3 [2M+Na]+. Anal. Cald 


forC12H15NO3S: C, 56.90; H, 5.97; N, 5.53. Found: C, 56.65; H, 5.72; N, 5.29.  


2-Cyano-1,3-diphenyl-1-propene (6).[18] A solution of 4a (100 mg, 0.32 mmol) and DBU (104 


µL, 0.7 mmol) in dry acetonitrile (5 mL) was stirred at room temperature for 5 h. Then, it was 


neutralized with acetic acid to pH ∼7 and evaporated to dryness. The final residue was purified 


by CCTLC on the Chromatotron (hexane/ethyl acetate, 8:1) to give 6 (28 mg, 40%) as a white 


foam. 1H NMR [200 MHz, (CD3)2CO] δ: 3.75 (s, 2H), 6.89 (s, 1H), 7.23-7.77 (m, 10H) 13C 


NMR [75 MHz, CDCl3] δ: 42.0, 110.7, 118.5, 127.2, 128.6, 128.6, 128.7, 129.9, 133.5, 136.4, 


143.9. MS (ES+) m/z 220.1 [M+1]+, 242.1 [M+Na]+, 463.3 [2(M+Na)]+. 


5-Benzyl-4-[(dimethylamino)methylen]amino-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (10b). 


According to the method described in the journal for the preparation of 10a, a solution of 5b 


(1g, 3.96 mmol) in dry DMF (15 mL) was reacted with N,N-dimethylformamide dimethyl acetal 


(2.1 mL). The final residue was purified by flash chromatography (hexane/ethyl acetate 1:1) to 







give 10b (1.18 g, 97%) as a white solid. M.p. (dichloromethane/hexane): 161-162 ºC. 1H NMR 


[200 MHz, (CD3)2CO] δ: 0.85 (t, J = 7.3 Hz, 3H), 1.70 (m, 1H), 1.95 (m, 1H), 3.13, 3.16 (2s, 


6H), 3.22 (s, 2H), 5.97 (s, 1H), 7.28 (m, 5H), 8.06 (m, 1H). 13C NMR [50 MHz, (CD3)2CO] δ: 


6.0, 33.2, 39.2, 42.8, 94.4, 96.4, 125.8, 126.9, 130.2, 134.6, 156.9, 163.4. Anal. Calcd. for 


C15H20N2O3S: C, 58.42; H, 6.54; N, 9.08; S, 10.40. Found: C, 58.33; H, 6.50; N, 8.89; S, 10.22. 


5-Benzyl-5-ethyl-4-[(E)-2,4-(dimethoxycarbonyl)buta-1,3-dienyl]amino-5H-1,2-oxathiole 


2,2-dioxide (13). A solution of 5b (100 mg, 0.39 mmol), methyl propiolate (42 µL, 0.47 mmol) 


and DMAP (44 mg, 0.36 mmol) in dry acetonitrile (10 mL) was stirred at room temperature for 


12 h. Then, ethyl acetate was added (5 mL) and the mixture was washed with 0.1 N HCl (2 × 5 


mL) and brine (2 × 5 mL). The organic layer was dried, filtered, and evaporated to dryness. The 


final residue was purified by CCTLC on the Chromatotron (hexane/ethyl acetate, 1:1) to give 13 


(17 mg, 10%) as a white solid. M.p. (hexane/ethyl acetate): 81-82 ºC. IR (film): 3503, 1714 cm-


1.1H NMR [300 MHz, (CD3)2CO] δ: 0.92 (m, 3H), 2.20 (m, 2H), 3.25 (AB system, J = -14.6 Hz, 


1H), 3.33 (AB system, 1H, J = -14.6 Hz), 3.68 (s, 3H), 3.90 (s, 3H), 6.36 (d, 1H, J =16.0 Hz), 


6.79 (s, 1H), 7.32 (m, 5H), 7.39 (d, 1H, J =16.0 Hz), 7.97 (d, 1H, J = 11.4 Hz), 10.28 (d, 1H, J 


= 11.4 Hz). 13C NMR [75 MHz, (CD3)2CO] δ: 7.9, 29.5, 44.1, 51.9, 53.9, 93.7, 100.2, 106.7, 


116.9, 129.5, 129.5, 132.1, 134.8, 140.7, 146.9, 151.6, 168.3, 169.7. MS (ES+) m/z 422.1 


[M+1]+, 444.1 [M+Na]+, 865.2 [2M+Na]+. Anal. Calcd. for C20H23NO7S: C, 57.00; H, 5.50; N, 


3.32. Found: C, 56.90; H, 5.39; N, 3.41. The next moving band gave 22 mg (17 %) of 12 as a 


white foam. The slowest moving band afforded 40 mg (40%) of unreacted starting material 5b. 


5-Benzyl-4-ethoxycarbonylureido-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (21). According to 


the method described in the journal for the preparation of 20, a solution of 5b (100 mg, 0.39 


mmol) and ethoxycarbonyl isocyanate (123 µL, 1.17 mmol) in dry acetonitrile (4 mL) was 


stirred in an Ace pressure tube for 2 h at 100ºC. The final residue was purified by HPFC on an 


Horizon system (hexane/ethyl acetate, 2:1) to give 21 (88 mg, 60%) as a white amorphous solid. 


M.p. (hexane/ethyl acetate): 198-199 ºC. IR (film): 3400, 3380, 1733 cm-1. 1H NMR [200 MHz, 


(CD3)2CO] δ: 0.92 (t, 3H, J = 7.4 Hz), 1.31 (t, 3H, J = 7.1 Hz), 1.95 (m, 2H), 3.18 and 3.22 (AB 


system, 2H, J = 14.4 Hz), 4.30 (c, 2H, J = 7.1 Hz), 6.98 (s, 1H), 7.28 (m, 5H), 9.91 (bs, 1H, 


NH), 10.34 (bs, 1H, NH). 13C NMR [50 MHz, (CD3)2CO] δ: 7.0, 14.1, 28.9, 40.3, 62.3, 92.7, 


102.6, 127.2, 128.1, 130.6, 133.3, 145.8, 149.7, 154.0. MS (ES+) m/z 369.0 [M+1]+, 391.0 


[M+Na]+, 759.2 [2M+Na]+. Anal. Calcd for C16H20N2O6S: C, 52.16; H, 5.47;N, 7.60. Found: C, 


51.90; H, 5.11; N, 7.43.  


4-Benzoylureido-5-benzyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (22). According to the 


method described in the journal for the preparation of 20, a solution of 5b (100 mg, 0.39 mmol) 


and benzoyl isocyanate (147 µL, 1.17 mmol) in dry acetonitrile (4 mL) was stirred in an Ace 


pressure tube for 2h at 100ºC. The final residue was purified by CCTLC on the Chromatotron 







(hexane/ethyl acetate, 2:1) to give 22 (126 mg, 81%) as a white amorphous solid. M.p. 


(hexane/ethyl acetate): 181-182 ºC. IR (film): 3315, 1742, 1735 cm-1. 1H NMR [400 MHz, 


(CD3)2CO] δ: 0.97 (t, 3H, J = 7.3 Hz), 1.99 (m, 2H), 3.27 and 3.35 (AB system, 2H, J = 14.4 


Hz), 7.07 (s, 1H), 7.33 (m, 5H), 7.62 (t, 2H, J = 8.1 Hz), 7.78 (m, 1H), 8.13 (m, 2H), 10.55 (bs, 


1H, NH), 11.33 (bs, 1H, NH). 13C NMR [100 MHz, (CD3)2CO] δ: 7.1, 29.0, 43.1, 92.8, 103.5, 


127.3, 128.1, 128.6, 128.7, 130.6, 131.7, 133.3, 133.6, 145.7, 150.7, 169.1. MS (ES+) m/z 401.0 


[M+1]+, 423.0 [M+Na]+, 823.0 [2M+Na]+. Anal. Cald for C20H20N2O5S: C, 59.99; H, 5.03; N, 


7.00. Found C, 59.73; H, 4.94; N, 6.85. 


Reaction of 5a,b with aldehydes. General procedure. 


To a solution of 5a,b (1 equiv) in dry THF (5 mL), NaH 60% dispersion in mineral oil (2 equiv) 


was added, and the mixture was stirred at room temperature for 10 min. Then, corresponding 


aldehyde (2 equiv) was added and the mixture was stirred for 10 min at 70 ºC. Methanol (2 mL) 


was added and solution was stirred to room temperature for 5 min. The solvent was evaporated 


and ethyl acetate (5 mL) was added. The organic layer was successively washed with 0.1 N HCl 


(2 × 5 mL) and brine (2 × 5 mL), dried (Na2SO4), filtered and evaporated to dryness. The final 


residue was purified by CCTLC on the Chromatotron. The chromatography eluent, yield, and 


analytical and spectroscopic data of the isolated products are indicated below for each reaction. 


4-Amino-3-benzoyl-5-benzyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (24). 


According to the general procedure, 5b (100 mg, 0.39 mmol) was reacted with NaH (31 mg, 


0.78 mmol) and benzaldehyde (80 µL, 0.78 mmol) for 10 min at 70 ºC. Chromatography of the 


final residue on the Chromatotron (dichloromethane/methanol, 25:1) yielded 108 mg (77%) of 


24 as a white amorphous solid.  


4-Amino-5-benzyl-5-ethyl-3-(furan-2-yl)carbonyl-5H-1,2-oxathiole-2,2-dioxide (27). 


Compound 5b (100 mg, 0.39 mmol) was reacted with NaH (32 mg, 0.78 mmol) and 2-


furaldehyde (64 µL, 0.78 mmol) according to the general procedure. Chromatography of the 


final residue on the Chromatotron (hexane/ethyl acetate, 3:1) yielded 100 mg (74%) of 27 as a 


white amorphous solid. M.p. (hexane/ethyl acetate): 178-179 ºC. IR (film): 1623 cm-1. 1H NMR 


[300 MHz, (CD3)2CO] δ: 0.94 (t, 3H, J = 7.5 Hz), 1.89 (m, 1H), 2.20 (m, 1H), 3.33 and 3.40 


(AB system, 2H, J = 14.3 Hz), 6.66 (dd, 1H, J = 1.7 and 3.6 Hz), 7.26 (m, 5H), 7.62 (d, 1H, J = 


3.6 Hz), 7.84 (d, 1H, J = 1.7 Hz), 8.18 (bs, 1H, NH), 9.56 (bs, 1H, NH). 13C NMR [75 MHz, 


(CD3)2CO] δ: 7.9, 30.7, 44.8, 91.8, 104.4, 113.5, 119.1, 128.5, 129.4, 132.2, 135.1, 148.3, 


151.9, 169.7, 173.5. MS (ES+) m/z 348.0 [M+1]+, 717.0 [2M+Na]+. Anal. Calcd for 


C17H17NO5S: C, 58.78; H, 4.93;N, 4.03. Found: C, 58.55; H, 4.68;N, 3.99.   


4-Amino-5-benzyl-3-cyclohexylcarbonyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (28). 


According to the general procedure, 5b (100 mg, 0.39 mmol) was reacted with NaH (32 mg, 


0.78 mmol) and cyclohexanaldehyde (94 µL, 0.78 mmol) for 10 min at room temperature. 







Chromatography of the final residue on the Chromatotron (hexane/ethyl acetate, 3:1) yielded 80 


mg (73%) of 28 as a white amorphous solid. M.p. (hexane/ethyl acetate): 205-206 ºC. IR (film): 


3466, 1649 cm-1. 1H NMR [400 MHz, (CD3)2CO] δ: 0.91 (t, 3H, J = 7.3 Hz), 1.17-1.44 (m, 5H), 


1.65-1.90 (m, 6H), 2.16 (m, 1H), 2.76 (m, 1H), 3.27 and 3.33 (AB system, 2H, J = 14.3 Hz), 


7.28 (m, 5H), 7.99 (bs, 1H, NH), 9.04 (bs, 1H, NH). 13C NMR [75 MHz, (CD3)2CO] δ: 7.5, 


26.2, 26.3, 26.5 29.4, 29.6, 29.9, 44.4, 48.9, 91.5, 105.3, 128.1, 128.9, 131.8, 134.8, 167.2, 


196.8. MS (ES+) m/z 364.0 [M+1]+. Anal. Calcd for C19H25NO4S: C, 62.78; H, 6.93;N, 3.85; S, 


8.82. Found: C, 62.55; H, 6.69; N, 3.71; S, 8.78.  


4-Amino-5,5-dibenzyl-3-bromo-5H-1,2-oxathiole-2,2-dioxide (30a). According to the method 


described in the journal for the preparation of 29, a solution of 5a (100 mg, 0.32 mmol), 


NaHCO3 (267 mg, 3.2 mmol) in dry ethanol (10 mL), to a 5% solution of bromine in ethanol 


was added slowly until the solution get colour. The final residue was purified by CCTLC on the 


Chromatotron (hexane/ethyl acetate, 2:1) to give 30a (123 mg, 98%) as a white amorphous 


solid. M.p. (hexane/ethyl acetate): 197-198 ºC. 1H NMR [300 MHz, (CD3)2CO] δ: 3.19 and 3.39 


(AB system, 2H, J = 14.6 Hz), 6.58 (bs, 2H), 7.27 (m, 10H). MS (ES+) m/z .394.1 [M+1]+,  


showing the Br isotopic pattern. Anal. Cald for C17H16BrNO3S: C, 51.79; H, 4.09; N, 3.55; S, 


8.13. Found: C, 51.53; H, 3.99; N, 3.42; S, 7.99.  


4-Amino-5-benzyl-3-bromo-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (30b). According to the 


method described in the journal for the preparation of 30a, a solution of 5b (100 mg, 0.39 


mmol), NaHCO3 (330 mg, 3.9 mmol) in dry ethanol (10 mL), was added slowly to a 5% 


solution of bromine in ethanol until the solution get colour. The final residue was purified by 


CCTLC on the Chromatotron (hexane/ethyl acetate, 2:1) to give 30b (101 mg, 95%) as a white 


amorphous solid. M.p. (hexane/ethyl acetate): 109-110 ºC 1H NMR [300 MHz, (CD3)2CO] δ: 


0.88 (t, 3H, J = 7.3 Hz), 1.80 (m, 1H), 2.09 (m, 1H), 3.28 (s, 2H), 6.46 (bs, 2H), 7.28 (m, 5H). 
13C NMR [75 MHz, (CD3)2CO] δ: 7.0, 29.0, 43.8, 75.7, 94.0, 127.5, 128.8, 131.1, 134.6, 152.8. 


MS (ES+) m/z 332.0 [M+1]+, showing the Br isotopic pattern. Anal. Cald for C17H16BrNO3S: C, 


43.38; H, 4.25; N, 4.22; S, 9.65. Found: C, 43.50; H, 4.14; N, 4.08; S, 9.39.  


4-Amino-5-benzyl-5-ethyl-3-nitroso-5H-1,2-oxathiole-2,2-dioxide (31b). According to the 


method described in the journal for the preparation of 31a, to a solution of 5b (100 mg, 0.39 


mmol) in acetic acid (9 mL): water (0.9 mL): methanol (1 mL), sodium nitrite (54 mg, 0.78 


mmol) was added. The final residue was purified by CCTLC on the Chromatotron (hexane/ethyl 


acetate, 6:1) to give 31b (67 mg, 61%) as a purple solid. M.p. (dichloromethane/hexane): 166-


167ºC. IR (film): 3469, 1681 cm-1. 1H NMR [300 MHz, (CD3)2SO] δ: 0.90 (t, 3H, J = 7.5 Hz), 


1.91 (m, 1H), 2.21 (m, 1H), 3.37 (s, 2H), 7.27 (m, 5H), 10.09 (bs, 1H, NH2), 11.58 (bs, 1H, 


NH2). MS (ES+) m/z 283.1 [M+1]+, 305.0 [M+Na]+. Anal. Calcd. for C12H14N2O4S: C, 51.05; H, 


5.00; N, 9.92; S, 11.36. Found: C, 50.79; H, 4.78; N, 9.78; S, 11.28.  







5-Benzyl-5-ethyl-4-oxo-1,2-oxathiolane-2,2-dioxide (32b). According to the method described 


in the journal for the preparation of 32a, a solution of 5b (100 mg, 0.39 mmol) in 1N HCl in 


methanol (2 mL, 9 mmol) was stirred at room temperature for 14 h. The final residue was 


purified by CCTLC on the Chromatotron (hexane/ethyl acetate, 3:1) to give 32b (76 mg, 76%) 


as a white solid. M.p. (ethanol/water): 103-104 ºC. IR (film): 1769 cm-1. Tautomer (A): 1H 


NMR [300 MHz, CDCl3] δ:1.07 (t, 3H, J = 7.1 Hz), 1.96 (m, 1H), 2.08 (m, 1H), 2.99 and 3.63 


(AB system, 2H, J =  14.5 Hz), 3.19 and 3.63 (AB system, 2H, J = 17.0 Hz), 7.21 (m, 2H), 7.31 


(m, 3H).13C NMR [100 MHz, CDCl3] δ: 7.3, 29.0, 41.2, 53.6, 101.6, 127.8, 128.7, 130.7, 132.6, 


200.8. Tautomer (B): 1H NMR [400 MHz, (CD3)2SO] δ: 0.84 (t, 3H, J = 7.2 Hz), 1.70 (m, 1H), 


1.85 (m, 1H), 3.09 (s, 2H), 6.03 (s, 1H), 7.27 (m, 5H), 12.75 (bs, 1H, OH). 13C NMR [100 MHz, 


(CD3)2SO] δ: 7.3, 28.1, 42.2, 93.1, 94.7, 127.0, 127.9, 130.7, 134.2, 166.2. MS (ES+) m/z 255.1 


[M+1]+. Anal. Calcd for C12H14O4S: C, 56.68; H, 5.55; S, 12.61. Found: C, 56.39; H, 5.32; S, 


12.55.  


1-Cyano-1-(methanesulfonyloxy)cyclopentane (37). According to the method described for 


the preparation of 4a,b, a solution of cyclopentanone (177 µL, 2 mmol) in dichloromethane (6 


mL) was first reacted with trimethylsilyl cyanide (375 µL, 3 mmol) and boron trifluoride diethyl 


etherate (253 µL, 2 mmol). After the work-up, the residue was dissolved in dry dichloromethane 


and NEt3 (1.95 mL, 14 mmol) was added. The mixture was cooled at -30 ºC and 


methanesulfonyl chloride (464 µL, 6 mmol) was slowly added. The final residue, after the 


work-up, was purified by flash column chromatography on silica gel (hexane: ethyl acetate, 9:1) 


to give 37 (272 mg, 72%) as a white foam. 1H NMR [300 MHz, (CD3)2CO] δ: 1.90 (m, 4H), 


2.31 (m, 2H), 2.49 (m, 2H), 3.19 (s, 3H). MS (ES+) m/z 190.3 [M+1]+. Anal. Calcd for 


C7H11NO3S: C, 44.43; H, 5.86; N, 7.40; S, 16.64. Found: C, 44.21; H, 5.93; N, 7.35; S, 16.47. 


3-Cyano-3-(methanesulfonyloxy)tetrahydrofurane (38). According to the method described 


for the preparation of 4a,b, a solution of dihydrofuran-3(2H)-one[22] (172 mg, 2 mmol) in 


dichloromethane (6 mL) was reacted with trimethylsilyl cyanide (400 µL, 3 mmol) and boron 


trifluoride diethyl etherate (253 µL, 2 mmol). The residue, after the work-up, was dissolved in 


dry dichloromethane and reacted with NEt3 (1.95 mL, 14 mmol). Methanesulfonyl chloride (464 


µL, 6 mmol) was slowly added at -20 ºC. The mixture was stirred at -20 ºC for 1 h and at 0 ºC 


for an additional hour. The final residue was purified by flash column chromatography on silica 


gel (hexane: ethyl acetate, 9:1) to give 38 (241 mg, 63%) as an orange oil. 1H NMR [300 MHz, 


(CD3)2CO] δ: 2.75 (t, 2H, J = 7.0 Hz), 3.24 (s, 3H), 4.05 (t, 2H, J = 7.0 Hz), 4.17 and 4.30 (AB 


system, 2H, J = 10.7 Hz). 13C NMR [75 MHz, CDCl3] δ: 32.4, 40.6, 67.7, 77.5, 80.4, 117.4. MS 


(ES+) m/z 192.6 [M+1]+. Anal. Calcd for C6H9NO4S: C, 37.69; H, 4.74; N, 7.33; S, 16.77. 


Found: C, 37.55; H, 4.39; N, 7.43; S, 16.53. 







1-Benzyl-3-cyano-3-(methanesulfonyloxy)pyrrolidine (39). To a solution of 1-benzyl-3-


pyrrolidinone (328 µL, 2 mmol) and potassium cyanide (390 mg, 6 mmol) in water (10 mL) at 0 


ºC, a solution of NaHSO3 (520 mg, 5 mmol) in water (3 mL) was added. The mixture was 


stirred at 0 ºC for 1.5 h and extracted with dichloromethane (2 × 10 mL). The organic layer was 


dried (Na2SO4), filtered and evaporated to dryness. The residue was dissolved in dry 


dichloromethane (10 mL) and NEt3 (836 µL, 14 mmol) was added at -30 ºC. Methanesulfonyl 


chloride (856 µL, 11 mmol) was slowly added and the mixture was stirred at -30 ºC for 20 min. 


The suspension was filtered through celite and washed with dichloromethane. The filtrate was 


evaporated and redissolved in ethyl acetate (10 mL) and washed with water (2 × 10 mL). The 


organic layer was dried (Na2SO4), After filtration and evaporation of the solvent, the residue 


was purified by flash column chromatography on silica gel (hexane: ethyl acetate, 2:1) to give 


39 (420 mg, 75%) as a viscous brown oil. 1H NMR [300 MHz, (CD3)2CO], δ: 2.55 (m, 1H), 


2.70 (m, 1H), 2.81 (m, 2H), 3.15 and 3.30 (AB system, 2H, J = 10.9 Hz), 3.32 (s, 3H), 3.76 (s, 


2H), 7.34 (m, 5H). 13C NMR [75 MHz, (CD3)2CO], δ: 39.7, 40.5, 51.6, 58.9, 64.9, 79.6, 119.0, 


128.1, 129.1, 129.4, 138.8. MS (ES+) m/z 281.3 [M+1]+. Anal. Calcd for C13H16N2O3S: C, 


55.70; H, 5.75; N, 9.99; S, 11.44. Found: C, 55.46; H, 5.58; N, 9.74; S, 11.29. 


4-Amino-1-oxa-2-thiaspiro[4.4]non-3-ene-2,2-dioxide (40). According to the method 


described for the preparation of 5a, a suspension of 37 (190 mg, 1 mmol) and cesium carbonate 


(490 mg, 1.5 mmol) in dry acetonitrile (3 mL) was stirred at room temperature for 2 h. The final 


residue was purified by flash column chromatography on silica gel (hexane/ethyl acetate, 1:1) to 


give 40 (172 mg, 91%) as a white solid. M.p. (hexane/ethyl acetate): 141-142ºC. IR (film): 


3504, 3410, 1650 cm-1. 1H NMR [300 MHz, (CD3)2CO] δ: 1.85 (s, 4H), 1.99 (m, 2H), 2.20 (m, 


2H), 5.45 (s, 1H), 6.07 (bs, 2H, NH2). 13C NMR [75 MHz, (CD3)2CO] δ: 25.5, 38.6, 89.3, 98.0, 


159.2. MS (ES+) m/z 190.0 [M+1]+, 212.0 [M+Na]+, 379.0 [2M+1]+, 401.0 [2M+Na]+. Anal. 


Calcd. for C7H11NO3S: C, 44.43; H, 5.86; N, 7.40; S, 16.94. Found: C, 44.09; H, 5.76; N, 7.35; 


S, 16.69.  


4-Amino-1,7-dioxa-2-thiaspiro[4.4]-non-3-ene-2,2-dioxide (41). According to the method 


described for the preparation of 5a, a suspension of 38 (190 g, 1 mmol) and cesium carbonate 


(490 mg, 1.5 mmol) in dry acetonitrile (3 mL) was stirred at room temperature for 2 h. The final 


residue was purified by flash column chromatography on silica gel (dichloromethane/methanol, 


20:1), to give 41 (134 mg, 70%) as a white solid. M.p. (hexane/ethyl acetate): 122-123 ºC. IR 


(film): 3498, 3401, 1652 cm-1. 1H NMR [300 MHz, (CD3)2CO] δ: 2.30 (m, 1H), 2.57 (td, 1H, J 


= 8.7 and 13.8 Hz), 3.99 (m, 4H), 5.58 (s, 1H), 6.25 (bs, 2H, NH2). 13C NMR [75 MHz, 


(CD3)2CO] δ: 38.8, 69.3, 76.7, 90.2, 94.9, 156.5. MS (ES+) m/z 192.0 [M+1]+, 214.0 [M+Na]+. 


Anal. Calcd. for C6H9NO4S: C, 37.69; H, 4.74; N, 7.33; S, 16.77. Found: C, 37.39; H, 4.55; N, 


7.29; S, 16.68. 







4-Amino-7-aza-7-benzyl-1-oxa-2-thiaspiro[4.4]-non-3-ene-2,2-dioxide (42). A solution of 


compound 39 (370 mg, 1.3 mmol) and cesium carbonate (630 mg, 1.9 mmol) in dry acetonitrile 


(3 mL) was stirred at room temperature for 5 h. Solvent was removed, and the remaining 


residue was dissolved in ethyl acetate (30 mL) and washed successively with water (2 × 20 


mL), brine (2 × 10 mL) and dried (Na2SO4). After filtration and evaporation of the solvent, the 


residue was purified by HPFC on an Horizon system (dichloromethane/methanol, 10:1) to give 


42 (260 mg, 69%) as a viscous brown oil. IR (film): 3483, 1649 cm-1. 1H NMR [400 MHz, 


(CD3)2CO] δ: 1H NMR [300 MHz, (CD3)2CO] δ: 2.23 (ddd, 1H, J = 3.7, 8.4 and 14.4 Hz), 2.43 


(td, 2H, J = 8.4 and 14.4 Hz), 2.66 (c, 1H, J = 8.4 Hz), 2.73 and 3.12 (AB system, 2H, J = 10.4 


Hz), 2.93 (dt, 1H, J = 3.6 and 8.4 Hz), 3.70 (s, 2H), 5.41 (s, 1H), 6.13 (bs, 2H, NH2), 7. 35 (m, 


5H). 13C NMR [100 MHz, (CD3)2CO] δ: 36.3, 52.3, 59.1, 62.5, 86.5, 90.9, 127.4, 128.5, 128.9, 


138.4, 158.7. MS (ES+) m/z 281.2 [M+1]+, 303.2 [M+Na]+, 583.3 [2M+Na]+. Anal. Calcd for 


C13H16NO3S: C, 55.70; H, 5.75; N, 9.99; S, 11.44. Found: C, 55.53; H, 5.43; N, 9.68; S, 11.23. 


1,7-Dioxa-4-methoxycarbonylethylamino-2-thiaspiro[4.4]-non-3-ene-2,2-dioxide (44). 


According to the method described in the journal for the preparation of 43, a solution of 41 (80 


mg, 0.42 mmol) and H-β-Ala-OMe·HCl (176 mg, 1.26 mmol) in methanol (4 mL) was stirred in 


an Ace pressure tube for 31 h at 100 ºC. The solvent was evaporated and the residue was 


purified by flash column chromatography on silica gel (dichloromethane/methanol, 50:1) to 


give 44 (88 mg, 76%) as a white solid. M.p. (hexane/ethyl acetate): 110-111 ºC. IR (film): 3409, 


1736 cm-1. 1H NMR [300 MHz, (CD3)2CO] δ: 2.24 (m, 1H), 2.49 (td, 1H, J = 8.9 and 13.9 Hz), 


2.67 (t, 2H, J = 6.6 Hz), 3.43 (c, 2H, J = 6.6 Hz), 3.63 (s, 3H), 3.90-4.01 (m, 4H), 5.67 (s, 1H), 


6.25 (bs, 1H, NH). 13C NMR, [75 MHz, CDCl3] δ: 33.0, 38.6, 41.7, 51.9, 68.7, 76.4, 87.7, 93.9, 


155.7, 172.4. MS (ES+) m/z 278.0 [M+1]+, 300.0 [M+Na]+, 577.0 [2M+Na]+. Anal. Calcd. for 


C10H15NO6S: C, 43.31; H, 5.45; N, 5.05; S, 11.56. Found: C, 43.22; H, 5.12; N, 4.87; S, 11.36.  


7-Aza-7-benzyl-4-methoxycarbonylmethylamino-1-oxa-2-thiaspiro[4.4]-non-3-ene-2,2-


dioxide (45). According to the method described in the journal for the preparation of 43, a 


solution of 42 (180 mg, 0.64 mmol) and H-Gly-OMe·HCl (241 mg, 1.92 mmol) in methanol (5 


mL) was stirred in an Ace pressure tube for 24 h at 100 ºC. The solvent was evaporated and the 


residue was purified by flash column chromatography on silica gel (dichloromethane/methanol, 


50:1) to give 45 (150 mg, 67%) as a white foam. IR (film): 3283, 1751 cm-1. 1H NMR [300 


MHz, (CD3)2CO] δ: 2.24 (ddd, 1H, J = 3.3, 8.4 and 14.1 Hz), 2.46 (td, 1H, J = 8.3 and 14.1 Hz), 


2.62 (m, 1H), 2.70 and 3.21 (AB system, 2H, J = 9.9 Hz), 3.00 (dt, 1H, J = 2.7 and 8.7 Hz), 3.74 


(s, 3H), 4.00 (s, 2H), 5.51 (s, 1H), 6.60 (bs, 1H), 7.44 (m, 5H).13C NMR, [75 MHz, (CD3)2CO] 


33.8, 46.3, 52.5, 52.6, 59.7, 62.7, 86.2, 90.2, 128.1, 129.2, 129.6, 138.5, 159.9, 170.2. MS (ES+) 


m/z 353.3 [M+1]+. Anal. Calcd. for C16H20N2O5S: C, 54.53; H, 5.72; N, 7.95; S, 9.10. Found: C, 


54.36; H, 5.67, N, 7.80; S, 8.98.  







7-Aza-7-benzyl-4-methoxycarbonylethylamino-1-oxa-2-thiaspiro[4.4]-non-3-ene-2,2-


dioxide (46). According to the method described in the journal for the preparation of 43, a 


solution of 42 (100 mg, 0.36 mmol) and H-β-Ala-OMe·HCl (151 mg, 1.08 mmol) in methanol 


(4 mL) was stirred for 48 h in an Ace pressure tube at 100 ºC. The solvent was evaporated and 


the residue was purified by flash column chromatography on silica gel 


(dichloromethane/methanol, 100:1) to give 46 (81 mg, 62%) as a white foam. 1H NMR [300 


MHz, (CD3)2CO] δ: 2.25 (ddd, 1H, J = 3.0, 8.4 and 14.1 Hz), 2.39 (m, 1H), 2.66 (m, 1H), 2.73 


and 3.13 (AB system, 2H, J = 10.2 Hz), 2.95 (dt, 1H, J = 3.0 and 8.4 Hz), 3.42 (t, 2H, J = 6.6 


Hz), 3.67 (s, 3H), 3.72 (m, 2H), 5.53 (s, 1H), 6.40 (bs, 1H, NH), 7.37 (m, 5H). MS (ES+) m/z 


367.3 [M+1]+, 755.5 [2M+Na]+. Anal. Calcd. for C17H22 N2O5S: C, 55.72; H, 6.05; N, 7.64; S, 


8.75. Found: C, 55.54; H, 5.88, N, 7.43; S, 8.46.  


4-Benzoylamino-1,7-dioxa-2-thiaspiro[4.4]-non-3-ene-2,2-dioxide (48). According to the 


method described in the journal for the preparation of 47, a solution of 41 (100 mg, 0.52 mmol) 


and DMAP (285 mg, 2.34 mmol) in dry acetonitrile (5 mL), benzoyl chloride (179 µL, 1.56 


mmol) was added. The mixture was stirred at room temperature for 1 h. Salts were filtered and 


solvent was evaporated and ethyl acetate was added. The organic layer was successively washed 


with 1N HCl (2 x 5 mL) and brine (2 x 5 mL), dried (Na2SO4), filtered and evaporated to 


dryness. The final residue was purified by CCTLC on the Chromatotron (hexane/ethyl acetate, 


3:1) to yield 110 mg (71%) of 48 as a white amorphous solid. 1H NMR [400 MHz, (CD3)2CO] 


δ: 2.36 (m, 1H), 2.87 (td, 2H, J = 9.2 and 14.0 Hz), 3.99 and 4.34 (AB system, 2H, J = 10.4 


Hz), 4.03-4.10 (m, 2H), 4.15 (dt, 1H, J = 3.2 and 9.2 Hz), 7.53 (m, 2H), 7.58 (s, 1H), 7.62 (m, 


1H), 7.90 (m, 1H), 8.05 (m, 1H), 9.64 (bs, 1H). 13C NMR, [100 MHz, (CD3)2CO] δ: 38.9, 69.7, 


75.6, 96.3, 106.6, 130.0, 130.3, 130.4, 131.4, 134.6, 134.7, 146.4, 169.3. MS (ES+) m/z 296.0 


[M+1]+. Anal. Calcd. for C13H13 NO5S: C, 52.87; H, 4.44; N, 4.74; S, 10.86 Found: C, 52.82; H, 


4.29, N, 4.89; S, 10.75. 


7-Aza-4-benzoylamino-7-benzyl-1-oxa-2-thiaspiro[4.4]-non-3-ene-2,2-dioxide (49).  


According to the method described in the journal for the preparation of 47, a solution of 42 (100 


mg, 0.36 mmol) and DMAP (176 mg, 1.44 mmol) in dry acetonitrile (5 mL), benzoyl chloride 


(124 µL, 1.08 mmol) was added. The mixture was stirred at room temperature for 3 h. Salts 


were filtered and solvent was evaporated and ethyl acetate was added. The organic layer was 


successively washed with 1N HCl (2 x 5 mL) and brine (2 x 5 mL), dried (Na2SO4), filtered and 


evaporated to dryness. The final residue was purified by CCTLC on the Chromatotron 


(hexane/ethyl acetate, 3:1) to yield 108 mg (78%) of 49 as a white foam. IR (film): 3390, 1703 


cm-1. 1H NMR [400 MHz, CD3Cl] δ: 2.40-2.56 (m, 2H), 2.68 (m, 1H), 2.82 and 3.31 (AB 


system, 2H, J = 10.0 Hz), 3.25 (m, 1H), 3.71 and 3.76 (AB system, 2H, J = 12.4 Hz), 7.20 (m, 


2H), 7.22 (s, 1H), 7.28 (m, 3H), 7.53 (t, 2H, J = 8.0 Hz), 7.67 (t, 1H, J = 7.6 Hz), 7.75 (d, 2H, J 







= 7.2 Hz), 10.00 (bs, 1H). 13C NMR, [100 MHz, CD3Cl] δ: 35.1, 51.8, 59.8, 61.3, 88.2, 100.8, 


127.4, 128.1, 128.7, 129.0, 129.2, 132.2, 133.3, 136.1, 148.4, 165.9. MS (ES+) m/z 385.0 


[M+1]+, 407.0 [M+Na]+, 791.0 [2M+Na]+. Anal. Calcd. for C20H20N2O4S: C, 62.48; H, 5.24; N, 


7.29; S, 8.34. Found: C, 62.39; H, 5.32, N, 7.40; S, 8.11.  


4-Amino-7-aza-3-benzoyl-7-benzyl-1-oxa-2-thiaspiro[4.4]-non-3-ene-2,2-dioxide (50). A 


solution of 42 (100 mg, 0.36 mmol) and DMAP (176 mg, 1.44 mmol) in dry acetonitrile (5 mL), 


benzoyl chloride (124 µL, 1.08 mmol) was added. The mixture was stirred at 80 ºC in an Ace 


pressure tube for 3 h. Salts were filtered and solvent was evaporated and ethyl acetate was 


added. The organic layer was successively washed with 1N HCl (2 x 5 mL) and brine (2 x 5 


mL), dried (Na2SO4), filtered and evaporated to dryness. The final residue was purified by 


CCTLC on the Chromatotron (dichloromethane/methanol, 20:1) to yield 92 mg (67%) of 50 as 


a white foam. 1H NMR [300 MHz, CD3Cl] δ: 2.43 (m, 1H), 3.42 (m, 3H), 4.33 (d, 2H, J = 12.9 


Hz) 4.68 (d, 1H, J = 12.9 Hz) 4.82 (d, 1H, J = 12.9 Hz), 6.81 (s, 1H), 7.39 (m, 3H), 7.44 (t, 2H, 


J = 7.8 Hz), 7.56 (m, 3H), 7.97 (d, 2H, J = 7.2 Hz). 13C NMR [100 MHz, CD3Cl3] δ: 37.1, 54.1, 


58.8, 61.7, 91.8, 121.4, 125.6, 128.6, 128.9, 129.3, 129.8, 130.4, 133.0, 155.1, 168.2. MS (ES+) 


m/z 385.1 [M+1]+, 769.2 [2M+H]+. Anal. Calcd. for C20H20N2O4S: C, 62.48; H, 5.24; N, 7.29; 


S, 8.34. Found: C, 62.55; H, 5.18, N, 7.32; S, 8.09.  


4-[(E)-2-(Methoxycarbonyl)vinyl]amino-1-oxa-2-thiaspiro[4.4]non-3-ene-2,2-dioxide (51) 


and (Z)-51. According to the method described in the journal for the preparation of 12, a 


solution of 40 (100 mg, 0.53 mg), methyl propiolate (57 µL, 0.64 mmol) and DMAP (78 mg, 


0.64 mmol) in dry acetonitrile (10 mL) was stirred at -20 ºC for 6.5 h. The solvent was removed 


and ethyl acetate was added (5 mL) and the mixture was washed with 1N HCl (2 × 5 mL) and 


brine (2 × 5 mL). The organic layer was dried, filtered, and evaporated to dryness. The final 


residue was purified by CCTLC on the Chromatotron (hexane/ethyl acetate, 1:2). The data were 


obtained from a 88:12 mixture (65 mg, 45%) of (E)-51 and (Z)-51. (E)-51 1H NMR [300 MHz, 


(CD3)2CO] δ: 1.84-1.90 (m, 4H), 1.99-2.08 (m, 2H), 2.15-2.23 (m, 2H), 3.64 (s, 3H), 5.51 (d, 


1H, J = 15.0 Hz), 6.61 (s, 1H), 7.57 (d, 1H, J = 15.0 Hz), 8.73 (bs, 1H). 13C NMR [75 MHz, 


CDCl3] δ: 25.8, 39.9, 52.3, 96.8, 102.5, 119.9, 143.4, 154.0, 168.6. (Z)-51 1H NMR [300 MHz, 


(CD3)2CO] δ: 3.74 (s, 3H), 5.60 (d, 1H, J = 8.3 Hz), 6.39 (s, 1H), 6.25 (d, 1H, J = 8.3 Hz), 9.47 


(bs, 1H). (ES+) m/z 274.1 [M+1]+. Anal. Calcd. for C11H15NO5S: C, 48.34; H, 5.53; N, 5.12; S, 


11.73. Found: C, 48.45; H, 5.49; N, 5.18; S, 11.57 


7-Aza-7-benzyl-4-[(E)-2-(methoxycarbonyl)vinyl]amino-1-oxa-2-thiaspiro[4.4]non-3-ene-


2,2-dioxide (53) and (Z)-53. According to the method described in the journal for the 


preparation of 12, a solution of 42 (100 mg, 0.36 mg), methyl propiolate (38 µL, 0.43 mmol) 


and DMAP (52 mg, 0.64 mmol) in dry acetonitrile (10 mL) was stirred at -20 ºC for 4 h. The 


solvent was removed and ethyl acetate was added (5 mL) and the mixture was washed with 1N 







HCl (2 × 5 mL) and brine (2 × 5 mL). The organic layer was dried, filtered, and evaporated to 


dryness. The final residue was purified by CCTLC on the Chromatotron (hexane/ethyl acetate, 


1:2). The data were obtained from a 95:5 mixture (67 mg, 51%) of (E)-53 and (Z)-53. (E)-53: 
1H NMR [300 MHz, (CD3)2CO] δ: 2.31-2.49 (m, 2H), 2.58-2.73 (m, 2H), 3.15 (m, 2H), 3.75-


3.78 (m, 2H), 3.75 (s, 3H), 5.42 (d, 1H, J = 13.8 Hz), 5.79 (s, 1H,), 7.22-7.38 (m, 6H), 8.55 (bs, 


1H). 13C NMR [75 MHz, CDCl3] δ: 34.3, 50.4, 59.7, 61.5, 62.4, 89.4, 104.2, 120.5, 131.1, 


133.2, 133.5, 134.5, 135.1, 135.7, 143.1, 144.6, 166.9. (Z)-53: 1H NMR [300 MHz, (CD3)2CO] 


δ: 3.80 (s, 3H), 5.21 (d, 1H, J = 8.6 Hz), 5.74 (s, 1H), 10.30 (bs, 1H). (ES+) m/z 365.2 [M+1]+. 


Anal. Calcd. for C17H20N2O5S: C, 56.03; H, 5.53; N, 7.69; S, 8.80. Found: C, 55.96; H, 5.43; N, 


7.72; S, 8.65. 


 
 
Figure 1-SI. General structure of TSAO nucleosides. 
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Optimal Experimental Conditions for Glucose Sensing: In order to improve the sensitivity of the 


assembled CdTe QDs-GOx complex as a nanosensor for glucose sensing, the experimental conditions 


including pH of the solution and amounts of the sensing solution were optimized, respectively, which were 


shown in figures S1, S2. Besides, the temperature of 40 °C was chosen as the optimal reaction temperature 


according to the experiment on thermal stability of CdTe QDs-GOx (Figure 9). Finally, we obtain the pH 


of 7.4, 200 µL of the sensing solution and the reaction temperature of 40 °C as optimal experimental 


conditions. 
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Figure S1. The change of fluorescence intensity at different pH values. 
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Figure S2. The change of fluorescence intensity after 0.50 mM of glucose was added into different volumes of the CdTe QDs-GOx sensing 


solution.  
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Table S1. Contributions from Each MO to σp(Se) in Se*Hn (∗ = null, +, or –).[a–d] 
Species ψ1, ψ2  ψ3–ψ5 ψ6 ψ7 ψ8 ψ9 ψ10–ψ14 ψ15 ψ16 ψ17 ψ18 ψ19 ψ20 total 
Main AO 1s, 2s 2p 3s 3p 3p 3p 3d 4s 4p 4p 4p 4d 4d  
SeH–(C�v) 0.0 13.2 0.0 –3.2 –41.9 –41.9 –0.4 –10.4 –144.2 –136.3 –136.3   –501.5 
SeH2 (C2v) 0.0 22.7 0.0 –42.6 –34.0 –73.0 –1.6 –14.3 –112.9 –228.8 –444.2   –928.8 
SeH3


+(C3v) 0.0 26.8 0.1 –59.4 –59.4 –55.0 –3.9 –16.8 –229.5 –229.5 –453.2   –1079.9 
SeH3


+ (pl) 0.0 25.2 0.0 –43.5 –43.5 –83.6 0.6 –2.2 –243.3 –243.3 –441.1   –1074.6 
SeH4 (Td) 0.0 20.6 0.0 –64.1 –64.1 –64.1 2.4 0.1 –498.9 –498.9 –498.9 –1.1[e]  –1666.8 
SeH4 (TBP) 0.0 29.4 0.1 –58.9 –56.4 –66.4 –27.0 –12.6 –149.0 –163.8 –281.1 –180.5[f]  –966.3 
SeH5


+ (TBP) 0.0 31.7 0.0 –65.1 –65.1 –58.0 –23.7 0.1 –267.5 –267.5 –253.6 –238.7[f]  –1207.4 
SeH5


+ (SP) 0.0 35.2 0.0 –71.8 –62.3 –62.3 –25.0 –1.0 –261.1 –261.1 –210.2 –240.3  –1159.9 
SeH5


– (SP) 0.0 29.3 0.0 –59.9 –59.9 –72.1 –44.3 –10.3 –160.2 –163.6 –163.6 –117.3 –84.2 –905.9 
SeH6 (Oh) 0.0 47.1 0.0 –76.6 –76.6 –76.6 –63.4 0.1 –107.4 –107.4 –107.4 –207.7 –207.7 –983.6 
[a] Calculated with the DFT-GIAO method employing the 6-311+G(3df,3pd) basis sets. [b] A utility program 
(NMRANAL-NH03G) being employed. [c] In ppm. [d] Half of the contribution from the ψi→ψj (Occ-to-Occ) transitions 
(σp


i→j(Se)/2) is fractionalized to each of ψi and ψj, in our treatment. [e] Mainly constructed by 4s(Se). [f] Corresponding to ψ2 of 
Hax–Se–Hax 3c–4e.
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Table S2. The <rSe


–3>kk values evaluated with the Gaussian functions (gFk) of the px type.[a–c] 
 
k[d] Contraction[e] Skk


[f] <rSe
–3>kk


[g] 
9 3 1.000 11268.88 
12 3 1.000 586.28 
15 3 1.000 25.92 
18 1 1.000 3.81 
21 1 1.000 1.32 
24 1 1.000 0.33 
27 1 1.000 0.06 
43[h] 1 1.000 0.01 
 [a] Calculated with the DFT-GIAO method employing the 6-311+G(3df,3pd) basis sets. [b] A utility 
program (NMRANAL-NH03G) being employed for the evaluation. [c] In ppm. [d] The orbital number for 
the the px type being employed, which appears in the output of MO coeffients. [e] The number of 
contraction in gFk. [f] Obrital overlap integral: Skk = < gFk gFk>. [g] Defined by Equation (S1) with k = l.  
[h] Correspond to the diffusion function.  
 
 
   <rN


–3>kl = < gFk rN
–3 gFl> (S1) 


 
 
The expectation values of <rN


–3>kl are evaluated by averaging over Gaussian functions as shown in 
Equation (S1), where gFk and gFl are the k-th and l-th Gaussian functions, respectively. Table S2 shows 
the <rN


–3>kk values evaluated based on the 6-311+G(3df,3pd) basis sets. The evaluated <rN
–3>kk values 


are very large for k = 9, which corresponds to the px type gF located nearest to the Se nucleus. The 
<rN


–3>kk values with k = 12 is second largest. The values with k = 43 is smallest which acts as the 
diffusion function of the px type. The <rN


–3>kk values with k = 21, 24, and 27 are also very small, which 
correspond to the polarization functions of the px type. The value with k = 18 is also small. The values 
decrease exponentially as k becomes larger. The gFk functions with k = 18–27 contribute much to 
construct the vacant orbitals of higher energies, together with the diffusion functions (k = 43). As shown 
in Table S2, the contributions from p(Se) in vacant orbitals to σp(Se) should also decrease exponentially 
as the energies of vacant orbitals become higher, although the cross terms (k ?  l) must also be 
considered. It is strongly suggested that p(Se) of the higher energy levels would not contribute so much 
to σp(Se) whereas 4p(Se) should substantially contribute to σp(Se) for usual selenium compounds. 
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Optimized structures given by Cartesian coordinates for Se*Hn , RrSe*Xx (∗ = null, +, or –), and Some 
Oxides, together with the total energies, with the DFT-GIAO method employing the 6-311+G(3df,3pd) 
basis sets. 
 
 
SeH– 
Total energy: -2402.2070415 a.u 
34            0        0.000000    0.000000    0.042181 
1             0        0.000000    0.000000   -1.434154 
 
SeH2 (C2v) 
Total energy: -2402.7571055 a.u 
34            0        0.000000    0.000000    0.057058 
1             0       -0.000000    1.050918   -0.969988 
1             0       -0.000000   -1.050918   -0.969988 
 
SeH3


+ (C3v) 
Total energy: -2403.0372297 a.u 
34            0       -0.000000    0.000000    0.066099 
1             0        0.000000    1.237878   -0.749121 
1             0        1.072034   -0.618939   -0.749121 
1             0       -1.072034   -0.618939   -0.749121 
 
SeH3


+ (pl) 
Total energy: -2402.9772012 a.u 
34            0        0.000000    0.000000    0.000000 
1             0        0.000000    1.454273    0.000000 
1             0        1.259437   -0.727136    0.000000 
1             0       -1.259437   -0.727136    0.000000 
 
SeH4 (Td) 
Total energy: -2403.7173966 a.u 
34            0        0.000000    0.000000    0.000000 
1             0        1.008286    1.008286    1.008286 
1             0       -1.008286   -1.008286    1.008286 
1             0       -1.008286    1.008286   -1.008286 
1             0        1.008286   -1.008286   -1.008286 
 
SeH4 (TBP) 
Total energy: -2403.8233666 a.u 
34            0        0.000000    0.000000    0.060940 
1             0        0.000000    1.173108   -0.829567 
1             0       -0.000000   -1.173108   -0.829567 
1             0       -1.675566    0.000000   -0.206414 
1             0        1.675566   -0.000000   -0.206414 
 
SeH5


+ (TBP) 
Total energy: -2404.0828123 a.u 
34            0        0.000000    0.000000    0.000000 
1             0        0.000000    1.512810   -0.000000 
1             0        1.310132   -0.756405   -0.000000 
1             0       -1.310132   -0.756405   -0.000000 
1             0        0.000000    0.000000    1.553804 
1             0        0.000000    0.000000   -1.553804 
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SeH5
+ (C4v (SP)) 


Total energy: -2404.0815741 a.u 
34            0        0.000000    0.000000    0.013211 
1             0       -0.000000    1.527859    0.252050 
1             0       -1.527859    0.000000    0.252050 
1             0        1.527859   -0.000000    0.252050 
1             0       -0.000000   -1.527859    0.252050 
1             0        0.000000    0.000000   -1.457370 
 
SeH5


– (C4v (SP)) 
Total energy: -2404.3975475 a.u 
34            0        0.000000    0.000000    0.053036 
1             0       -0.000000    1.764635   -0.101682 
1             0       -1.764635    0.000000   -0.101682 
1             0        1.764635   -0.000000   -0.101682 
1             0       -0.000000   -1.764635   -0.101682 
1             0        0.000000    0.000000   -1.396500 
 
SeH6 (Oh) 
Total energy: -2404.92077 a.u 
34            0        0.000000    0.000000    0.000000 
1             0        0.000000    0.000000    1.560986 
1             0       -0.000000    1.560986   -0.000000 
1             0        0.000000   -1.560986    0.000000 
1             0        0.000000   -0.000000   -1.560986 
1             0        1.560986    0.000000    0.000000 
1             0       -1.560986    0.000000   -0.000000 
 
SeMe– 
Total energy: -2441.5215557 a.u 
34            0        0.000004   -0.444512    0.000000 
6             0        0.000004    1.552415    0.000000 
1             0        1.022133    1.933155    0.000000 
1             0       -0.511152    1.932881    0.885216 
1             0       -0.511152    1.932881   -0.885216 
 
SeMe2 (C2v) 
Total energy: -2481.4117621 a.u 
34            0       -0.000000    0.000000    0.474310 
6             0       -0.000000    1.472944   -0.822478 
6             0       -0.000000   -1.472944   -0.822478 
1             0        0.000000   -2.395958   -0.248558 
1             0        0.893275   -1.429839   -1.439920 
1             0       -0.893275   -1.429839   -1.439920 
1             0        0.000000    2.395958   -0.248558 
1             0       -0.893275    1.429839   -1.439920 
1             0        0.893275    1.429839   -1.439920 
 
SeMe3


+ (Td) 
Total energy: -2521.0828618 a.u 
34            0        0.000000    0.000000    0.425766 
6             0        1.077152   -1.349521   -0.488827 
6             0        0.630143    1.607602   -0.488827 
1             0        0.000000    2.428294   -0.157842 
1             0        1.656427    1.770504   -0.171975 
1             0        0.563315    1.462372   -1.562566 
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1             0        2.102964   -1.214147   -0.157842 
1             0        0.705087   -2.319760   -0.171975 
1             0        0.984794   -1.219031   -1.562566 
6             0       -1.707295   -0.258081   -0.488827 
1             0       -2.102964   -1.214147   -0.157842 
1             0       -2.361515    0.549256   -0.171975 
1             0       -1.548108   -0.243341   -1.562566 
 
SeMe3


+ (C3h) 
Total energy: -2521.0283454 a.u 
34            0        0.000000    0.000000    0.000000 
6             0       -0.000000    1.968991    0.000000 
1             0       -1.054962    2.229216    0.000000 
1             0        0.490120    2.300931    0.906943 
1             0        0.490120    2.300931   -0.906943 
6             0       -1.705196   -0.984496    0.000000 
1             0       -1.403077   -2.028232    0.000000 
1             0       -2.237725   -0.726009    0.906943 
1             0       -2.237725   -0.726009   -0.906943 
6             0        1.705196   -0.984496    0.000000 
1             0        1.747605   -1.574922    0.906943 
1             0        1.747605   -1.574922   -0.906943 
1             0        2.458039   -0.200984    0.000000 
 
SeMe4 (Td) 
Total energy: -2561.0649817 a.u 
34            0        0.000000    0.000000    0.000000 
6             0        1.330702    1.330702    1.330702 
1             0        1.921680    1.921680    0.640887 
1             0        0.640887    1.921680    1.921680 
1             0        1.921680    0.640887    1.921680 
6             0       -1.330702   -1.330702    1.330702 
1             0       -1.921680   -0.640887    1.921680 
1             0       -1.921680   -1.921680    0.640887 
1             0       -0.640887   -1.921680    1.921680 
6             0       -1.330702    1.330702   -1.330702 
1             0       -0.640887    1.921680   -1.921680 
1             0       -1.921680    0.640887   -1.921680 
1             0       -1.921680    1.921680   -0.640887 
6             0        1.330702   -1.330702   -1.330702 
1             0        1.921680   -1.921680   -0.640887 
1             0        0.640887   -1.921680   -1.921680 
1             0        1.921680   -0.640887   -1.921680 
 
H2SeF2 (TBP) 
Total energy: -2602.4857626 a.u 
34            0        0.000000    0.000000    0.103763 
1             0        1.092456   -0.000000   -0.882160 
1             0       -1.092456    0.000000   -0.882160 
9             0        0.000000    1.854752   -0.097979 
9             0       -0.000000   -1.854752   -0.097979 
 
Me2SeF2 (TBP) 
Total energy: -2681.1671853 a.u 
34            0        0.000000    0.000000    0.365331 
6             0        0.000000    1.491834   -0.883741 
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6             0       -0.000000   -1.491834   -0.883741 
1             0        0.000000   -2.402540   -0.292463 
1             0        0.906698   -1.418009   -1.473233 
1             0       -0.906698   -1.418009   -1.473233 
1             0        0.000000    2.402540   -0.292463 
1             0       -0.906698    1.418009   -1.473233 
1             0        0.906698    1.418009   -1.473233 
9             0       -1.888284    0.000000    0.258972 
9             0        1.888284   -0.000000    0.258972 
 
Me2SeCl2 (TBP) 
Total energy: -3401.8867711 a.u 
34            0        0.000000    0.000000    0.272060 
6             0        0.000000    1.489677   -1.004834 
6             0       -0.000000   -1.489677   -1.004834 
1             0        0.000000   -2.397003   -0.408954 
1             0        0.906395   -1.410273   -1.592755 
1             0       -0.906395   -1.410273   -1.592755 
1             0        0.000000    2.397003   -0.408954 
1             0       -0.906395    1.410273   -1.592755 
1             0        0.906395    1.410273   -1.592755 
17            0       -2.409123    0.000000    0.294026 
17            0        2.409123   -0.000000    0.294026 
 
Me2SeBr2 (TBP) 
Total energy: -7629.7363451 a.u 
34            0        0.000000    0.000000    0.156048 
6             0        0.000000    1.488037   -1.128367 
6             0       -0.000000   -1.488037   -1.128367 
1             0        0.000000   -2.396961   -0.535072 
1             0        0.905706   -1.407690   -1.717429 
1             0       -0.905706   -1.407690   -1.717429 
1             0        0.000000    2.396961   -0.535072 
1             0       -0.905706    1.407690   -1.717429 
1             0        0.905706    1.407690   -1.717429 
35            0       -2.591541    0.000000    0.231066 
35            0        2.591541   -0.000000    0.231066 
 
Me3SeF2


+(C3h) 
Total energy: -2720.7844178 a.u 
34            0        0.000000    0.000000    0.000000 
6             0        1.941487    0.000000    0.000000 
1             0        2.234991    1.047350    0.000000 
1             0        2.242635   -0.500030    0.913994 
1             0        2.242635   -0.500030   -0.913994 
6             0       -0.970743    1.681377    0.000000 
1             0       -2.024527    1.411884    0.000000 
1             0       -0.688279    2.192194    0.913994 
1             0       -0.688279    2.192194   -0.913994 
6             0       -0.970743   -1.681377    0.000000 
1             0       -1.554356   -1.692164    0.913994 
1             0       -1.554356   -1.692164   -0.913994 
1             0       -0.210464   -2.459234    0.000000 
9             0        0.000000    0.000000    1.804018 
9             0        0.000000    0.000000   -1.804018 
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SeF5
+ (C3h) 


Total energy: -2900.4563575 a.u 
34            0        0.000000    0.000000    0.000000 
9             0        0.000000    1.659600   -0.000000 
9             0        1.437256   -0.829800   -0.000000 
9             0       -1.437256   -0.829800   -0.000000 
9             0        0.000000    0.000000    1.677430 
9             0        0.000000    0.000000   -1.677430 
 
SeMe5


+ (C4v (SP)) 
Total energy: -2600.8196598 a.u 
34            0        0.042359    0.001789    0.000000 
6             0        0.436307   -1.413634    1.428388 
1             0        1.516896   -1.443966    1.546728 
1             0       -0.039940   -1.102229    2.352032 
1             0        0.061307   -2.370682    1.082822 
6             0        0.436307    1.429976    1.417555 
1             0        0.054666    1.085929    2.372725 
1             0        1.517471    1.541294    1.454190 
1             0       -0.031395    2.357257    1.103799 
6             0        0.436307   -1.413634   -1.428388 
1             0        1.516896   -1.443966   -1.546728 
1             0       -0.039940   -1.102229   -2.352032 
1             0        0.061307   -2.370682   -1.082822 
6             0        0.436307    1.429976   -1.417555 
1             0        0.054666    1.085929   -2.372725 
1             0        1.517471    1.541294   -1.454190 
1             0       -0.031395    2.357257   -1.103799 
6             0       -1.898381   -0.040511    0.000000 
1             0       -2.197538   -1.083400    0.000000 
1             0       -2.240892    0.467174    0.895534 
1             0       -2.240892    0.467174   -0.895534 
 
SeF5


+ (C4v (SP)) 
Total energy: -2900.4519873 a.u 
34            0        0.000000    0.000000    0.026497 
9             0        0.000000    1.636816    0.379177 
9             0       -1.636816    0.000000    0.379177 
9             0        1.636816    0.000000    0.379177 
9             0        0.000000   -1.636816    0.379177 
9             0        0.000000    0.000000   -1.616806 
 
SeMe5


– (C4v (SP)) 
Total energy: -2601.05371023 a.u 
34            0        0.281733    0.005727    0.000000 
6             0        0.177464   -1.577502    1.680924 
1             0        1.143364   -1.493877    2.184576 
1             0       -0.629166   -1.393533    2.395962 
1             0        0.071534   -2.568743    1.235471 
6             0        0.177464    1.614968    1.546454 
1             0       -0.017039    1.160980    2.518680 
1             0        1.165752    2.078338    1.537799 
1             0       -0.581946    2.362813    1.309743 
6             0        0.177464   -1.577502   -1.680924 
1             0        1.143364   -1.493877   -2.184576 
1             0       -0.629166   -1.393533   -2.395962 







-S9- 


1             0        0.071534   -2.568743   -1.235471 
6             0        0.177464    1.614968   -1.546454 
1             0       -0.017039    1.160980   -2.518680 
1             0        1.165752    2.078338   -1.537799 
1             0       -0.581946    2.362813   -1.309743 
6             0       -1.682405   -0.096602    0.000000 
1             0       -1.947525   -1.147881    0.000000 
1             0       -2.050553    0.395620    0.895298 
1             0       -2.050553    0.395620   -0.895298 
 
SeF5


– (C4v (SP)) 
Total energy: -2901.0502238 a.u 
34            0        0.000000    0.000000    0.272303 
9             0       -0.000000    1.862354    0.109811 
9             0       -1.862354    0.000000    0.109811 
9             0        1.862354   -0.000000    0.109811 
9             0       -0.000000   -1.862354    0.109811 
9             0        0.000000    0.000000   -1.467945 
 
SeMe6 (Ci) 
Total energy: -2640.9274949 a.u 
34            0        0.000000    0.000000    0.000000 
6             0       -0.008716   -0.013264   -2.072863 
1             0        0.236171    0.978360   -2.443628 
1             0        0.732430   -0.732675   -2.409841 
1             0       -0.996343   -0.309474   -2.416463 
6             0        0.008716    0.013264    2.072863 
1             0       -0.236171   -0.978360    2.443628 
1             0       -0.732430    0.732675    2.409841 
1             0        0.996343    0.309474    2.416463 
6             0        0.013474    2.072867    0.007052 
1             0       -0.978199    2.443553   -0.237751 
1             0        0.310115    2.417238    0.994282 
1             0        0.732630    2.409154   -0.734656 
6             0       -0.013474   -2.072867   -0.007052 
1             0        0.978199   -2.443553    0.237751 
1             0       -0.310115   -2.417238   -0.994282 
1             0       -0.732630   -2.409154    0.734656 
6             0       -2.072887   -0.006933   -0.011705 
1             0       -2.417547   -0.994237   -0.307766 
1             0       -2.409762    0.734570   -0.730797 
1             0       -2.442723    0.238174    0.980210 
6             0        2.072887    0.006933    0.011705 
1             0        2.417547    0.994237    0.307766 
1             0        2.442723   -0.238174   -0.980210 
1             0        2.409762   -0.734570    0.730797 
 
HSeF5 (C4v) 
Total energy: -2901.4732309 a.u 
34            0        0.000000    0.000000    0.186840 
1             0        0.000000    0.000000    1.661540 
9             0        0.000000    1.730327    0.158519 
9             0       -0.000000   -1.730327    0.158519 
9             0        0.000000    0.000000   -1.524529 
9             0        1.730327   -0.000000    0.158519 
9             0       -1.730327    0.000000    0.158519 
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MeSeF5 (Cs) 
Total energy: -2940.8200536 a.u 
34            0        0.001553    0.002593    0.000000 
9             0        0.079174   -1.226282    1.236921 
9             0        1.721342    0.001585    0.000000 
9             0        0.079174    1.239175   -1.228996 
9             0        0.079174   -1.226282   -1.236921 
9             0        0.079174    1.239175    1.228996 
6             0       -1.945076   -0.034319   -0.000000 
1             0       -2.256204    0.477735   -0.902525 
1             0       -2.256204    0.477735    0.902525 
1             0       -2.212247   -1.084058   -0.000000 
 
SeF6 (Oh) 
Total energy: -3000.7537733 a.u 
34            0        0.000000    0.000000    0.000000 
9             0        0.000000    0.000000    1.707137 
9             0        0.000000    1.707137   -0.000000 
9             0        0.000000   -1.707137    0.000000 
9             0        0.000000   -0.000000   -1.707137 
9             0        1.707137    0.000000    0.000000 
9             0       -1.707137    0.000000   -0.000000 
 
H2SeO (Cs) 
Total energy: -2477.9354666 a.u 
34            0       -0.046336   -0.281300    0.000000 
1             0        0.973049   -0.692969    1.044476 
1             0        0.973049   -0.692969   -1.044476 
8             0       -0.046336    1.368769   -0.000000 
 
Me2SeO (Cs) 
Total energy: -2556.6168008 a.u 
34            0        0.377675   -0.138561   -0.000000 
6             0       -0.460716    0.901757    1.451139 
6             0       -0.460716    0.901757   -1.451139 
1             0       -0.163391    0.431248   -2.383918 
1             0       -0.112464    1.932103   -1.414547 
1             0       -1.537452    0.837118   -1.319397 
1             0       -0.163391    0.431248    2.383918 
1             0       -1.537452    0.837118    1.319397 
1             0       -0.112464    1.932103    1.414547 
8             0       -0.460716   -1.563868   -0.000000 
 
H4SeO (C2v) 
Total energy: -2479.010111 a.u 
34            0        0.000000    0.000000    0.241624 
1             0       -0.000000    1.128751    1.258005 
1             0       -0.000000   -1.128751    1.258005 
1             0        1.551190   -0.000000    0.267625 
1             0       -1.551190    0.000000    0.267625 
8             0        0.000000    0.000000   -1.408310 
 
H2SeF2O (C2v) 
Total energy: -2677.6557282 a.u 
34            0       -0.000000   -0.000000    0.088803 
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1             0       -1.257254    0.000000    0.863968 
1             0        1.257254   -0.000000    0.863968 
9             0        0.000000    1.782364    0.405417 
9             0       -0.000000   -1.782364    0.405417 
8             0        0.000000    0.000000   -1.505593 
 
Me2SeF2O 
Total energy: -2756.3481288 a.u 
34            0        0.000000    0.000000    0.118384 
6             0        0.000000    1.684775   -0.861579 
6             0       -0.000000   -1.684775   -0.861579 
1             0        0.000000   -2.435743   -0.075651 
1             0        0.910682   -1.720887   -1.445104 
1             0       -0.910682   -1.720887   -1.445104 
1             0        0.000000    2.435743   -0.075651 
1             0       -0.910682    1.720887   -1.445104 
1             0        0.910682    1.720887   -1.445104 
9             0       -1.835560    0.000000   -0.084400 
9             0        1.835560   -0.000000   -0.084400 
8             0        0.000000    0.000000    1.720603 
 
H2SeO2 (C2v) 
Total energy: -2553.1272576 a.u 
34            0        0.000000    0.000000    0.200577 
1             0        1.147945   -0.000000    1.172194 
1             0       -1.147945    0.000000    1.172194 
8             0        0.000000    1.414686   -0.572750 
8             0       -0.000000   -1.414686   -0.572750 
 
Me2SeO2 (C2v) 
Total energy: -2631.8229099 a.u 
34            0        0.000000    0.000000    0.142903 
6             0        0.000000    1.536212   -1.051458 
6             0       -0.000000   -1.536212   -1.051458 
1             0       -0.000000   -2.406327   -0.401553 
1             0        0.902733   -1.499374   -1.653962 
1             0       -0.902733   -1.499374   -1.653962 
1             0        0.000000    2.406327   -0.401553 
1             0       -0.902733    1.499374   -1.653962 
1             0        0.902733    1.499374   -1.653962 
8             0        1.404928   -0.000000    0.948609 
8             0       -1.404928    0.000000    0.948609 
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Preparation of γ-allenoic acids[1] 1a-m. Typical procedure. 


(1) Preparation of Dodeca-4,5-dienoic acid (1a) 


(a) Synthesis of undeca-3,4-dien-1-ol (5a)  


OH


Hex-n


n-Hex


OH


(1) MeC(OEt)3, EtCOOH (cat.)
      130 oC, 5 h


4a 5a
(2) LiAlH4, THF, 0 oC - rt, 1.2 h


 
A mixture of nonyn-3-ol (4a) (7.0010 g, 0.05 mol), EtCOOH (1 mL, d = 0.99 g/mL, 


0.99 g, 0.013 mol), and MeC(OEt)3 (30 mL, d = 0.876 g/mL, 26.28 g, 0.16 mol) was 


heated at 130 oC for 5 h  with a Dean-stark apparatus to remove the in-situ formed 


EtOH and the excess MeC(OEt)3. After removing most of the compounds with low 


boiling points, the mixture was cooled to rt and then purified by chromatography on 


silica gel to afford ethyl undeca-3,4-dienoate (9.8926 g, crude yield 94%). The 


product was used in the next step without further characterization. To an ice-cold 


suspension of LiAlH4 (1.3310 g, 34.9 mmol) in anhydrous THF (25 mL) under N2 


was dropwise added a solution of the above prepared ethyl undeca-3,4-dienoate 


(5.6457 g, 26.9 mmol) in THF (25 mL). After 1.2 h, the reaction was complete as 


monitored by TLC, quenched by slow addition of H2O, extracted with 60 mL of ethyl 


ether, filtrated to remove the solid. The resulting mixture was extracted with ether and 


the combined organic layer was washed with water and brine, dried over Na2SO4, 


filtrated, evaporated, and purified by chromatography on silica gel to afford 5a 


(3.8973 g, 86%): liquid, 1H NMR (400 MHz, CDCl3) δ 5.19-5.12 (m, 1H), 5.12-5.04 


(m, 1H), 3.70 (t, J = 6.2 Hz, 2H), 2.28-2.21 (m, 2H), 2.02-1.95 (m, 2H), 1.64 (s, 1H), 


1.43-1.21 (m, 8H), 0.88 (t, J = 6.8 Hz, 3H). This compound was used in the next step 


without further characterization. 


(b) Synthesis of dodeca-4,5-dienenitrile (6a)  


n-Hex


OH


(1) TsCl, pyridine, 0 - 4 oC, 4 h


5a


n-Hex


CN
6a


(2) NaCN, DMSO, 20 oC, 25 h
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To an ice-cooled solution of 5a (6.5161 g, 0.039 mol) in dry pyridine (50 mL) was 


added p-TsCl (22.2 g, 0.12 mol) in several portions at 0 - 4 oC with an ice water bath. 


After an additional 4 h, the mixture was poured into ice water and the resulting 


mixture was extracted with ether (50 mL × 3). The combined organic layer was 


washed with water and brine, dried over Na2SO4, filtrated, and concentrated in 


vacuum. The product was then used in the next step without further purification. To a 


mixture of tosylate prepared above and anhydrous DMSO (30 mL) was added NaCN 


(2.0526 g, 0.042 mol) at 20 oC. The reaction mixture was stirred for 25 h at this 


temperature, quenched with 30 mL of H2O, and extracted with ether (30 mL × 3). The 


organic layer was washed with water and brine, dried over Na2SO4, filtrated, 


evaporated, and purified by chromatography on silica gel to afford 6a (5.0199 g, the 


combined yield from 5a to 6a is 73%): liquid, 1H NMR (400 MHz, CDCl3) δ 


5.31-5.20 (m, 1H), 5.20-5.10 (m, 1H), 2.42 (t, J = 7.0 Hz, 2H), 2.35-2.28 (m, 2H), 


2.06-1.97 (m, 2H), 1.45-1.20 (m, 8H), 0.88 (t, J = 6.6 Hz, 3H). This compound was 


used in the next step without further characterization. 


(c) Synthesis of dodeca-4,5-dienoic acid (1a)  


n-Hex


CN


n-Hex


COOH1a


(1) NaOH, EtOH/H2O
     80 oC, 5 h
(2) 5% HCl (aq.)


6a  
A mixture of dodeca-4,5-dienenitrile (2.0040 g, 11.3 mmol), ethanol (15 mL), and 


NaOH solution (4.0 g in 5.2 mL of H2O, 100 mmol) was stirred at 80 oC for 5 h. The 


mixture was concentrated in vacuum and the residue was quenched with water (20 mL). 


The aqueous solution was then extracted with ether to remove neutral impurities. The 


aqueous layer was then acidified with 5% HCl (aq.) to pH = 1 and extracted with ether 


(30 mL × 3). The ether extraction was washed with water and brine, dried over Na2SO4, 


filtrated, and concentrated in vacuum. Chromatography on silica gel (petroleum 


ether/ethyl acetate = 5/1) of the crude product afforded 1a (2.1065 g, 95%): liquid, 1H 


NMR (300 MHz, CDCl3) δ 9.82 (bs, COOH, 1H), 5.21-5.09 (m, 2H), 2.48 (t, J = 7.1 Hz, 


2H), 2.36-2.23 (m, 2H), 2.03-1.90 (m, 2H), 1.46-1.16 (m, 8H), 0.88 (t, J = 6.5 Hz, 3H); 
13C NMR (100 MHz, CDCl3) δ 203.6, 179.6, 92.9, 89.2, 33.1, 31.7, 29.1, 28.84, 28.82, 
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23.5, 22.6, 14.1; IR (neat) ν = 3030, 2957, 2927, 2856, 1964, 1712, 1435, 1336, 1278, 


1211, 1173 cm-1; MS (70 ev, EI) m/z (%) 196 (M+, 0.46), 126 (100); HRMS Calcd for 


C12H20O2Na (M++Na): 219.1356, Found: 219.1351. 


(2) Preparation of undeca-4,5-dienoic acid (1b) 


(a) Synthesis of undeca-4,5-dienenitrile (6b)  


Pent-n


OH n-Pent


OH


n-Pent


CN


5b(2) LiAlH4, THF, 0 - 4 oC, 1.5 h


(2) NaCN, DMSO, 28 oC, 2.5 h
6b


(1) TsCl, pyridine, 0 - 4 oC, 2 h


(1) MeC(OEt)3, EtCOOH (cat.)
     140 - 150 oC, 3.3 h


4b


 
Following the procedure for the preparation of 5a, the reaction of octyn-3-ol (4b) 


(7.5609 g, 0.060 mol), EtCOOH (1.5 mL, d = 0.99 g/mL, 1.49 g, 0.020 mol), and 


MeC(OEt)3 (36 mL, 0.876 g/mL, 0.19 mol, 31.54 g) afforded ethyl deca-3,4-dienoate 


(7.9972 g). The product was used in the next step without further characterization. A 


solution of this ester (7.9972 g, 0.041 mol) in anhydrous THF (20 mL) was treated 


with LiAlH4 (1.8573 g, 0.049 mol) in anhydrous THF (30 mL) to afford 5b (5.9947 g). 


The product was used in the next step without further characterization. Following the 


procedure for the preparation of 6a, the reaction of 5b (3.0065 g, 0.018 mol), p-TsCl 


(6.8239 g, 0.036 mol), and anhydrous pyridine (30 mL) afforded the tosylate, which 


was used in the next step without further purification. The reaction of tosylate 


prepared above and NaCN (0.9454 g, 0.019 mmol) in anhydrous DMSO (30 mL) 


afforded 6b (2.0203 g, the combined yield from 4b to 6b is 41%): liquid, 1H NMR 


(300 MHz, CDCl3) δ 5.32-5.21 (m, 1H), 5.21-5.11 (m, 1H), 2.47-2.39 (m, 2H), 


2.37-2.27 (m, 2H), 2.07-1.96 (m, 2H), 1.47-1.22 (m, 6H), 0.89 (t, J = 6.8 Hz, 3H). 


This compound was used in the next step without further characterization. 


(b) Synthesis of undeca-4,5-dienoic acid (1b)  
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n-Pent


CN


n-Pent


COOH
1b


(1) NaOH, EtOH/H2O
     80 oC, 12 h
(2) 5% HCl (aq.)


6b  


Following the procedure for the preparation of 1a, the reaction of 


undeca-4,5-dienenitrile (1.0112 g, 6.2 mmol), ethanol (15 mL), and NaOH solution 


(4.0 g in 5 mL of H2O, 100 mmol) afforded 1b[1] (0.8485 g, 75%): liquid, 1H NMR 


(300 MHz, CDCl3) δ 9.08 (bs, COOH, 1H), 5.22-5.10 (m, 2H), 2.48 (t, J = 7.1 Hz, 


2H), 2.37-2.18 (m, 2H), 2.05-1.88 (m, 2H), 1.48-1.20 (m, 6H), 0.88 (t, J = 6.3 Hz, 


3H). This compound was used in the next step without further characterization. 


(3) Preparation of deca-4,5-dienoic acid (1c) 


(a) Synthesis of nona-3,4-dien-1-ol (5c) 


Bu-n


OH n-Bu


OH


(1) MeC(OEt)3, CH3CH2COOH (cat.)
      140 oC, 6.7 h


4c 5c
(2) LiAlH4, THF, 0 - 4 oC, 4 h


 


Following the procedure for the preparation of 5a, the reaction of heptyn-3-ol (4c) 


(5.6276 g, 0.05 mol), EtCOOH (1.5 mL, d = 0.99 g/mL, 1.49 g, 0.020 mol), and 


MeC(OEt)3 (28 mL, d = 0.876 g/mL, 24.53 g, 0.15 mol) afforded ethyl 


nona-3,4-dienoate (8.7706 g, crude yield 96%). The product was used in the next step 


without further characterization. A solution of ester (8.6174 g, 0.048 mol) in 


anhydrous THF (10 mL) was treated with LiAlH4 (1.8184 g, 0.048 mol) in anhydrous 


THF (50 mL) to afford 5c (6.1902 g, 93%): liquid, 1H NMR (400 MHz, CDCl3) δ 


5.18-5.11 (m, 1H), 5.11-5.04 (m, 1H), 3.69 (t, J = 6.2 Hz, 2H), 2.28-2.21 (m, 2H), 


2.04-1.95 (m, 2H), 1.73 (s, 1H), 1.44-1.27 (m, 4H), 0.89 (t, J = 6.8 Hz, 3H). This 


compound was used in the next step without further characterization. 


(b) Synthesis of deca-4,5-dienenitrile (6c) 
n-Bu


OH
5c


n-Bu


CN
6c


(2) NaCN, DMSO, 28 oC, 7 h


(1) TsCl, pyridine, 0 oC - rt, 12.5 h


 


Following the procedure for the preparation of 6a, the reaction of 5c (6.1902 g, 


0.044 mol), p-TsCl (25.3 g, 0.13 mol), and anhydrous pyridine (30 mL) afforded the 
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tosylate, which was used in the next step without further purification. The reaction of 


tosylate prepared above and NaCN (2.3054 g, 0.047 mol) in anhydrous DMSO (40 


mL) afforded 6c (3.1615 g, the combined yield from 5c to 6c is 48%): liquid, 1H 


NMR (400 MHz, CDCl3) δ 5.31-5.21 (m, 1H), 5.19-5.11 (m, 1H), 2.45-2.39 (m, 2H), 


2.37-2.26 (m, 2H), 2.07-1.96 (m, 2H), 1.46-1.28 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H). 


This compound was used in the next step without further characterization. 


(c) Synthesis of deca-4,5-dienoic acid (1c) 


n-Bu


COOH


n-Bu


CN


(1) NaOH, EtOH/H2O
     80 oC, 7.5 h
(2) 5% HCl (aq.)


1c6c  


Following the procedure for the preparation of 1a, the reaction of 


deca-4,5-dienenitrile (1.0054 g, 6.7 mmol), ethanol (15 mL), and aqueous NaOH 


solution (4.0 g in 5.2 mL of H2O, 100 mmol) afforded 1c (0.8769 g, 77%): liquid, 1H 


NMR (300 MHz, CDCl3) δ 9.82 (bs, COOH, 1H), 5.20-5.11 (m, 2H), 2.47 (t, J = 7.2 


Hz, 2H), 2.38-2.22 (m, 2H), 2.02-1.92 (m, 2H), 1.42-1.22 (m, 4H), 0.89 (t, J = 6.6 Hz, 


3H); 13C NMR (100 MHz, CDCl3) δ 203.7, 179.5, 92.8, 89.2, 33.1, 31.2, 28.5, 23.5, 


22.2, 13.9; IR (neat) ν = 3036, 2959, 2928, 2873, 1963, 1712, 1412, 1273, 1211 cm-1; 


MS (70 ev, EI) m/z (%) 168 (M+, 0.53), 126 (M+-C2H2O, 100)[2]; HRMS Calcd for 


C10H16O2 (M+): 168.1145, Found: 168.1149. 


(4) Preparation of hepta-4,5-dienoic acid (1d) 


(a) Synthesis of hepta-4,5-dienenitrile (6d)  


CH3


OH H3C


OH


H3C


CN


(1) MeC(OEt)3, EtCOOH (cat.)
     125 oC, 2.5 h


4d 5d(2) LiAlH4, THF, 0 - 4 oC, 1.5 h


(2) NaCN, DMSO, 33 oC, 6.3 h
6d


(1) TsCl, pyridine, 0 - 4 oC, 1.5 h


 


But-3-yn-2-ol (4d) (7.5 g, 0.11 mol) was added dropwise to the mixture of 


EtCOOH (1.6 mL, d = 0.99 g/mL, 1.58 g, 0.021 mol) and MeC(OEt)3 (48.0 g, 0.30 
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mol) at 125 oC for 0.5 h. After being stirred for an extra 2.5 h at 125 oC, the mixture 


was cooled to rt, evaporated, and purified by chromatography on silica gel (2 times) to 


afford ethyl hexa-3,4-dienoate (8.4558 g). The product was used in the next step 


without further characterization. Following the procedure for the preparation of 5a, a 


solution of ester (8.4558 g, 0.060 mol) in anhydrous THF (10 mL) was treated with 


LiAlH4 (2.5337 g, 0.066 mol) in anhydrous THF (50 mL) to afford 5d (3.9285 g, 


crude yield 37%). The product was used in the next step without further 


characterization. Following the procedure for the preparation of 6a, the reaction of 5d 


(2.0439 g, 0.02 mol), p-TsCl (7.78 g, 0.04 mol), and anhydrous pyridine (30 mL) 


afforded the tosylate, which was used in the next step without further purification. 


The reaction of tosylate prepared above and NaCN (0.9505 g, 0.019 mmol) in 


anhydrous DMSO (30 mL) afforded 6d (1.0989 g, crude yield 49%): liquid, 1H NMR 


(300 MHz, CDCl3) δ 5.30-5.18 (m, 1H), 5.18-5.08 (m, 1H), 2.47-2.40 (m, 2H), 


2.35-2.26 (m, 2H), 1.69 (dd, J1 = 6.9 Hz, J2 = 3.3 Hz, 3H). This compound was used 


in the next step without further characterization. 


(b) Synthesis of hepta-4,5-dienoic acid (1d) 
Me


COOH


Me


CN


(1) NaOH, EtOH/H2O
     80 oC, 14.3 h
(2) 5% HCl (aq.)


1d6d  
Following the procedure for the preparation of 1a, the reaction of 


hepta-4,5-dienenitrile (1.0124 g, 9.5 mmol), ethanol (15 mL), and NaOH solution (4.0 


g in 5.2 mL of H2O, 100 mmol) afforded 1d (0.9340 g, 78%): liquid, 1H NMR (400 


MHz, CDCl3) δ 10.66 (bs, COOH, 1H), 5.18-5.08 (m, 2H), 2.47 (t, J = 6.8 Hz, 2H), 


2.36-2.20 (m, 2H), 1.63 (t, J = 5.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 204.6, 


179.8, 88.7, 87.4, 33.1, 23.4, 14.3; IR (neat) ν = 3095, 3037, 2985, 2926, 1966, 1712, 


1413, 1272, 1250, 1212, 1172 cm-1; MS (70 ev, EI) m/z (%) 126 (M+, 5.81), 84 


(M+-C2H2O, 100)[2]; HRMS Calcd for C7H10O2 (M+): 126.0675, Found: 126.0681. 


(5)  Preparation of 4-butylocta-4,5-dienoic acid (1e) 


(a) Synthesis of 3-butylhepta-3,4-dien-1-ol (5e) 







S9 


Et


OH
Bu


Et


OH


Bu-n(1) MeC(OEt)3, EtCOOH (cat.)
     140 oC, 10.7 h


4e 5e
(2) LiAlH4, THF, 0 - 4 oC, 2 h


 


Following the procedure for the preparation of 5a, the reaction of dec-4-yn-3-ol (4e) 


(7.0480 g, 0.050 mol), EtCOOH (1.5 mL, d = 0.99 g/mL, 1.49 g, 0.020 mol), and 


MeC(OEt)3 (28 mL, d = 0.876 g/mL, 24.53 g, 0.15 mol) afforded ethyl 


3-butylhepta-3,4-dienoate (7.4334 g). The product was used in the next step without 


further characterization. A solution of ester (7.4334 g, 0.035 mol) in anhydrous THF 


(10 mL) was treated with LiAlH4 (1.4813 g, 0.039 mol) in anhydrous THF (40 mL) to 


afford 5e (1.6984 g, the combined yield from 4e to 5e is 20%): liquid, 1H NMR (300 


MHz, CDCl3) δ 5.26-5.19 (m, 1H), 3.71 (t, J = 6.0 Hz, 2H), 2.23-2.16 (m, 2H), 


2.05-1.90 (m, 4H), 1.78 (s, 1H), 1.45-1.24 (m, 4H), 0.99 (t, J = 7.5 Hz, 3H), 0.89 (t, J 


= 7.1 Hz, 3H). This compound was used in the next step without further 


characterization. 


(b) Synthesis of 4-butylocta-4,5-dienoic acid (1e) 


Bu-nEt


COOH


Et


OH


Bu-n Et


CN


Bu-n


1e


(1) NaOH, EtOH/H2O, 80 oC, 11 h
(2) 5% HCl (aq.)


5e 6e


(2) NaCN, DMSO, 30 oC, 2 d


(1) TsCl, pyridine, 0 - 4 oC, 5 h


 
Following the procedure for the preparation of 6a, the reaction of 5e (0.9085 g, 


0.0054 mol), p-TsCl (3.0950 g, 0.016 mol), and anhydrous pyridine (20 mL) afforded 


the tosylate, which was used in the next step without further purification. The reaction 


of tosylate prepared above and NaCN (0.2878 g, 0.0058 mmol) in anhydrous DMSO 


(20 mL) afforded 6e (0.6733 g). The product was used in the next step without further 


characterization. Following the procedure for the preparation of 1a, the reaction of 


4-butylocta-4,5-dienenitrile (0.6733 g, 3.8 mmol), ethanol (10 mL), and NaOH 


solution (2 g in 2.5 mL of H2O, 50 mmol) afforded 1e (0.4871 g, the combined yield 


from 5e to 1e is 46%): liquid, 1H NMR (300 MHz, CDCl3) δ 9.62 (bs, COOH, 1H), 
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5.28-5.14 (m, 1H), 2.48 (t, J = 7.2 Hz, 2H), 2.34-2.12 (m, 2H), 2.08-1.87 (m, 4H), 


1.48-1.21 (m, 4H), 0.96 (t, J = 7.4 Hz, 3H), 0.89 (t, J = 6.8 Hz, 3H); 13C NMR (100 


MHz, CDCl3) δ 199.6, 179.8, 103.9, 95.6, 32.8, 32.3, 29.8, 27.0, 22.4, 22.3, 14.0, 13.4; 


IR (neat) ν = 2962, 2931, 2873, 1961, 1712, 1412, 1298, 1254 cm-1; MS (70 ev, EI) 


m/z (%) 196 (M+, 1.01), 154 (M+-C2H2O, 100)[2]; HRMS Calcd for C12H20O2: 


196.1458; Found: 196.1457. 


(6) Preparation of 4-butylhexa-4,5-dienoic acid (1f) 


(a) Synthesis of 3-butylhexa-4,5-dien-1-ol (5f) 


OH
n-Bu


OH


Bu-n(1) MeC(OEt)3, EtCOOH (cat.)
      130 - 140 oC, 1.8 h


4f 5f
(2) LiAlH4, Et2O, 0 - 4 oC, 3.5 h


 
Following the procedure for the preparation of 5a, the reaction of hept-2-yn-ol (4f) 


(5.6 g, 0.05 mol), EtCOOH (1 mL, d = 0.99 g/mL, 0.99 g, 0.013 mol), and MeC(OEt)3 


(28 mL, d = 0.876 g/mL, 24.53 g, 0.15 mol) afforded ethyl 3-butylpenta-3,4-dienoate 


(5.8 g, crude yield 64%). The product was used in the next step without further 


characterization. A solution of ester (5.7 g, 0.031 mol) in anhydrous Et2O (60 mL) 


was treated with LiAlH4 (1.35 g, 0.035 mol) in anhydrous Et2O (40 mL) to afford 5f 


(3.8 g, 87%): liquid, 1H NMR (400 MHz, CDCl3) δ 4.76-4.71 (m, 2H), 3.74 (t, J = 6.2 


Hz, 2H), 2.24-2.17 (m, 2H), 1.99-1.92 (m, 2H), 1.66 (br, 1H), 1.47-1.27 (m, 4H), 0.90 


(t, J = 7.2 Hz, 3H). This compound was used in the next step without further 


characterization. 


(b) Synthesis of 4-butylocta-4,5-dienenitrile (6f)  


OH5f CN6f


(2) NaCN, DMSO, 21 oC, 9.8 h


(1) TsCl, pyridine, 0 oC - rt, 14.2 hBu-n Bu-n


 


Following the procedure for the preparation of 6a, the reaction of 5f (2.8065 g, 


0.020 mol), p-TsCl (11.5 g, 0.060 mol), and anhydrous pyridine (30 mL) afforded the 


tosylate, which was used in the next step without further purification. The reaction of 


tosylate prepared above and NaCN (1.1860 g, 0.024 mol) in anhydrous DMSO (25 


mL) afforded 6f (1.5671 g, the combined yield from 5f to 6f is 52%): liquid, 1H NMR 
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(400 MHz, CDCl3) δ 4.89-4.81 (m, 2H), 2.44 (t, J = 7.4 Hz, 2H), 2.29-2.21 (m, 2H), 


1.99-1.92 (m, 2H), 1.46-1.29 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H). This compound was 


used in the next step without further characterization. 


(c) Synthesis of 4-butylhexa-4,5-dienoic acid (1f)  


COOH


Bu-n


CN


Bu-n


1f


(1) NaOH, EtOH/H2O
      62 - 70 oC, 12 h
(2) 5% HCl (aq.)


6f  


Following the procedure for the preparation of 1a, the reaction of 


4-butylocta-4,5-dienenitrile (0.9865 g, 6.6 mmol), ethanol (15 mL), and aqueous 


NaOH solution (4.0 g in 5.2 mL of H2O, 100 mmol) afforded 1f (0.9768 g, 87%): 


liquid, 1H NMR (400 MHz, CDCl3) δ 8.98 (bs, COOH, 1H), 4.76-4.66 (m, 2H), 2.51 


(t, J = 7.6 Hz, 2H), 2.26-2.19 (m, 2H), 2.00-1.92 (m, 2H), 1.48-1.23 (m, 4H), 0.90 (t, 


J = 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 204.9, 180.0, 102.3, 77.2, 32.2, 32.1, 


29.6, 26.2, 22.3, 13.9; IR (neat) ν = 3048, 2958, 2928, 1958, 1710, 1429, 1285, 1217 


cm-1; MS (70 ev, EI) m/z (%) 168 (M+, 3.91), 126 (M+-C2H2O, 60.23)[2], 81 (100); 


HRMS Calcd for C10H16O2 (M+): 168.1145; Found: 168.1147. 


(7) Preparation of 5-cyclohexylidenepent-4-enoic acid (1g) 


(a) Synthesis of 4-cyclohexylidenebut-3-en-1-ol (5g) 


OH


OH


(1) MeC(OEt)3, EtCOOH (cat.)
      130 oC, 17.5 h


4g


(2) LiAlH4, THF, 0 - 4 oC, 1.8 h


5g  


Following the procedure for the preparation of 5a, the reaction of 


1-ethynylcyclohexanol (4g) (3.65 g, 0.03 mol), EtCOOH (this compound was added 


in three portions: 0.8 mL, 0.5 mL, 0.5 mL, total 1.8 mL, d = 0.99 g/mL, 1.78 g, 0.024 


mol), and MeC(OEt)3 (21.5 mL, d = 0.876 g/mL, 18.83 g, 0.12 mol) afforded ethyl 


4-cyclohexylidenebut-3-enoate (4.6602 g, crude yield 76%). The product was used in 


the next step without further characterization. A solution of ester (4.6365 g, 0.024 mol) 


in anhydrous THF (10 mL) was treated with LiAlH4 (1.1263 g, 0.029 mol) in 


anhydrous THF (20 mL) to afford 5g (3.2386 g, 89%): liquid, 1H NMR (400 MHz, 


CDCl3) δ 5.00-4.91 (m, 1H), 3.67 (t, J = 6.4 Hz, 2H), 2.21 (q, J = 6.0 Hz, 2H), 2.09 (t, 
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J = 5.8 Hz, 4H), 1.81 (s, 1H), 1.66-1.43 (m, 6H). This compound was used in the next 


step without further characterization. 


(b) Synthesis of 5-cyclohexylidenepent-4-enenitrile (6g) 


OH5g CN6g(2) NaCN, DMSO, 12 oC, 11.3 h


(1) TsCl, pyridine, 15 oC, 3.3 h


 


Following the procedure for the preparation of 6a, the reaction of 5g (3.2063 g, 


0.021 mol), p-TsCl (12.18 g, 0.064 mol), and anhydrous pyridine (30 mL) afforded 


the tosylate, which was used in the next step without further purification. The reaction 


of tosylate prepared above and NaCN (1.2325 g, 0.025 mmol) in anhydrous DMSO 


(25 mL) afforded 6g (2.5853 g, the combined yield from 5g to 6g is 76%): liquid, 1H 


NMR (400 MHz, CDCl3) δ 5.10-5.00 (m, 1H), 2.42 (t, J = 7.0 Hz, 2H), 2.29 (q, J = 


6.4 Hz, 2H), 2.19-2.15 (m, 4H), 1.65-1.56 (m, 4H), 1.56-1.45 (m, 2H). This 


compound was used in the next step without further characterization. 


(c) Synthesis of 5-cyclohexylidenepent-4-enoic acid (1g)  


COOHCN
1g


(1) NaOH, EtOH/H2O
     75 - 80 oC, 11 h
(2) 5% HCl (aq.)


6g
 


Following the procedure for the preparation of 1a, the reaction of 


5-cyclohexylidenepent-4-enenitrile (0.9860 g, 6.1 mmol), ethanol (15 mL), and NaOH 


solution (4 g in 5.2 mL of H2O, 100 mmol) afforded 1g (0.8426 g, 76%): liquid, 1H 


NMR (400 MHz, CDCl3) δ 11.24 (bs, COOH, 1H), 5.07-5.01 (m, 1H), 2.46 (t, J = 7.0 


Hz, 2H), 2.31-2.23 (m, 2H), 2.13-2.02 (m, 4H), 1.63-1.42 (m, 6H); 13C NMR (100 


MHz, CDCl3) δ 198.1, 179.8, 104.5, 87.1, 33.0, 31.5, 27.3, 26.1, 23.8; IR (neat) ν = 


3030, 2927, 2853, 1966, 1712, 1446, 1263, 1211 cm-1; MS (70 ev, EI) m/z (%) 180 


(M+, 26.60), 138 (M+-C2H2O, 100)[2]; HRMS Calcd for C11H16O2 (M+): 180.1145, 


Found: 180.1146. 


(8) Preparation of 6-ethylocta-4,5-dienoic acid (1h) 


(a) Synthesis of 6-ethylocta-4,5-dienenitrile (6h)  
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OH


Et
Et


OH


Et


Et


Et


Et
CN


5h


(1) MeC(OEt)3, EtCOOH (cat.)
     140 oC, 1.5 d


4h


(2) LiAlH4, THF, 0 - 4 oC, 2 h


6h


(2) NaCN, DMSO, 25 oC, 14.3 h


(1) TsCl, pyridine, 0 oC - rt, 11 h


 
Following the procedure for the preparation of 5a, the reaction of 


3-ethylpentyn-3-ol (4h) (7.8414 g, 0.07 mol), EtCOOH (1.5 mL, d = 0.99 g/mL, 1.49 


g, 0.020 mol), and MeC(OEt)3 (38.8 mL, d = 0.876 g/mL, 33.99 g, 0.21 mol) afforded 


ethyl 5-ethylhepta-3,4-dienoate (8.3190 g, crude yield 65%). The product was used in 


the next step without further characterization. A solution of this ester (7.9470 g, 0.044 


mol) in anhydrous THF (10 mL) was treated with LiAlH4 (1.8440 g, 0.048 mol) in 


anhydrous THF (30 mL) to afford 5h (4.6047 g, crude yield 75%). The product was 


used in the next step without further characterization. Following the procedure for the 


preparation of 6a, the reaction of 5h (4.6047 g, 0.33 mol), p-TsCl (18.9 g, 0.099 mol), 


and anhydrous pyridine (30 mL) afforded the tosylate, which was used in the next 


step without further purification. The reaction of tosylate prepared above and NaCN 


(1.9387 g, 0.04 mmol) in anhydrous DMSO (45 mL) afforded 6h (2.8487 g, the 


combined yield from 5h to 6h is 58%): liquid, 1H NMR (400 MHz, CDCl3) δ 


5.27-5.21 (m, 1H), 2.42-2.37 (m, 2H), 2.36-2.26 (m, 2H), 2.02-1.93 (m, 4H), 0.99 (t, J 


= 7.2 Hz, 6H). This compound was used in the next step without further 


characterization. 


(b) Synthesis of 6-ethylocta-4,5-dienoic acid (1h) 


COOH


Et


Et
CN


Et


Et


1h


(1) NaOH, EtOH/H2O
     80 oC, 5.5 h
(2) 5% HCl (aq.)


6h  
Following the procedure for the preparation of 1a, the reaction of 


6-ethylocta-4,5-dienenitrile (1.0090 g, 6.7 mmol), ethanol (15 mL) and NaOH 


solution (4 g in 5.2 mL of H2O, 100 mmol) afforded 1g (0.7686 g, 68%): liquid, 1H 


NMR (300 MHz, CDCl3) δ 10.43 (bs, COOH, 1H), 5.30-5.18 (m, 1H), 2.45 (t, J = 7.2 
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Hz, 2H), 2.35-2.24 (m, 2H), 2.00-1.87 (m, 4H), 0.97 (t, J = 7.5 Hz, 6H); 13C NMR 


(100 MHz, CDCl3) δ 199.9, 179.7, 110.0, 91.3, 33.2, 25.6, 24.1, 12.2; IR (neat) ν = 


3034, 2966, 2933, 1962, 1713, 1456, 1435, 1411, 1281, 1250, 1205, 1171 cm-1; MS 


(70 ev, EI) m/z (%) 168 (M+, 52.13), 126 (M+-C2H2O, 98.25)[2], 93 (100); HRMS 


Calcd for C10H16O2 (M+): 168.1145; Found: 168.1149. 


(9) Preparation of 3-methylhepta-4,5-dienoic acid (1i) 


(a) Synthesis of 3-methylhepta-4,5-dienenitrile (6i) 


OH


Me OH


Me


Me


CN


Me


Me


(1) EtC(OEt)3, EtCOOH, (cat.)120 oC, 6 h


4d


(2) LiAlH4, THF, 0 - 4 oC, 3.3 h


5i


6i


(2) NaCN, DMSO, 27 oC, 2 d


(1) TsCl, pyridine, 0 oC - rt, 11.7 h


 
Following the procedure for the preparation of 5a, the reaction of but-3-yn-2-ol (4d) 


(7.1565 g, 0.10 mol), EtCOOH (1.5 mL, d = 0.99 g/mL, 1.49 g, 0.020 mol), and 


EtC(OEt)3 (53.0 g, 0.30 mol) afforded ethyl 2-methylhexa-3,4-dienoate (15.8503 g). 


The product was used in the next step without further characterization. A solution of 


this ester (15.8503 g, 0.093 mol) in anhydrous THF (10 mL) was treated with LiAlH4 


(3.5139 g, 0.093 mol) in anhydrous THF (50 mL) to afford 5i (7.2193 g, the crude 


combined yield from 4d to 5i is 63%). The product was used in the next step without 


further characterization. Following the procedure for the preparation of 6a, the 


reaction of 5i (6.9766, 0.062 mol), p-TsCl (35.7 g, 0.19 mol), and anhydrous pyridine 


(30 mL) afforded the tosylate, which was used in the next step without further 


purification. The reaction of tosylate (4.9546 g, 0.019 mol) prepared above and NaCN 


(1.1100 g, 0.02 mmol) in anhydrous DMSO (30 mL) afforded 6i (1.2498 g, the 


combined yield from 5i to 6i is 17%): liquid, 1H NMR (400 MHz, CDCl3) δ 5.30-5.20 


(m, 1H), 5.14-5.07 (m, 1H), 2.60-2.49 (m, 1H), 2.45-2.28 (m, 2H), 1.69 (dd, J1 = 6.6 


Hz, J2 = 3 Hz, 2H), 1.19-1.15 (m, 3 H). This compound was used in the next step 


without further characterization. 
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(b) Synthesis of 3-methylhepta-4,5-dienoic acid (1i)  


Me


COOHMe


Me


CNMe


(1) NaOH, EtOH/H2O
      80 oC, 13.3 h
(2) 5% HCl (aq.)


1i6i  


Following the procedure for the preparation of 1a, the reaction of 


3-methylhepta-4,5-dienenitrile (1.2498 g, 10.3 mmol), ethanol (15 mL), and NaOH 


solution (4 g in 5.2 mL of H2O, 100 mmol) afforded 1i (0.8935 g, 62%, dr = 2.0/1, the 


dr value of 1i was determined by inverse gated decoupling 13C NMR analysis[3]): 


liquid, 1H NMR (400 MHz, CDCl3) δ 9.84 (bs, COOH, 1H), 5.21-5.05 (m, 2H), 


2.74-2.60 (m, 1H), 2.50-2.40 (m, 1H), 2.34-2.24 (m, 1H), 1.67-1.58 (m, 3H), 


1.10-1.05 (m, 3H); IR (neat) ν = 3088, 3037, 2967, 2929, 1964, 1709, 1412, 1295, 


1229, 1199, 1074 cm-1; MS (70 ev, EI) m/z (%) 140 (M+, 14.06), 98 (M+-C2H2O, 


100)[2]; Anal. Cacld for: C8H12O2 (%) C, 68.54; H, 8.63; Found: C, 68.53; H, 8.59. 


(10)  Preparation of 3-ethylhepta-4,5-dienoic acid (1j) 


(a) Synthesis of 2-ethylhexa-3,4-dien-1-ol (5j)  


OH


Me
OH


Me


Et


(1) n-PrC(OEt)3, EtCOOH (cat.), 
     140 oC, 6.7 h


4d


(2) LiAlH4, THF, 0 - 4 oC, 3 h


5j  


Following the procedure for the preparation of 5a, the reaction of but-3-yn-2-ol (4d) 


(2.2 g, 0.031 mol), EtCOOH (1.5 mL, d = 0.99 g/mL, 1.49 g, 0.020 mol), and 


n-PrC(OEt)3 (17.1 g, 0.090 mol) afforded ethyl 2-ethylhexa-3,4-dienoate (3.9910 g). 


The product was used in the next step without further characterization. A solution of 


ester (3.9910 g, 0.024 mol) in anhydrous THF (10 mL) was treated with LiAlH4 


(0.9915 g, 0.026 mol) in anhydrous THF (30 mL) to afford 5j (2.9088 g, the 


combined yield from 4d to 5j is 74%): liquid, 1H NMR (400 MHz, CDCl3) δ 


5.17-5.09 (m, 1H), 4.99-4.89 (m, 1H), 3.62-3.56 (m, 1H), 3.52-3.46 (m, 1H), 


2.18-2.08 (m, 1H), 1.67 (dd, J1 = 7.0 Hz, J2 = 3.0 Hz, 3H), 1.63 (s, 1H), 1.52-1.42 (m, 


1H), 1.37-1.24 (m, 1H), 0.97-0.91 (m, 3H). This compound was used in the next step 


without further characterization. 
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(b) Synthesis of 3-ethylhepta-4,5-dienenitrile (6j)  


OH
5j


CN
6j


(2) NaCN, DMSO, 29 oC, 2 d


(1) TsCl, pyridine, 0 - 4 oC, 3.3 h
Me Me


Et Et


 


Following the procedure for the preparation of 6a, the reaction of 5j (2.9088 g, 


0.023 mol), p-TsCl (13.19 g, 0.069 mol), and anhydrous pyridine (30 mL) afforded 


the tosylate, which was used in the next step without further purification. The reaction 


of tosylate prepared above and NaCN (1.1147 g, 0.023 mmol) in anhydrous DMSO 


(30 mL) afforded 6j (1.9588 g, the combined yield from 5j to 6j is 63%): liquid, 1H 


NMR (400 MHz, CDCl3) δ 5.25-5.16 (m, 1H), 5.07-4.98 (m, 1H), 2.40-2.35 (m, 2H), 


2.34-2.24 (m, 1H), 1.67 (dd, J1 = 7.0 Hz, J2 = 3.0 Hz, 3H), 1.60-1.40 (m, 2H), 


0.97-0.89 (m, 3H). 


(c) Synthesis of 3-ethylhepta-4,5-dienoic acid (1j)  
Me


COOHEt


Me


CNEt


(1) NaOH, EtOH/H2O
      80 oC, 11 h
(2) 5% HCl (aq.)


1j6j  
Following the procedure for the preparation of 1a, the reaction of 


3-ethylhepta-4,5-dienenitrile (0.9135 g, 6.8 mmol), ethanol (15 mL), and NaOH 


solution (4.0 g in 5.2 mL of H2O, 100 mmol) afforded 1j (0.7178 g, 69%, dr = 2.2/1, 


the dr value of 1j was determined by inverse gated decoupling 13C NMR analysis[3]): 


liquid, 1H NMR (400 MHz, CDCl3) δ 10.78 (bs, COOH, 1H), 5.18-5.08 (m, 1H), 


5.08-4.99 (m, 1H), 2.57-2.41 (m, 1H), 2.41-2.33 (m, 2H), 1.66-1.60 (m, 3H), 


1.53-1.34 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H); IR (neat) ν = 3030, 2964, 2926, 1964, 


1713, 1461, 1412, 1291, 1223, 1188 cm-1; MS (70 ev, EI) m/z (%) 154 (M+, 20.53), 


125 (M+-C2H5, 22.00), 112 (M+-C2H2O, 95.71)[2], 79 (100); Anal. Cacld for: C9H14O2 


(%) C, 70.10; H, 9.15; Found: C, 70.13; H, 9.16. 


(11) Preparation of 3-propylhepta-4,5-dienoic acid (1k) 


(a) Synthesis of 3-propylhepta-4,5-dienenitrile (6k)  
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OH


Me OH


Me


n-Pr


CN


Me


n-Pr


(1) n-BuC(OEt)3, EtCOOH(cat.),
     130 oC, 5.7 h


4d


(2) LiAlH4, THF, 0 - 4 oC, 5 h


5k


6k


(2) NaCN, DMSO, 15 oC, 2.5 d


(1) TsCl, pyridine, 0 - 4 oC, 18.3 h


 
Following the procedure for the preparation of 5a, the reaction of but-3-yn-2-ol (4d) 


(3.5 g, 0.05 mol), EtCOOH (1 mL, d = 0.99 g/mL, 0.99 g, 0.013 mol), and 


n-BuC(OEt)3 (30 mL, 0.14 mol) afforded ethyl 2-propylhexa-3,4-dienoate (8.1517 g, 


crude yield 89%). The product was used in the next step without further 


characterization. A solution of this ester (7.3006 g, 0.040 mol) in anhydrous THF (30 


mL) was treated with LiAlH4 (2.0026 g, 0.053 mol) in anhydrous THF (20 mL) to 


afford 5k (3.8356 g, crude yield 68%). The product was used in the next step without 


further characterization. Following the procedure for the preparation of 6a, the 


reaction of 5k (5.3111 g, 0.038 mol), p-TsCl (18 g, 0.095 mol), and anhydrous 


pyridine (30 mL) afforded the tosylate, which was used in the next step without 


further purification. The reaction of tosylate prepared above and NaCN (2.2840 g, 


0.047 mmol) in anhydrous DMSO (35 mL) afforded 6k (4.9366 g, the combined yield 


from 5k to 6k is 87%): liquid, 1H NMR (300 MHz, CDCl3) δ 5.28-5.16 (m, 1H), 


5.08-4.98 (m, 1H), 2.45-2.34 (m, 3H), 1.68 (dd, J1 = 7.2 Hz, J2 = 3.3 Hz, 3H), 


1.53-1.24 (m, 4H), 0.92 (t, J = 7.1 Hz, 3H). This compound was used in the next step 


without further characterization. 


(b) Synthesis of 3-propylhepta-4,5-dienoic acid (1k)  


Me


COOHn-Pr


Me


CNn-Pr


(1) NaOH, EtOH/H2O
      70 oC, 17.3 h
(2) 5% HCl (aq.)


1k6k  


Following the procedure for the preparation of 1a, the reaction of 


3-propylhepta-4,5-dienenitrile (1.0073 g, 6.8 mmol), ethanol (15 mL), and NaOH 


solution (4.0 g in 5.2 mL of H2O, 100 mmol) afforded 1k (0.6690 g, 59%, dr = 2.2/1, 
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the dr value of 1k was determined by inverse gated decoupling 13C NMR analysis[3]): 


liquid, 1H NMR (300 MHz, CDCl3) δ 10.06 (bs, COOH, 1H), 5.19-4.98 (m, 2H), 


2.62-2.47 (m, 1H), 2.43-2.32 (m, 2H), 1.66-1.58 (m, 3H), 1.46-1.26 (m, 4H), 


0.95-0.85 (m, 3H); IR (neat) ν = 3030, 2959, 2929, 2873, 1965, 1709, 1412, 1296, 


1236, 1184 cm-1; MS (70 ev, EI) m/z (%) 168 (M+, 2.99), 126 (M+-C2H2O, 100)[2]; 


HRMS Calcd for C10H16O2 (M+): 168.1145; Found: 168.1143. 


(12) Preparation of 3-methyldeca-4,5-dienoic acid (1l) 


(a) Synthesis of 2-methylnona-3,4-dien-1-ol (5l) 


OH


Bu-n OH


n-Bu


Me


(1) EtC(OEt)3, EtCOOH (cat.), 
     140 oC, 6.7 h


4c


(2) LiAlH4, THF, 0 - 4 oC, 3 h


5l  


Following the procedure for the preparation of 5a, the reaction of heptyn-3-ol (4c) 


(3.2 g, 0.03 mol), EtCOOH (1.5 mL, d = 0.99 g/mL, 1.49 g, 0.020 mol), and 


EtC(OEt)3 (15.8 g, 0.09 mol) afforded ethyl 2-methylnona-3,4-dienoate (6.3281 g). 


The product was used in the next step without further characterization. A solution of 


this ester (6.3281 g, 0.032 mol) in anhydrous THF (10 mL) was treated with LiAlH4 


(1.3457 g, 0.035 mol) in anhydrous THF (30 mL) to afford 5l (3.7854 g, the combined 


yield from 4c to 5l is 87%): liquid, 1H NMR (400 MHz, CDCl3) δ 5.21-5.13 (m, 1H), 


5.08-5.02 (m, 1H), 3.55-3.44 (m, 2H), 2.39-2.30 (m, 1H), 2.03-1.95 (m, 2H), 1.73 (s, 


1H), 1.43-1.29 (m, 4H), 1.01 (d, J = 6.8 Hz, 3H), 0.89 (t, J = 7.0 Hz, 3H). This 


compound was used in the next step without further characterization. 


(b) Synthesis of 3-methyldeca-4,5-dienenitrile (6l) 


OH
5l


CN
6l


(2) NaCN, DMSO, 29 oC, 2 d


(1) TsCl, pyridine, 0 - 4 oC, 4 h
n-Bu n-Bu


Me Me


 


Following the procedure for the preparation of 6a, the reaction of 5l (3.7854 g, 


0.025 mol), p-TsCl (14.1 g, 0.074 mol), and anhydrous pyridine (30 mL) afforded the 


tosylate, which was used in the next step without further purification. The reaction of 


tosylate prepared above and NaCN (1.1969 g, 0.025 mmol) in anhydrous DMSO (30 
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mL) afforded 6l (3.4896 g, the combined yield from 5l to 6l is 86%): liquid, 1H NMR 


(400 MHz, CDCl3) δ 5.35-5.22 (m, 1H), 5.20-5.09 (m, 1H), 2.62-2.48 (m, 1H), 


2.46-2.26 (m, 2H), 2.10-2.95 (m, 2H), 1.48-1.28 (m, 4H), 1.29-1.32 (m, 3H), 0.90 (t, J 


= 6.8 Hz, 3H). This compound was used in the next step without further 


characterization. 


(c) Synthesis of 3-methyldeca-4,5-dienoic acid (1l)  


n-Bu


COOHMe


n-Bu


CNMe


(1) NaOH, EtOH/H2O
      80 oC, 12 h
(2) 5% HCl (aq.)


1l6l  


Following the procedure for the preparation of 1a, the reaction of 


3-methyldeca-4,5-dienenitrile (0.9977 g, 6.1 mmol), ethanol (15 mL), and NaOH 


solution (4 g in 5.2 mL of H2O, 100 mmol) afforded 1l (0.7856 g, 71%, dr = 3.1/1, dr 


value of 1l was determined by inverse gated decoupling 13C NMR analysis[3]): liquid, 
1H NMR (400 MHz, CDCl3) δ 10.24 (bs, COOH, 1H), 5.23-5.09 (m, 2H), 2.73-2.58 


(m, 1H), 2.52-2.37 (m, 1H), 2.36-2.21 (m, 1H), 2.03-1.91 (m, 2H), 1.43-1.27 (m, 4H), 


1.01-1.06 (m, 3H), 0.89 (t, J = 7.0 Hz, 3H); IR (neat) ν = 3082, 3032, 2961, 2929, 


1962, 1711, 1458, 1410, 1293, 1230, 1198, cm-1; MS (70 ev, EI) m/z (%) 182 (M+, 


2.24), 140 (M+-C2H2O, 100)[2]; Anal. Cacld for: C11H18O2 (%) C, 72.49; H, 9.95; 


Found: C, 72.45; H, 10.09. 


(13) Preparation of 3-propyldodeca-4,5-dienoic acid (1m) 


OH


Hex-n


CN


n-Hex


n-Pr


OH


n-Hex


n-Pr


n-Hex


COOHn-Pr


(1) n-BuC(OEt)3, EtCOOH (cat.), 
     140 oC, 3 h


4a
(2) LiAlH4, THF,  0 - 4 oC, 2.3 h


6m


(1) TsCl, pyridine,
      0 - 4 oC, 4.7 h


5m


(1) NaOH, EtOH/H2O
      80 oC, 12.5 h
(2) 5% HCl (aq.)


1m


(2) NaCN, DMSO, 
      30 oC, 1.5 d


 


Following the procedure for the preparation of 5a, the reaction of nonyn-3-ol (4a) 


(2.8002 g, 0.02 mol), EtCOOH (1 mL, d = 0.99 g/mL, 0.99 g, 0.013 mol), and 
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n-BuC(OEt)3 (12.5 g, 0.06 mol) afforded ethyl 2-propylundeca-3,4-dienoate (7.7166 


g). The product was used in the next step without further characterization. A solution 


of this ester (7.7166 g, 0.037 mol) in anhydrous THF (10 mL) was treated with 


LiAlH4 (1.4006 g, 0.037 mol) in anhydrous THF (40 mL) to afford 5m (3.3020 g, 


crude yield 79%). The product was used in the next step without further 


characterization. Following the procedure for the preparation of 6a, the reaction of 5m 


(2.1345 g, 0.010 mol), p-TsCl (5.81 g, 0.03 mol), and anhydrous pyridine (30 mL) 


afforded the tosylate, which was used in the next step without further purification. 


The reaction of tosylate prepared above and NaCN (0.6168 g, 0.013 mmol) in 


anhydrous DMSO (20 mL) afforded 6m (1.6696 g, crude yield 75%). The product 


was used in the next step without further characterization. Following the procedure for 


the preparation of 1a, the reaction of 3-propyldodeca-4,5-dienenitrile (0.5315 g, 2.4 


mmol), ethanol (8 mL) and NaOH solution (2.0 g in 2.5 mL of H2O, 100 mmol) 


afforded 1m (0.4998 g, 87%, dr = 2.7/1, dr value of 1m was determined by inverse 


gated decoupling 13C NMR analysis[3]): liquid, 1H NMR (300 MHz, CDCl3) δ 10.06 


(bs, COOH, 1H), 5.19-5.01 (m, 2H), 2.61-2.46 (m, 1H), 2.38 (d, J = 7.2 Hz, 2H), 


2.04-1.86 (m, 2H), 1.49-1.18 (m, 12H), 0.98-0.80 (m, 6H); IR (neat) ν = 3028, 2958, 


2928, 2857, 1962, 1710, 1466, 1409, 1379, 1294, 1184 cm-1; MS (70 ev, EI) m/z (%) 


238 (M+, 3.17), 196 (M+-C2H2O, 16.34)[2], 79 (100); Anal. Cacld for C15H26O2 (%) C, 


75.58; H, 10.99; Found: C, 75.46; H, 10.94.  


Procedures for the preparation of optically active γ-allenoic acids[2] ((R)-(–)-1a,  


(R) -(–)-1b, (S)-(+)-1l, (S)-(+)-1m and (Ra, R)-(–)-1l)  


(1) Preparation of optically active γ-allenoic acid[4] ((R)-(–)-1a) 


(a) Synthesis of (R)-(–)-dodeca-4,5-dienenitrile ((R)-(–)-6a) 
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H


OH


Hex-n


n-Hex


OH


n-Hex


CN


(1) MeC(OEt)3, EtCOOH (cat.), 
     140 oC, 4.3 h


(2) LiAlH4, THF, 0 - 4 oC, 3 h
(R)-(+)-4a (R)-(−)-5a


(1) TsCl, pyridine, 0 - 4 oC, 2.5 h


(R)-(−)-6a


(2) NaCN, DMSO, 25 oC, 1 d


 


Following the procedure for the preparation of 5a, the reaction of 


(R)-(+)-nonyn-3-ol ((R)-(+)-4a) (4.0693 g, 29 mmol, 99% ee, [α]20
D = +4.6 (c = 1.92, 


CHCl3)), EtCOOH (1.5 mL, d = 0.99 g/mL, 1.49 g, 0.020 mol), and MeC(OEt)3 (14.3 


g, 86 mmol) afforded ethyl (R)-(–)-undeca-3,4-dienoate (4.1724 g). The product was 


used in the next step without further characterization. A solution of this ester (4.1724 


g, 19.9 mmol) in THF (30 mL) was treated with LiAlH4 (0.7990 g, 21 mmol) in 


anhydrous THF (30 mL) to afford (R)-(–)-5a (2.4345 g, the crude combined yield 


from (R)-(+)-4a to (R)-(–)-5a is 50%). The product was used in the next step without 


further characterization. Following the procedure for the preparation of 6a, the 


reaction of (R)-(–)-5a (1.6055 g, 10 mmol), p-TsCl (5.7 g, 30 mmol), and dry pyridine 


(20 mL) afforded the tosylate, which was used in the next step without further 


purification. The reaction of tosylate prepared above and NaCN (0.5584 g, 11.4 mmol) 


in anhydrous DMSO (20 mL) afforded (R)-(–)-6a (1.3584 g, the combined yield from 


(R)-(–)-5a to (R)-(–)-6a is 66%): liquid, 1H NMR (300 MHz, CDCl3) δ 5.32-5.20 (m, 


1H), 5.20-5.08 (m, 1H), 2.42 (t, J = 6.8 Hz, 2H), 2.35-2.24 (m, 2H), 2.06-1.95 (m, 


2H), 1.47-1.16 (m, 8H), 0.87 (t, J = 6.3 Hz, 3H). [α]20
D = -69.2 (c = 0.99, CHCl3) This 


compound was used in the next step without further characterization. 


(b) Synthesis of (R)-(–)-dodeca-4,5-dienoic acid ((R)-(–)-1a) 


n-Hex


CN


(R)-(−)-6a


(1) NaOH, EtOH/H2O
(2) 5% HCl (aq.)


   80 oC, 5 h


n-Hex


COOH


(R)-(−)-1a  


Following the procedure for the preparation of 1a, the reaction of (R)-(–)-6a 
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(0.7106 g, 4.0 mmol), ethanol (10 mL), and NaOH solution (3.0 g in 4 mL of H2O, 75 


mmol) afforded (R)-(–)-1a (0.5703 g, 72%): liquid, 1H NMR (300 MHz, CDCl3) δ 


10.45 (bs, COOH, 1H), 5.21-5.08 (m, 2H), 2.53-2.41 (m, 2H), 2.38-2.22 (m, 2H), 


2.01-1.87 (m, 2H), 1.44-1.16 (m, 8H), 0.88 (t, J = 6.8 Hz, 3H). [α]20
D = -71.4 (c = 


1.06, CHCl3).  


(2) Preparation of optically active γ-allenoic acid ((R)-(–)-1b) 


(a) Synthesis of (R)-(+)-deca-3,4-dien-1-ol ((R)-(–)-5b) 


OH


Pent-n


  (1) MeC(OEt)3, EtCOOH (cat.),
     150 oC, 3.5 h


(R)-(+)-4b


n-Pent


OH
(R)-(−)-5b


(2) LiAlH4, THF,  0 - 4 oC, 2 hH


 


Following the procedure for the preparation of 5a, the reaction of (R)-(+)-octyn-3-ol 


((R)-(+)-4b) (3.9319 g, 0.031 mol, 97% ee, [α]20
D = +6.6 (c = 1.25, CHCl3)), 


EtCOOH (0.7 mL, 0.99 g/mL, 0.69 g, 0.009 mol), and MeC(OEt)3 (17 mL, d = 0.876 


g/mL, 14.89 g, 90 mmol) afforded ethyl (R)-(–)-deca-3,4-dienoate (6.0548 g). The 


product was then used in the next step without further purification. A solution of this 


ester (6.0548 g, 30 mmol) in THF (30 mL) was treated with LiAlH4 (1.4119 g, 36 


mmol) in dry THF (30 mL) to afford (R)-(–)-5b (3.6950 g, the combined yield from 


(R)-(–)-4b to (R)-(–)-5b is 78%): liquid, 1H NMR (400 MHz, CDCl3) δ 5.21-5.04 (m, 


2H), 3.77-3.64 (m, 2H), 2.31-2.18 (m, 2H), 2.06-1.94 (m, 2H), 1.63 (br, 1H), 


1.45-1.24 (m, 6H), 0.88 (t, J = 7.2 Hz, 3H). [α]20
D = -67.4 (c = 1.13, CHCl3). This 


compound was used in the next step without further characterization. 


(b) Synthesis of (R)-(–)-undeca-4,5-dienenitrile ((R)-(–)-6b) 


n-Pent


OH


(1) TsCl, pyridine, 0 - 4 oC, 5.2 h


(2) NaCN, DMSO, 30 oC, 2 d


(R)-(−)-5b


n-Pent


CN


(R)-(−)-6b  


Following the procedure for the preparation of 6a, the reaction of (R)-(–)-5b (3.2 g, 


20 mmol), p-TsCl (11.9 g, 60 mmol), and dry pyridine (30 mL) afforded the tosylate, 


which was then used in the next step without further purification. The reaction of 


tosylate prepared above and NaCN (1.0988 g, 21.6 mmol) in anhydrous DMSO (40 
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mL) afforded (R)-(–)-6b (1.2539 g, the combined yield from (R)-(–)-5b to (R)-(–)-6b 


is 37%): liquid, 1H NMR (400 MHz, CDCl3) δ 5.31-5.21 (m, 1H), 5.21-5.11 (m, 1H), 


2.43 (t, J = 6.8 Hz, 2H), 2.36-2.28 (m, 2H), 2.02 (qd, J1 = 7.2 Hz, J2 = 2.8 Hz, 2H), 


1.47-1.36 (m, 2H), 1.35-1.23 (m, 4H), 0.89 (t, J = 6.6 Hz, 3H). [α]20
D = -76.8 (c = 


1.74, CHCl3). This compound was used in the next step without further 


characterization. 


(c) Synthesis of (R)-(–)-undeca-4,5-dienoic acid ((R)-(–)-1b)  


n-Pent


CN


n-Pent


COOH


(R)-(−)-1b(R)-(−)-6b


(1) NaOH, EtOH/H2O
      80 oC, 10.5 h
(2) 5% HCl (aq.)


 


The reaction of (R)-(–)-6b (1.0121 g, 6.2 mmol), ethanol (15 mL), and NaOH 


solution (4.0 g in 5.3 mL of H2O, 100 mmol) afforded (R)-(–)-1b (1.1434 g, 100%): 


liquid, 1H NMR (300 MHz, CDCl3) δ 10.61 (bs, COOH, 1H), 5.20-5.11 (m, 2H), 


2.54-2.42 (m, 2H), 2.35-2.24 (m, 2H), 2.01-1.92 (m, 2H), 1.44-1.34 (m, 2H), 


1.34-1.20 (m, 4H), 0.88 (t, J = 6.8 Hz, 3H). [α]20
D = -76.7 (c = 1.05, CHCl3). 


(3) Preparation of (S)-3-methyldeca-4,5-dienoic acid ((S)-(+)-1l)  


(a) Synthesis of (3R, 4R)-(–)-3-methyl-4-(trimethylsilyl)ethynyloxetan-2-one ((3R, 


4R)-(–)-8a)[5]  


TMS
O


H


TMS
O


O
TMS-Qn, MgCl2, 
i-Pr2NEt, EtCOCl


-80 oC, 17.5 h


(3R, 4R)-(−)-8a7
 


N


H3CO


TMSO
H


N


HH2C


TMS-Qn  
To a suspension of MgCl2 (0.7614 g, 8 mmol) in 12 mL of anhydrous diethyl ether 


was added a solution of N,N-diisopropylethylamine (2.49 g, 20 mmol) and 


O-trimethylsilylquinine (0.3402 g, 0.8 mmol) in 25 mL of anhydrous CH2Cl2. Then a 







S24 


solution of 7[6] (1.0107 g, 8 mmol) in 5 mL of anhydrous CH2Cl2 was added at -80 °C. 


After being stirred at -80 oC for 40 min, a solution of propionyl chloride (1.5348 g, 17 


mmol) in 5 mL of anhydrous CH2Cl2 was then added over 3 h by a syringe pump at 


this temperature. The reaction mixture was stirred for 14.5 h at −80 °C and then 


quenched by adding a saturated aqueous NH4Cl solution (25 mL). The resulting 


mixture was extracted with diethyl ether (200 mL × 3) and the combined organic 


extracts were washed successively with H2O and brine, dried over Na2SO4, filtrated, 


and concentrated. The residue was purified by flash chromatography on silica gel 


(petroleum ether (30-60 oC): ethyl ether = 10: 1) to afford (3R, 4R)-(–)-8a as a 


colorless oil (1.0794 g, 73%): liquid, 1H NMR (400 MHz, CDCl3) δ 5.12 (d, J = 6.4 


Hz, 1H), 3.92-3.81 (m, 1H), 1.42 (d, J = 7.6 Hz, 3H), 0.21 (s, 9H). [α]20
D = -12.9 (c = 


1.26, CHCl3). 


(b) Synthesis of (Ra, R)-(–)-2-methyl-5-(trimethylsilyl)nona-3,4-dienoic acid ((Ra, 


R)-9a)  
n-C4H9MgBr, 
CuCN, LiBr, THF


Bu-n


TMS
HO


O
TMS


O
O


(Ra, R)-(+)-9a(3R, 4R)-(−)-8a


-78 oC, 40 min


 
1,2-Dibromoethane (60 μL, 0.7 mmol) was added to a mixture of magnesium 


turnings (0.8477 g, 35 mmol) in anhydrous THF (10 mL) under nitrogen. Upon the 


initiation of the Grignard reaction, a solution of n-BuBr (2.057 g, 15 mmol) in THF 


(25 mL) was then added dropwise over 15 min at rt. After being stirred for 30 min, 


the resulting Grignard reagent solution (14 mL, 6.02 mmol) was added dropwise to a 


mixture of (3R, 4R)-(–)-8a (365.2 mg, 2.0 mmol), CuCN (18.8 mg, 0.2 mmol), and 


anhydrous lithium bromide (40.5 mg, 0.46 mmol) in 20 mL of anhydrous THF at –78 
oC within 20 min. After being stirred at –78 °C for additional 20 min, the reaction was 


quenched with a saturated aqueous NH4Cl solution (50 mL). The resulting mixture 


was extracted with ethyl acetate (200 mL × 2) and the combined organic extracts were 


successively washed with H2O and brine, dried over Na2SO4, filtrated, and 


concentrated. The residue was purified by flash chromatography on silica gel 
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(petroleum ether/ethyl acetate = 40/1 to 5/1) to afford (Ra, R)-(+)-9a as a colorless oil 


(397.6 mg, 83%): liquid, 1H NMR (300 MHz, CDCl3) δ 11.30 (bs, 1H), 5.13-4.90 (m, 


1H), 3.20-2.97 (m, 1H), 1.96 (td, J1 = 7.4 Hz, J2 = 3.0 Hz, 2H), 1.46-1.27 (m, 4H), 


1.24 (d, J = 6.9 Hz, 3H), 0.89 (t, J = 7.1 Hz, 3H), 0.08 (s, 9H). [α]20
D = +22.3 (c = 


1.53, CHCl3). This compound was used in the next step without further 


characterization. 


(c) Synthesis of (Ra, R)-(–)-2-methyl-5-(trimethylsilyl)nona-3,4-dien-1-ol ((Ra, 


R)-(–)-10a) 


Bu-n


TMS
HO


O


(Ra, R)-(+)-9a


(1) MeI, K2CO3, DMF, 10 oC, 1.8 h
Bu-n


TMS
HO


(Ra, R)-(−)-10a


(2) LiAlH4, THF, 0 - 4 oC, 40 min


 


To a solution of (Ra, R)-(+)-9a (1.0191 g, 4.2 mmol) in DMF (10 mL) were added 


K2CO3 (1.1472 g, 8.3 mmol) and MeI (0.42 mL, 6.8 mmol) sequentially. The 


resulting mixture was then stirred for 105 min at 10 oC. After being stirred at this 


temperature, the resulting mixture was quenched with 5 mL of H2O and extracted 


with ethyl ether (50 mL × 3). The combined organic layer was washed with H2O, 


brine, dried over Na2SO4, and filtrated. After evaporation of the solvent, 


chromatography on silica gel afforded (Ra, R)-methyl 


2-methyl-5-(trimethylsilyl)nona-3,4-dienoate (0.9813 g, crude yield 91%). It was used 


in the next step without further purification. Following the procedure for the 


preparation of (R)-5a, a solution of ester (0.9484 g, 3.7 mmol) in anhydrous THF (15 


mL) was added to a suspension of LiAlH4 (0.1819 g, 4.8 mmol) in anhydrous THF 


(20 mL) to afford (Ra, R)-(–)-10a (0.7875 g, 93%): liquid, 1H NMR (300 MHz, CDCl3) 


δ 4.68 (dt, J1 = 6.6 Hz, J2 = 3.2 Hz, 1H), 3.55-3.37 (m, 2H), 2.40-2.24 (m, 1H), 


1.99-1.90 (m, 2H), 1.57 (br, 1H), 1.48-1.24 (m, 4H), 1.00 (d, J = 6.9 Hz, 3H), 0.90 (t, 


J = 7.1 Hz, 3H), 0.08 (s, 9H). [α]20
D = -0.6 (c = 0.81, CHCl3). This compound was 


used in the next step without further characterization. 


(d) Synthesis of (S)-(–)-3-methyldeca-4,5-dienenitrile ((S)-(–)-11a) 
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Bu-n


TMS
HO


(Ra, R)-(−)-10a


Bu-n


NC


(S)-(−)-11a


(3) TBAF, THF, 30 oC, 40 min


(1) TsCl, pyridine, 0 - 4 oC, 2.5 h
(2) NaCN, DMSO, 30 oC, 21.5 h


 


Following the procedure for the preparation of (R)-6b, a mixture of (Ra, R)-(–)-10a 


(0.7625 g, 3.4 mmol) and anhydrous pyridine (15 mL) was treated with p-TsCl (in 


two portions: 1.9899 g + 0.9936 g, 15.7 mmol) to afford the tosylate, which was used 


in the next step without further purification. The reaction of the tosylate prepared 


above and NaCN (0.1701 g, 3.9 mmol) in anhydrous DMSO (10 mL) afforded (Ra, 


S)-3-methyl-6-trimethylsilyldeca-4,5-dienenitrile, which was used in the next step 


without further purification. To a solution of this nitrile in 10 mL of anhydrous 


tetrahydrofuran was added a solution of tetrabutylammonium fluoride in THF (3.0 mL, 


1 M). The mixture was stirred at 30 oC for 40 min, diluted with ether, and washed 


with a saturated aqueous solution of ammonium chloride. The organic layer was dried 


over Na2SO4, filtrated, and concentrated. The residue was purified by flash 


chromatography on silica gel to afford (S)-(–)-11a[7] (195.1 mg, the combined yield 


from (Ra, R)-10a to (S)-(–)-11a is 35%): liquid, 1H NMR (400 MHz, CDCl3) δ 


5.32-5.23 (m, 1H), 5.17-5.10 (m, 1H), 2.60-2.49 (m, 1H), 2.41 (dd, J1 = 16.5 Hz, J2 = 


6.2 Hz, 1H), 2.32 (dd, J1 = 16.5 Hz, J2 = 6.8 Hz, 1H), 2.07-1.98 (m, 2H), 1.44-1.29 (m, 


4H), 1.20-1.15 (m, 3H), 0.90 (t, J = 7.2 Hz, 3H). [α]20
D = -9.1 (c = 0.51, CHCl3). This 


compound was used in the next step without further characterization. 


(e) Synthesis of (S)-(+)-3-methyldeca-4,5-dienoic acid ((S)-(+)-1l)  


Bu-n


NC


Bu-n


HOOC


(1) NaOH, EtOH/H2O
      80 oC, 13 h
(2) 5% HCl (aq.)


(S)-(−)-11a (S)-(+)-1l  


Following the procedure of 6a, the reaction of (S)-(–)-11a (0.1951 g, 1.2 mmol), 


ethanol (8 mL), and NaOH solution (2.0 g in 2.6 mL of H2O, 50 mmol) afforded 


(S)-(+)-1l (0.1688 g, 77%): liquid, 1H NMR (300 MHz, CDCl3) δ 9.94 (bs, COOH, 


1H), 5.23-5.09 (m, 2H), 2.73-2.60 (m, 1H), 2.55-2.39 (m, 1H), 2.37-2.21 (m, 1H), 


2.05-1.90 (m, 2H), 1.46-1.24 (m, 4H), 1.08 (d, J1 = 6.3 Hz, 3H), 0.89 (t, J = 6.9 Hz, 
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3H). [α]20
D = +19.0 (c = 0.93, CHCl3). 


The dr value of (S)-1l was determined after its conversion to the corresponding 


benzyl ester. 


(f) Synthesis of benzyl (S)-(+)-3-methyldeca-4,5-dienoate ((S)-(+)-13a)  


n-C4H9


COOHMe


(S)-1l


n-C4H9


COOBnMe


DCC, DMAP, CH2Cl2


0 - 30 oC, 10 h+   BnOH


(S)-13a  


Following the procedure for the benzylation of (Ra, R)-1l, the reaction of (S)-1l 


(9.8 mg, 0.05 mmol), BnOH (17.8 mg, 0.16 mmol), DMAP (5.1 mg, 0.04 mmol), and 


DCC (14.4 mg, 0.07 mmol) in 1 mL of CH2Cl2 afforded (S)-(+)-13a (12.0 mg, 82%), 


dr = 1.2/1, the dr value was determined by HPLC. (Conditions: Chiralcel AS-H 


column; rate, 0.5 mL/min; eluent, hexane/i-PrOH = 100/0; λ = 214 nm, tR 27.1 


(minor), 32.4 (major)). 1H NMR (300 MHz, CDCl3) δ 7.42-7.29 (m, 5H), 5.20-5.06 


(m, 4H), 2.76-2.63 (m, 1H), 2.50-2.40 (m, 1H), 2.36-2.24 (m, 1H), 2.01-1.89 (m, 2H), 


1.41-1.27 (m, 4H), 1.05 (d, J = 6.9 Hz, 3H), 0.93-0.84 (m, 3H); IR (neat) ν = 1961, 


1738, 1499, 1455, 1378, 1159 cm-1; MS (70 ev, EI) m/z (%) 272 (M+, 0.57), 69 (100); 


HRMS Calcd for C18H24O2Na (M++Na): 295.1669, Found: 295.1666. [α]20
D = +12.1 


(c = 0.475, CHCl3). 


(4) Preparation of (S)-(+)-3-propyldodeca-4,5-dienoic acid ((S)-(+)-1m) 


(a) Synthesis of (3R, 4R)-(–)-3-propyl-4-(trimethylsilyl)ethynyloxetan-2-one ((3R, 


4R)-8b)  


TMS
O


H


TMS
O


O


Pr-n


TMS-Qn, MgCl2, 
i-Pr2NEt, n-BuCOCl


-78 oC, 18.3 h


(3R, 4R)-(−)-8b7  


Following the procedure for the preparation of (3R, 4R)-(–)-8a, the reaction of 


MgCl2 (0.9809 g, 10 mmol), anhydrous diethyl ether (25 mL), 


N,N-diisopropylethylamine (3.1125 g, 25 mmol), O-trimethylsilylquinine (0.4631 g, 1 


mmol), 40 mL of anhydrous CH2Cl2, 7[5] (1.3110 g, 10 mmol) in anhydrous CH2Cl2 (5 
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mL), and pentanoyl chloride (2.1073 g, 18 mmol) in anhydrous CH2Cl2 (5 mL) 


afforded (3R,4R)-(–)-8b (1.2938 g, 58%): liquid, 1H NMR (400 MHz, CDCl3) δ 5.09 


(d, J = 6.0 Hz, 1H), 3.79-3.69 (m, 1H), 1.93-1.81 (m, 2H), 1.55-1.40 (m, 2H), 0.96 (t, 


J = 7.2 Hz, 3H), 0.21 (s, 9H). [α]20
D = -42.5 (c = 1.41, CHCl3). This compound was 


used in the next step without further characterization. 


(b) Synthesis of (Ra, R)-(–)-2-propyl-5-(trimethylsilyl)undeca-3,4-dienoic acid 


((Ra, R)-(–)-9b)  


n-C4H9MgBr, 
CuCN, LiBr, THF


Hex-n


TMS
HO


O


Pr-n


TMS
O


O


Pr-n
-70 oC, 50 min


(Ra, R)-(−)-9b(3R, 4R)-(−)-8b  


Following the procedure for the preparation of (Ra, R)-(+)-9a, the reaction of a 


solution of C6H13MgBr in anhydrous THF (35 mL, 0.54 M, 19 mmol), (3R, 


4S)-(–)-8b (1.26 g, 6.0 mmol), CuCN (52.9 mg, 0.6 mmol), and anhydrous lithium 


bromide (0.1193 mg, 1.4 mmol) in THF (60 mL) afforded (Ra, R)-(–)-9b (1.3238 g, 


75%): liquid, 1H NMR (400 MHz, CDCl3) δ 11.33 (bs, 1H), 4.96-4.83 (m, 1H), 


3.05-2.80 (m, 1H), 2.05-1.87 (m, 2H), 1.78-1.62 (m, 1H), 1.60-1.48 (m, 1H), 


1.46-1.21 (m, 10H), 0.98-0.79 (m, 6H), 0.08 (s, 9H). [α]20
D = -39.7 (c = 0.61, CHCl3). 


This compound was used in the next step without further characterization. 


(c) Synthesis of (Ra, R)-(–)-2-propyl-5-(trimethylsilyl)undeca-3,4-dien-1-ol ((Ra, 


R)-10b) 


HO Pr-n


n-Hex


TMS
O LiAlH4, ether


Pr-n


n-Hex


TMS
HO


0 - 4 oC, 1.6 h


(Ra, R)-(−)-10b(Ra, R)-(−)-9b  


Following the procedure for the preparation of (R)-5a, the reaction of LiAlH4 


(0.2059 g, 5.4 mmol) and (Ra, R)-9b (1.2627 g, 4.3 mmol) in anhydrous diethyl ether 


(40 mL) afforded (Ra, R)-10b (0.8388 g, 70%): liquid, 1H NMR (400 MHz, CDCl3) δ 


4.68-4.60 (m, 1H), 3.59-3.50 (m, 1H), 3.45-3.36 (m, 1H), 2.24-2.13 (m, 1H), 


1.98-1.91 (m, 2H), 1.60 (s, 1H), 1.49-1.36 (m, 4H), 1.36-1.20 (m, 8H), 0.95-0.83 (m, 


6H), 0.09 (s, 9H). [α]20
D = -21.4 (c = 1.35, CHCl3). This compound was used in the 
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next step without further characterization. 


(d) Synthesis of (S)-(–)-3-propyldodeca-4,5-dienoic acid ((S)-(+)-1m)  


Hex-n


HOOC Pr-n


Hex-n


TMS
HO n-Pr


Hex-n


NC n-Pr


(1) NaOH, EtOH/H2O, 80 oC, 11 h
(2) 5% HCl (aq.)


(S)-(+)-1m


(Ra, R)-(−)-10b


(1) TsCl, pyridine, 0 - 4 oC, 6.5 h


(S)-11b
(2) NaCN, DMSO, 18 oC, 29.6 h
(3) TBAF, THF, 30 oC, 35 min


 
Following the procedure for the preparation of (S)-(–)-11a, the reaction of (Ra, R)- 


(–)-10b (0.8022g, 2.8 mmol) in anhydrous pyridine (20 mL) with p-TsCl (1.6518 g, 


8.6 mmol) afforded the tosylate, which was used in the next step without further 


purification. A mixture of the tosylate prepared above and NaCN (0.1512 g, 3 mmol) 


in dry DMSO (30 mL) was stirred for 29.6 h, quenched with 30 mL of H2O, extracted 


by diethyl ether (30 mL × 3), washed with water, brine, dried over Na2SO4, filtrated, 


and concentrated in vacuum to afford the nitrile, which was used without further 


purification. The reaction of the nitrile prepared above and a solution of 


tetrabutylammonium fluoride in THF (2.5 mL, 1M) in 10 mL of anhydrous 


tetrahydrofuran afforded (S)-11b (0.4053 g). The product was used in the next step 


without further purification. Following the procedure for the preparation of 1a, the 


reaction of (S)-11b (0.4053 g, 1.9 mmol), ethanol (8 mL), and NaOH solution (2.0 g 


in 2.5 mL of H2O, 50 mmol) afforded (S)-(+)-1m (0.1134 g, the combined yield from 


(Ra, R)-(–)-10b to (S)-(+)-1m is 17%): liquid, 1H NMR (300 MHz, CDCl3) δ 11.04 (bs, 


COOH, 1H), 5.19-5.11 (m, 1H), 5.11-5.03 (m, 1H), 2.61-2.48 (m, 1H), 2.41-2.36 (m, 


2H), 2.03-1.89 (m, 2H), 1.46-1.16 (m, 12H), 0.96-0.80 (m, 6H); [α]20
D = +1.7 (c = 


0.98, CHCl3). The dr value of (S)-(+)-1m was determined after its conversion to the 


corresponding methyl ester. 


(e) Synthesis of methyl (S)-3-propyldodeca-4,5-dienoate ((S)-(–)-13m) 
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n-C6H13


COOHn-Pr


(S)-(+)-1m


n-C6H13


COOCH3n-Pr


MeI, K2CO3, DMF


30 oC, 6.3 h


(S)-(−)-13m  


To a solution of (S)-3-propyldodeca-4,5-dienoic acid ((S)-(+)-1m) (14.1 mg, 0.06 


mmol) in 1 mL of DMF was added K2CO3 (17.1 mg, 0.12 mmol) and MeI (13.5 mg, 


0.09 mmol) sequentially. The resulting mixture was then stirred at 30 oC for 6.3 h as 


monitored by TLC, quenched with 10 mL of H2O, extracted by ether, washed with 


water and brine, and dried over anhydrous Na2SO4. After filtration and evaporation, 


the crude product was purified by flash column chromatography on silica gel afforded 


(S)-(–)-13m (14.9 mg, 100%), the dr value was determined by GC to be 1.7/1 (GC 


condition: Column: HP-INNOWAX; carrier: N2, 10.0 psi; injector: 250 oC; Detector: 


250 oC; Oven temperature: 50 oC (2 min), 5 oC/min to 180 oC (10 min); tR 31.4 (major), 


31.6 (minor)). 1H NMR (300 MHz, CDCl3) δ = 5.18-5.08 (m, 1H), 5.08-4.99 (m, 1H), 


3.66 (s, 3H), 2.60-2.45 (m, 1H), 2.37-2.30 (m, 2H), 2.02-1.89 (m, 2H), 1.44-1.19 (m, 


12H), 0.94-1.83 (m, 6H); IR (neat) ν = 1962, 1743, 1458, 1436, 1361, 1259, 1164 


cm-1; MS (70 ev, EI) m/z (%) 252 (M+, 35.9), 79 (100); HRMS Calcd for C16H28O2Na 


(M++Na): 275.1982, Found: 275.1981. [α]20
D = -3.6 (c = 0.69, CHCl3). 


(5) Preparation of (R)-3-methyldeca-4,5-dienoic acid ((R)-(–)-1l) 


TMS


C4H9-n
HO


H


O
TMS


NC


C4H9-n C4H9-n


HOOC


TMS


C4H9-n
O


HO


OTMS
O


a) TMS-Quinidine, MgCl2,
    i-Pr2NEt, EtCOCl


b) n-C4H9MgBr, CuCN, 
    LiBr, THF, -78 oC


c)  LiAlH4/THF


d) TsCl, pyridine


e) NaCN, DMSO
f) TBAF, THF
three steps 
yield: 48%


g) NaOH, EtOH/H2O


 
 (R)-(−)-1l


7  (3S, 4S)-(+)-8a


      (Sa, S)-(−)-9a (Sa, S)-(−)-10a


(R)-(+)-11a


67%


62% 68%


77%
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(a) Synthesis of (3S, 4S)-(+)-3-methyl-4-(trimethylsilyl)ethynyloxetan-2-one ((3S, 


4S)-(+)-8a)[4] 


TMS
O


H


TMS
O


O
TMS-Quinidine, MgCl2, 
i-Pr2NEt, EtCOCl


-80 oC, 17 h


(3S, 4S)-(+)-8a7  
Following the procedure for the preparation of (3R, 4R)-(–)-8a, the reaction of 


MgCl2 (2.0533 g, 22 mmol), anhydrous diethyl ether (20 mL), 


N,N-diisopropylethylamine (7.0148 g, 55 mmol), O-trimethylsilylquinidine (0.9285 g, 


2.2 mmol), 60 mL of anhydrous CH2Cl2, 7[5] (2.7909 g, 22 mmol) in anhydrous 


CH2Cl2 (5 mL), and propionyl chloride (4.1710 g, 44 mmol) in anhydrous CH2Cl2 (5 


mL) afforded (3S, 4S)-(+)-8a (2.7548 g, 67%): liquid, the 1H NMR date are the same 


as those for (3R, 4R)-(–)-8a. [α]20
D = +14.0 (c = 3.07, CHCl3). 


(b) Synthesis of (Sa, S)-(–)-2-methyl-5-(trimethylsilyl)nona-3,4-dienoic acid ((Sa, 


S)-(–)-9a) 
n-C4H9MgBr, 
CuCN, LiBr, THF


TMS


Bu-n
HO


O
TMS


O
O


(Sa, S)-(−)-9a(3S, 4S)-(+)-8a


-78 oC, 55 min


 
Following the procedure for the preparation of (Ra, R)-(+)-9a, the reaction of a 


solution of C4H9MgBr in anhydrous THF (42 mL, 1 M, 42 mmol), (3S, 4S)-(+)-8b 


(2.5391 g, 14 mmol), CuCN (127.9 mg, 0.14 mmol), and anhydrous lithium bromide 


(0.2785 mg, 3.16 mmol) in THF (80 mL) afforded (Sa, S)-(–)-9a (2.0637 g, 62 %): 


liquid, the 1H NMR date are the same as those for (Ra, R)-(+)-9a. [α]20
D = -29.9 (c = 


1.14, CHCl3). This compound was used in the next step without further 


characterization. 


(c) Synthesis of (Sa, S)-(+)-2-methyl-5-(trimethylsilyl)nona-3,4-dien-1-ol ((Sa, 


S)-(+)-10a) 







S32 


TMS


Bu-n
HO


O


TMS


Bu-n
HO


(Sa, S)-(−)-9a (Sa, S)-(+)-10a


 LiAlH4, THF, 0 - 4 oC, 5 h


 


Following the procedure for the preparation of (R)-5a, a solution of (Sa, S)-(–)-9a 


(1.9222 g, 8.0 mmol) in anhydrous ether (10 mL) was added to a suspension of 


LiAlH4 (0.3657 g, 9.6 mmol) in anhydrous ether (60 mL) to afford (Sa, S)-(+)-10a 


(1.2308 g, 68%): liquid, the 1H NMR date are the same as those for (Ra, R)-(–)-10a. 


[α]20
D = +1.5 (c = 1.47, CHCl3). This compound was used in the next step without 


further characterization. 


(d) Synthesis of (R)-(+)-3-methyldeca-4,5-dienenitrile ((R)-(+)-11a)  


TMS


Bu-n
HO


(Sa, S)-(+)-10a


Bu-n


NC


(R)-(+)-11a


(3) TBAF, THF, 30 oC, 20 min


(1) TsCl, pyridine, 0 - 4 oC, 4.7 h
(2) NaCN, DMSO, 30 oC, 36 h


 


Following the procedure for the preparation of (R)-6b, a mixture of (Sa, S)-(+)-10a 


(1.2008 g, 5.3 mmol) and pyridine (dried over Na2SO4, 10 mL) was treated with 


p-TsCl (3.3204, 15.9 mmol) to afford the tosylate, which was used in the next step 


without further purification. The reaction of the tosylate prepared above and NaCN 


(0.2901 g, 5.7 mmol) in anhydrous DMSO (10 mL) afforded (Sa, 


R)-3-methyl-6-trimethylsilyldeca-4,5-dienenitrile, which was used in the next step 


without further purification. The reaction of the nitrile prepared above and a solution 


of tetrabutylammonium fluoride in THF (4 mL, 1M, 4 mmol) in 10 mL of anhydrous 


tetrahydrofuran afforded (R)-(+)-11a (0.3763 mg, the combined yield from (Sa, 


S)-(+)-10a to (R)-(+)-11a is 43%): liquid, the 1H NMR date are the same as those for 


(S)-(–)-11a. [α]20
D = +14.0 (c = 1.13, CHCl3). This compound was used in the next 


step without further characterization. 


(e) Synthesis of (R)-(–)-3-methyldeca-4,5-dienoic acid ((R)-(–)-1l)  


Bu-n


NC


Bu-n


HOOC


(1) NaOH, EtOH/H2O
      80 oC, 11 h
(2) 5% HCl (aq.)


(R)-(+)-11a (R)-(−)-1l  
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Following the procedure for the preparation of 6a, the reaction of (R)-(+)-11a 


(0.3456 g, 2.1 mmol), ethanol (8 mL), and NaOH solution (2.0014 g in 2.5 mL of H2O, 


50 mmol) afforded (R)-(–)-1l (0.2988 g, 77%, dr = 1.2/1): liquid, the 1H NMR date 


are the same as those for (S)-(+)-1l. [α]20
D = -12.5 (c = 1.24, CHCl3). 


The dr value of (R)-(–)-1l was determined after its conversion to the corresponding 


benzyl ester. 


(f) Synthesis of benzyl (R)-(–)-3-methyldeca-4,5-dienoate ((R)-(–)-13a)  


HOOC


(R)-(−)-1l


+   BnOH
BnOOC


(R)-(−)-13a


DCC, DMAP, CH2Cl2


0 - 28 oC, 10 h


Bu-n Bu-n


 


Following the procedure for the preparation of (Ra, R)-(–)-13a, the reaction of 


(R)-(–)-1l (52.8 mg, 0.29 mmol), BnOH (92.5 mg, 0.86 mmol), DMAP (27.5 mg, 0.23 


mmol), and DCC (65.1 mg, 0.32 mmol) in CH2Cl2 (1.8 mL) afforded (R)-(–)-13a 


(69.9 mg, 89%, dr = 1.2/1, (HPLC conditions: Chiralcel OJ-H column; rate, 0.7 


mL/min; eluent, hexane/i-PrOH = 99/1; λ = 214 nm, tR 9.4 (minor), 9.9 (major)): 


liquid, 1H NMR (300 MHz, CDCl3) δ 7.40-7.29 (m, 5H), 5.20-5.06 (m, 4H), 2.74-2.61 


(m, 1H), 2.52-2.39 (m, 1H), 2.36-2.22 (m, 1H), 2.01-1.88 (m, 2H), 1.42-1.26 (m, 4H), 


1.08-1.02 (m, 3H), 0.92-0.84 (m, 3H); IR (neat) ν = 1961, 1740, 1498, 1456, 1377, 


1261, 1155 cm-1; MS (70 ev, EI) m/z (%) 272 (M+, 0.57), 139 (100); HRMS Calcd for 


C18H24O2Na (M++Na): 295.1669, Found: 295.1666. [α]20
D = -5.6 (c = 0.33, CHCl3). 


(g) Preparation of (Sa, R)-(+)-3-methyldeca-4,5-dienoic acid ((Sa, R)-(+)-1l) 


The two isomers (Sa, R)-(+)-13a and (Ra, R)-(–)-13a were separated by using 


CHIRALPAK IC column (25 cm × 2 cm); rate, 9 mL/min; eluent, hexane/ethyl 


acetate = 98/2; λ = 214 nm, injection, 2 mL (C = 1 mg/mL): Peak 1, tR = 13.7, Peak 2 


tR = 15.0. The two portions collected was kept over dry ice. After evaporation of the 


solvent, pure isomers were obtained. 


(Sa, R)-(+)-13a: Peak No. 1: dr > 99/1 (HPLC conditions: Chiralcel OJ-H column; 


rate, 0.7 mL/min; eluent, hexane/i-PrOH = 99/1; λ = 214 nm, tR 9.377 (major, (Sa, 


R)-(+)-13a), tR  9.930 (minor, (Ra, R)-(–)-13a)): liquid, 1H NMR (300 MHz, CDCl3) 
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δ 7.42-7.29 (m, 5H), 5.20-5.06 (m, 4H), 2.76-2.63 (m, 1H), 2.46 (dd, J1 = 15.2 Hz, J2 


= 6.8 Hz, 1H), 2.30 (dd, J1 = 15.2 Hz, J2 = 7.4 Hz, 1H), 2.01-1.89 (m, 2H), 1.41-1.27 


(m, 4H), 1.05 (d, J = 6.9 Hz, 3H), 0.89 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3) 


δ 202.4, 172.4, 136.0, 128.5, 128.17, 128.15, 95.7, 93.2, 66.1, 41.4, 31.3, 30.0, 28.6, 


22.2, 20.2, 13.9; IR (neat) ν = 1962, 1737, 1499, 1456, 1161 cm-1; MS (70 ev, EI) m/z 


(%) 272 (M+, 0.58), 91 (100); HRMS Calcd for C18H24O2 (M+): 272.1776, Found: 


272.1778. [α]20
D = +42 (c = 0.80, CHCl3). 


(Ra, R)-(–)-13a: Peak No. 2: dr > 98/2, (HPLC conditions: Chiralcel OJ-H column; 


rate, 0.7 mL/min; eluent, hexane/i-PrOH = 99/1; λ = 214 nm, tR 9.377 (minor, (Sa, 


R)-(+)-13a), tR  9.930 (major, (Ra, R)-(–)-13a)): liquid, 1H NMR (300 MHz, CDCl3) δ 


7.42-7.28 (m, 5H), 5.20-5.06 (m, 4H), 2.76-2.63 (m, 1H), 2.46 (dd, J1 = 15.3 Hz, J2 = 


6.9 Hz, 1H), 2.29 (dd, J1 = 15.2 Hz, J2 = 7.7 Hz, 1H), 2.01-1.89 (m, 2H), 1.41-1.27 (m, 


4H), 1.05 (d, J = 6.9 Hz, 3H), 0.88 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 


202.4, 172.5, 136.0, 128.5, 128.2, 128.16, 95.7, 93.3, 66.1, 41.3, 31.3, 30.0, 28.6, 22.2, 


20.3, 13.9; IR (neat) ν = 1961, 1737, 1498, 1456, 1379, 1351, 1263, 1161 cm-1; MS 


(70 ev, EI) m/z (%) 272 (M+, 0.54), 141 (100); HRMS Calcd for C18H24O2 (M+): 


272.1776, Found: 272.1775. [α]20
D = -50 (c = 0.50, CHCl3). 


The absolute configuration of the isomer related to Peak No. 2 was determined as 


(Ra, R) by the comparison with the specific optical rotation of (Ra, R)-(–)-13a prepared 


on Page S47. The absolute configuration of the isomer related to Peak No. 1 was then 


assigned as (Sa, R). 


(h) Synthesis of (Sa, R)-(+)-3-methyldeca-4,5-dienoic acid ((Sa, R)-(+)-1l)  


Bu-n


BnOOC


Bu-n


HOOC


LiOH. H2O/MeOH


30 oC, 12 h


(Sa, R)-(+)-1l(Sa, R)-(+)-13a  


To a solution of (Sa, R)-(+)-13a (16 mg, 0.06 mmol) prepared above in 0.3 mL of 


H2O and 0.6 mL of MeOH was added LiOH•H2O (8 mg, 0.18 mmol). After being 


stirred for 12 h at 30 oC, the reaction was complete as monitored by TLC (eluent: 


petroleum ether/ethyl acetate = 5/1), adjusted with 5% HCl (aq.) to pH = 1, and 
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extracted with ether (30 mL × 3). The ether layer was then washed subsequently with 


water and brine, dried over Na2SO4, filtrated, and concentrated under vacuum. 


Chromatography on silica gel (petroleum ether/ethyl acetate = 20/1) of the crude 


product afforded (Sa, R)-(+)-1l (7.1 mg, 66%): liquid, 1H NMR (300 MHz, CDCl3) δ 


5.21-5.09 (m, 2H), 2.73-2.58 (m, 1H), 2.45 (dd, J1 = 15.6 Hz, J2 = 6.9 Hz, 1H), 2.29 


(dd, J1 = 15.6 Hz, J2 = 7.2 Hz, 1H), 2.05-1.90 (m, 2H), 1.46-1.24 (m, 4H), 1.08 (d, J = 


6.9 Hz, 3H), 0.89 (t, J = 7.1 Hz, 3H); The acidic proton is missing here in this 


spectrum. 13C NMR (75 MHz, CDCl3) δ 202.4, 178.7, 95.6, 93.5, 41.0, 31.3, 29.7, 


28.6, 22.2, 20.2, 13.9; IR (neat) ν = 1962, 1710, 1458, 1410, 1378, 1293 cm-1; MS (70 


ev, EI) m/z (%) 182 (M+, 3.54), 81 (100); HRMS Calcd for C11H18O2 (M+): 182.1307, 


Found: 182.1308. [α]20
D = +45 (c = 1.00, CHCl3). 


(6) Preparation of (Ra, R)-(–)-3-methyldeca-4,5-dienoic acid ((Ra, R)-(–)-1l)  


(a) Synthesis of (3S, 4S)-(–)-3-methyl-4-ethynyloxetan-2-one ((3S, 4S)-(–)-12a)[8] 


TMS
O


O
O


O


(3S, 4S)-(+)-8a


TBAF/THF


0 - 4 oC, 25 min


(3S, 4S)-(−)-12a
 


To a solution of (3S, 4S)-(+)-8a (2.3543 g, 13 mmol) in 20 mL of anhydrous 


tetrahydrofuran was added a solution of tetrabutylammonium fluoride in THF (14.0 


mL, 1 M, 14 mmol). The mixture was stirred at 0 oC for 25 min, the resulting mixture 


was filtrated through a 1.5 cm plug of silica gel, eluting with CH2Cl2. The filtrate was 


concentrated and purified by flash chromatography on silica gel (petroleum ether(30 - 


60 oC)/ ether = 5/1) to afford (3S, 4S)-(–)-12a (0.7234 g, 51%): liquid, 1H NMR (300 


MHz, CDCl3) δ 5.13 (dd, J1 = 6.6 Hz, J2 = 2.1 Hz, 1H), 3.95-3.85 (m, 1H), 2.84 (d, J 


= 2.1 Hz, 1H), 2.44 (d, J = 7.8 Hz, 3H). [α]20
D = -5.4 (c = 0.70, CHCl3). 


(b) Synthesis of (Ra, S)-(–)-2-methylnona-3,4-dien-1-ol ((Ra, S)-(–)-10a)  


(1) n-C4H9MgBr, CuBr SMe2,
SMe2, THF, -78 oC, 25 min


HO


(Ra, S)-(−)-10a


O
O


(3S,4S)-(−)-12a


Bu-n


(2) LiAlH4, ether, 0 - 5 oC, 2.7 h
 


To a solution of CuBr•SMe2 (6.8 mg, 0.03 mmol) and dimethylsulfide (0.2 mL) in 
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3.5 mL of anhydrous THF, was added (3S, 4S)-(–)-12a (34.1 g, 0.3 mmol). Then the 


Grignard reagent solution (0.65 mL, 1M in THF, 0.65 mmol) was added dropwise to 


the mixture at –78 oC within 5 min. After being stirred at –78 °C for additional 20 min, 


the reaction was quenched with a saturated aqueous NH4Cl solution (10 mL). The 


resulting mixture was extracted with ether (30 mL × 3) and the combined organic 


extracts were successively washed with H2O and brine, dried over Na2SO4, filtrated, 


and concentrated. The residue was purified by flash chromatography on silica gel to 


afford (Ra, S)-2-methylnona-3,4-dienoic acid as a colorless oil (0.0415 g, 80%). 1H 


NMR (300 MHz, CDCl3) δ 9.78 (br, 1H), 5.35-5.20 (m, 2H), 3.21-3.04 (m, 1H), 


2.09-1.90 (m, 2H), 1.44-1.31 (m, 4H), 1.27 (d, J = 7.2 Hz, 3H), 0.89 (t, J = 7.1 Hz, 


3H). [α]20
D = -110.9 (c = 1.21, CHCl3). It was used in the next step without further 


purification. Following the procedure for the preparation of (R)-(–)-5a, a solution of 


the dienoic acid prepared above (0.3229 g, 1.9 mmol) in anhydrous ether (3 mL) was 


added to a suspension of LiAlH4 (0.1441 g, 3.8 mmol) in anhydrous ether (15 mL) to 


afford (Ra, S)-(–)-10a (0.1284 g, 43%): liquid, 1H NMR (300 MHz, CDCl3) δ 


5.21-5.11 (m, 1H), 5.10-5.01 (m, 1H), 3.48 (d, J = 6.3 Hz, 2H), 2.39-2.28 (m, 1H), 


2.03-1.92 (m, 2H), 1.91 (br, 1H), 1.43-1.24 (m, 4H), 0.95 (d, J = 6.9 Hz, 3H), 0.88 (t, 


J = 7.1 Hz, 3H). [α]20
D = -82.3 (c = 0.39, CHCl3). This compound was used in the 


next step without further characterization. 


(c) Synthesis of (Ra, R)-(–)-3-methyldeca-4,5-dienoic acid ((Ra, R)-(–)-1l) 


Bu-n
HO


(Ra, S)-(−)-10a


HOOC


(Ra, R)-(−)-1l (3) NaOH, EtOH/H2O, 80 oC, 15 h


(1) TsCl, pyridine, 0 - 4 oC, 3 h
(2) NaCN, DMSO, 30 oC, 40 h Bu-n


 
Following the procedure for the preparation of (R)-(–)-6a, a mixture of (Ra, 


S)-(–)-10a (0.1284 g, 0.8 mmol) and anhydrous pyridine (1 mL) was treated with 


p-TsCl (0.4785 g, 2.5 mmol) to afford the tosylate, which was used in the next step 


without further purification. The reaction of the tosylate prepared above and NaCN 


(0.0482 g, 0.96 mmol) in anhydrous DMSO (2 mL) afforded (Ra, 


S)-3-methyldeca-4,5-dienenitrile, which was used in the next step without further 


purification. Following the procedure for the preparation of 6a, the reaction of (Ra, 
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S)-3-methyldeca-4,5-dienenitrile (0.0814 g, 0.5 mmol), ethanol (2 mL), and NaOH 


solution (0.4 g in 0.6 mL of H2O, 10 mmol) afforded (Ra, R)-(–)-1l (0.0660 g, the 


combined yield from (Ra, S)-(–)-10a to (Ra, R)-(–)-1l is 43%): liquid, 1H NMR (300 


MHz, CDCl3) δ 10.65 (bs, COOH, 1H), 5.21-5.09 (m, 2H), 2.73-2.60 (m, 1H), 2.44 


(dd, J1 = 15.6 Hz, J2 = 7.0 Hz, 1H), 2.23 (dd, J1 = 15.6 Hz, J2 = 7.3 Hz, 1H), 


2.05-1.90 (m, 2H), 1.46-1.24 (m, 4H), 1.08 (d, J = 6.6 Hz, 3H), 0.89 (t, J = 7.2 Hz, 


3H); 13C NMR (75 MHz, CDCl3) δ 202.4, 179.3, 95.5, 93.4, 41.2, 31.3, 29.8, 28.6, 


22.2, 20.3, 13.9; IR (neat) ν = 1962, 1710, 1458, 1410, 1378, 1294 cm-1; MS (70 ev, 


EI) m/z (%) 182 (M+, 1.90), 140 (100); HRMS Calcd for C11H18O2 (M+): 182.1307, 


Found: 182.1307. [α]20
D = -74.9 (c = 1.34, CHCl3). 


(d) Synthesis of benzyl (Ra, R)-(–)-3-methyldeca-4,5-dienoate ((Ra, R)-(–)-13a)  


HOOC


(Ra, R)-(−)-1l


Bu-n +   BnOH
BnOOC


Bu-n


(Ra, R)-(−)-13a


DCC, DMAP, CH2Cl2
0 - rt, 23.5 h


 
To a solution of (Ra, R)-(–)-1l (8.9 mg, 0.055 mmol) in CH2Cl2 (1 mL) were added 


BnOH (16.9 mg, 0.165 mmol) and DMAP (5.4 mg, 0.044 mmol) sequentially. Then 


DCC (13.6 mg, 0.06 mmol) was added at 0 oC. After being stirred for 23.5 h at rt, the 


reaction was over as monitored by TLC and the resulting mixture was diluted with 10 


mL of ether and transferred to a round-bottomed flask and evaporated. The residue 


was purified by chromatography on silica gel to afford (Ra, R)-(–)-13a (13.3 mg, 


100%, dr = 96/4, HPLC conditions: Chiralcel OJ-H column; rate, 0.5 mL/min; eluent, 


hexane/i-PrOH = 99/1; λ = 214 nm, tR 12.1 (minor), 12.5 (major)): liquid, 1H NMR 


(300 MHz, CDCl3) δ 7.42-7.29 (m, 5H), 5.20-5.06 (m, 4H), 2.76-2.62 (m, 1H), 2.47 


(dd, J1 = 15.4 Hz, J2 = 6.9 Hz, 1H), 2.30 (dd, J1 = 15.4 Hz, J2 = 7.7 Hz, 1H), 


2.02-1.89 (m, 2H), 1.40-1.29 (m, 4H), 1.06 (d, J = 6.9 Hz, 3H), 0.89 (t, J = 7.2 Hz, 


3H); [α]20
D = -54.9 (c = 0.36, CHCl3). 


 


Procedure for the preparation of 4,5-dihydro-2(3H)-furanones (Z-2a-m)  


(1) 5-(1’-Iodo-1’(Z)-octenyl)-4,5-dihydro-2(3H)-furanone (Z-2a). Typical 


Procedure.  
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O


O


In-Hex
n-Hex


COOH
+       I2


cyclohexane


rt, 50 min


1a Z-2a
1.5 equiv


 


To a solution of 1a (59.3 mg, 0.3 mmol) in cyclohexane (4 mL) was added I2 (114.3 


mg, 0.45 mmol, solid) with stirring at rt. After the reaction was complete as monitored 


by TLC (eluent: petroleum ether/ethyl acetate = 5/1), it was quenched with H2O (6 


mL), which was followed by the addition of sat. aqueous Na2S2O3 (4 mL). The 


resulting mixture was extracted with ether (20 mL × 3), washed with brine, dried over 


Na2SO4, and filtrated. After evaporation of the solvent, the Z/E ratio of products was 


determined to be 98/2 by 400 MHz 1H NMR analysis. Chromatography on silica gel 


(petroleum ether/ethyl acetate = 5/1) of the crude product afforded Z-2a (81 mg, 83%, 


Z/E = 98/2): liquid, 1H NMR (400 MHz, CDCl3) δ 6.02 (td, J1 = 6.6 Hz, J2 = 1 Hz, 


1H), 4.76 (t, J = 7.0 Hz, 1H), 2.70-2.58 (m, 1H), 2.58-2.45 (m, 1H), 2.45-2.33 (m, 


1H), 2.21-2.08 (m, 3H), 1.45-1.34 (m, 2H), 1.34-1.16 (m, 6H), 0.86 (t, J = 6.8 Hz, 


3H); 13C NMR (100 MHz, CDCl3) δ 176.4, 138.5, 106.9, 84.3, 35.5, 31.5, 28.8, 28.6, 


28.0, 27.9, 22.5, 14.0; IR (neat) ν = 2955, 2926 , 2855, 1785, 1640, 1457, 1316, 1180, 


1024 cm-1; MS (70 ev, EI) m/z (%) 322 (M+, 30.18), 111 (100); Anal. Cacld for 


C12H19IO2: C, 44.74; H, 5.94; Found: C, 44.74; H, 6.01. 


(2) 5-(1’-Iodo-1’(Z)-heptenyl)-4,5-dihydro-2(3H)-furanone (Z-2b)  


O


O


In-Pentn-Pent


COOH
+    I2


cyclohexane


rt, 1 h


1b Z-2b
1.5 equiv


 


The reaction of 1b (53.6 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (115.3 mg, 


0.45 mmol) afforded Z-2b (76.8 mg, 85%, Z/E = 98/2): liquid, 1H NMR (300 MHz, 


CDCl3) δ 6.03 (t, J = 6.8 Hz, 1H), 4.77 (t, J = 6.9 Hz, 1H), 2.71-2.32 (m, 3H), 


2.26-2.07 (m, 3H), 1.50-1.35 (m, 2H), 1.35-1.18 (m, 4H), 0.87 (t, J = 6.3 Hz, 3H); 13C 


NMR (100 MHz, CDCl3) δ 176.4, 138.5, 106.9, 84.3, 35.4, 31.2, 28.6, 28.0, 27.6, 


22.4, 13.9; IR (neat) ν = 2956, 2927, 2857, 1785, 1639, 1456, 1419, 1317, 1261, 1180, 
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1020 cm-1; MS (70 ev, EI) m/z (%) 308 (M+, 73.81), 111 (100); HRMS Calcd for 


C11H17IO2 (M+): 308.0268, Found: 308.0266. 


(3) 5-(1’-Iodo-1’(Z)-hexenyl)-4,5-dihydro-2(3H)-furanone (Z-2c) 


O


O


In-Bun-Bu


COOH
+       I2


cyclohexane


rt, 1 h


1c Z-2c
1.5 equiv


 


The reaction of 1c (50.4 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (114.7 mg, 


0.45 mmol) afforded Z-2c (74.8 mg, 85%, Z/E = 97/3): liquid, 1H NMR (400 MHz, 


CDCl3) δ 6.03 (td, J1 = 6.8 Hz, J2 = 0.7 Hz, 1H), 4.77 (t, J = 6.8 Hz, 1H), 2.70-2.59 


(m, 1H), 2.59-2.46 (m, 1H), 2.46-2.34 (m, 1H), 2.23-2.08 (m, 3H), 1.44-1.26 (m, 4H), 


0.89 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 176.4, 138.5, 106.9, 84.2, 


35.2, 30.0, 28.6, 28.0, 22.1, 13.8; IR (neat) ν = 2957, 2928, 2871, 2858, 1775, 1645, 


1456, 1418, 1378, 1316, 1181, 1133, 1032, 1014 cm-1; MS (70 ev, EI) m/z (%) 294 


(M+, 94.10), 111 (100); HRMS Calcd for C10H15IO2 (M+): 294.0111, Found: 


294.0124. 


(4) 5-(1’-Iodo-1’(Z)-propenyl)-4,5-dihydro-2(3H)-furanone (Z-2d) 


O


O


IMeMe


COOH


+       I2
cyclohexane


rt, 1.5 h


1d Z-2d


1.5 equiv


 
The reaction of 1d (38.7 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (115.7 mg, 


0.45 mmol) afforded Z-2d (61.1 mg, 79%, Z/E = 98/2): liquid, 1H NMR (400 MHz, 


CDCl3) δ 6.13 (q, J = 6.4 Hz, 1H), 4.78 (t, J = 7.0 Hz, 1H), 2.70-2.60 (m, 1H), 


2.60-2.46 (m, 1H), 2.45-2.36 (m, 1H), 2.22-2.16 (m, 1H), 1.81 (d, J = 6.4 Hz, 3H); 
13C NMR (100 MHz, CDCl3) δ 176.4, 133.4, 108.7, 84.2, 28.5, 28.0, 21.3; IR (neat) ν 


= 2956, 2923, 2852, 1774, 1642, 1458, 1377, 1261, 1179, 1021 cm-1; MS (70 ev, EI) 


m/z (%) 252 (M+, 69.05), 125 (100); HRMS Calcd for C7H9IO2 (M+): 251.9642, 


Found: 251.9653 . 


(5) 5-Butyl-5-(1’-Iodo-1’(Z)-butenyl)-4,5-dihydro-2(3H)-furanone (Z-2e)  
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Et
Bu-n


O


O


IEt


COOH


Bu-n
+       I2


cyclohexane


rt, 1 h


1e Z-2e
1.5 equiv


 


The reaction of 1e (56.3 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (114.2 mg, 


0.45 mmol) afforded Z-2e (69.8 mg, 75%, Z/E = 99/1): liquid, 1H NMR (300 MHz, 


CDCl3) δ 5.91 (t, J = 6.6 Hz, 1H), 2.55-2.43 (m, 3H), 2.23-1.98 (m, 4H), 1.74-1.61 (m, 


1H), 1.34-1.14 (m, 4H), 0.99 (t, J = 7.5 Hz, 3H), 0.87 (t, J = 7.1 Hz, 3H); 13C NMR 


(100 MHz, CDCl3) δ 176.4, 137.4, 108.2, 90.2, 39.0, 33.8, 29.9, 28.0, 25.4, 22.5, 13.8, 


12.7; IR (neat) ν = 2959, 2932, 2872, 1785, 1630, 1458, 1378, 1265, 1183, 1116, 1025 


cm-1; MS (70 ev, EI) m/z (%) 322 (M+, 14.47), 265 (100); HRMS Calcd for C12H19IO2 


(M+): 322.0424, Found: 322.0421. 


Iodocyclization of 1f-h in the presence of I2 and K2CO3 


(1) 5-Butyl-5-(1’-iodo-1’-vinyl)-4,5-dihydro-2(3H)-furanone (2f). Typical 


Procedure. 


O


O


I
Bu-n


COOH


Bu-n


+    I2


K2CO3 (1 equiv)
cyclohexane


rt, 1 h


1f 2f
1.5 equiv


 


To a solution of 1f (50.5 mg, 0.3 mmol) in cyclohexane (4 mL) was added K2CO3 


(43.7 mg, 0.3 mmol). After stirring for 20 min, I2 (116.0 mg, 0.45 mmol, solid) was 


added, which was followed by stirring for 1 h. The resulting mixture was quenched 


sequentially with H2O (6 mL) and sat. aqueous Na2S2O3 (4 mL), extracted with ether 


(25 mL × 3), washed with brine, dried over Na2SO4, and filtrated. After evaporation of 


the solvent, the residue was purified by flash chromatography on silica gel (petroleum 


ether/ethyl acetate = 5/1) to afford 2f (76.9 mg, 87%): liquid, 1H NMR (400 MHz, 


CDCl3) δ 6.43 (d, J = 2.2 Hz, 1H), 5.91 (d, J = 2.2 Hz, 1H), 2.55-2.43 (m, 3H), 


2.14-2.01 (m, 2H), 1.73-1.64 (m, 1H), 1.42-1.20 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H); 13C 


NMR (100 MHz, CDCl3) δ 176.1, 126.9, 111.4, 90.2, 38.6, 33.2, 28.1, 25.5, 22.5, 13.8; 


IR (neat) ν = 2956, 2930, 2871, 1784, 1611, 1456, 1183, 1090, 1024 cm-1; MS (70 ev, 
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EI) m/z (%) 294 (M+, 0.36), 237 (M+-C4H9, 100); HRMS Calcd for C10H15IO2 (M+): 


294.0111, Found: 294.0130. 


(2) 5-(2,2-Pentamethyleneiodovinyl)-4,5-dihydro-2(3H)-furanone (2g)  


O


O


I


COOH
+       I2


K2CO3 (1 equiv)
cyclohexane


rt, 1.8 h


1g 2g
1.5 equiv


 


The reaction of 1g (53.5 mg, 0.3 mmol) in cyclohexane (4 mL) with K2CO3 (42.8 


mg, 0.3 mmol) and I2 (115.8 mg, 0.45 mmol) afforded 2g (66.6 mg, 73%): solid, M.p 


79-80 oC (n-hexane/diethyl ether), 1H NMR (400 MHz, CDCl3) δ 5.13 (t, J = 7.4 Hz, 


1H), 2.72 (ddd, J1 = 18.0 Hz, J2 = 10.6 Hz, J3 = 4.6 Hz, 1H), 2.61-2.37 (m, 5H), 


2.37-2.22 (m, 1H), 2.20-2.07 (m, 1H), 1.68-1.40 (m, 6H); 13C NMR (100 MHz, 


CDCl3) δ 176.6, 150.0, 101.8, 78.1, 42.6, 32.7, 29.0, 28.6, 28.2, 27.4, 26.4; IR (KBr) ν 


= 2929, 2854, 1756, 1618, 1446, 1319, 1296, 1224, 1184, 1148, 1024 cm-1; MS (70 ev, 


EI) m/z (%) 306 (M+, 22.04), 137(100); Anal. Cacld for: C11H15IO2 (%) C, 43.16; H, 


4.94; Found: C, 43.17; H, 5.02. 


(3) 5-(2’-Ethyl-1’-iodo-1’-butenyl)-4,5-dihydro-2(3H)-furanone (2h) 


COOH


Et


Et


O


O


I


Et


Et


+    I2


1h 2h


K2CO3 (1 equiv)
cyclohexane


rt, 1 h


1.5 equiv
 


The reaction of 1h (49.2 mg, 0.3 mmol) in cyclohexane (4 mL) with K2CO3 (41.4 


mg, 0.3 mmol) and I2 (114.1 mg, 0.45 mmol) afforded 2h (78 mg, 88%): liquid, 1H 


NMR (400 MHz, CDCl3) δ 4.98 (t, J = 7.2 Hz, 1H), 2.70 (ddd, J1 = 18.0 Hz, J2 = 10.6 


Hz, J3 = 4.6 Hz, 1H), 2.61-2.48 (m, 1H), 2.40-2.21 (m, 5H), 2.19-2.06 (m, 1H), 


1.06-0.92 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 176.4, 153.2, 104.1, 78.5, 35.8, 


28.9, 28.5, 26.0, 14.1, 11.5; IR (neat) ν = 2969, 2934, 2873, 1779, 1622, 1456, 1182, 


1144, 1020 cm-1; MS (70 ev, EI) m/z (%) 294 (M+, 41.61), 125 (100); HRMS Calcd 


for C10H15IO2 (M +): 294.0111, Found: 294.0115. 
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Iodocyclization reaction of 3-substituded-4,5-allenoic acids 2i-m 


(1) trans-5-(1’-Iodo-1’(Z)-propenyl)-4-methyl-4,5-dihydro-2(3H)-furanone 


(trans-Z-2i) 


Me


COOHMe O


O


IMe
Me


+     I2
cyclohexane


rt, 1 h


1i trans-Z-2i1.5 equiv  


The reaction of 1i (42.0 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (115.6 mg, 


0.45 mmol) afforded trans-Z-2i (65.9 mg, 82%, Z/E = 96/4): liquid, 1H NMR (400 


MHz, CDCl3) δ 6.13 (qd, J1 = 6.4 Hz, J2 = 0.8 Hz, 1H), 4.13 (d, J = 7.2 Hz, 1H), 2.77 


(dd, J1 = 17.4 Hz, J2 = 8.6 Hz, 1H), 2.61-2.49 (m, 1H), 2.22 (dd, J1 = 17.4 Hz, J2 = 9.0 


Hz, 1H), 1.83 (d, J = 6.0 Hz, 3H), 1.14 (d, J = 6.4 Hz, 3H); 13C NMR (100 MHz, 


CDCl3) δ 175.4, 135.2, 107.9, 91.0, 36.3, 36.0, 21.4, 17.1; IR (neat) ν = 2964, 2917, 


2875, 1785, 1642, 1457, 1420, 1381, 1365, 1342, 1316, 1286, 1267, 1208, 1169, 1130, 


1090, 1000 cm-1; MS (70 ev, EI) m/z (%) 266 (M+, 60.24), 69 (100); HRMS Calcd for 


C8H11IO2 (M+): 265.9798, Found: 265.9803. 


(2) trans-5-(1’-Iodo-1’(Z)-propenyl)-4-ethyl-4,5-dihydro-2(3H)-furanone 


(trans-Z-2j)  


Me


COOHEt


IMe
Et


O


O1.5 equiv


+    I2


cyclohexane


rt, 1 h


1j trans-Z-2j  


The reaction of 1j (46.4 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (113.9 mg, 


0.45 mmol) afforded trans-Z-2j (66 mg, 78%, Z/E = 97/3): liquid, 1H NMR (400 MHz, 


CDCl3) δ 6.11 (q, J = 6.5 Hz, 1H), 4.25 (d, J = 6.8 Hz, 1H), 2.76 (dd, J1 = 17.6 Hz, J2 


= 8.8 Hz, 1H), 2.45-2.34 (m, 1H), 2.22 (dd, J1 = 17.6 Hz, J2 = 8.0 Hz, 1H), 1.82 (d, J 


= 6.4 Hz, 3H), 1.66-1.54 (m, 1H), 1.48-1.35 (m, 1H), 0.94 (t, J = 7.6 Hz, 3H); 13C 


NMR (75 MHz, CDCl3) δ 175.7, 134.8, 108.8, 89.5, 42.8, 33.9, 25.7, 21.5, 11.7; IR 


(neat) ν = 2960, 2925, 2875, 1783, 1642, 1460, 1261, 1202, 1167, 1032 cm-1; MS (70 


ev, EI) m/z (%) 280 (M+, 79.53), 197 (100); HRMS Calcd for C9H13IO2 (M+): 
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279.9955, Found: 279.9960. 


(3) trans-5-(1’-Iodo-1’(Z)-vinyl)-4-propyl-4,5-dihydro-2(3H)-furanone 


(trans-Z-2k)  


Me


COOHn-Pr


IMe
Pr-n


O


O1.5 equiv


+    I2
cyclohexane


rt, 40 min


1k trans-Z-2k  


The reaction of 1k (50.9 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (114.0 mg, 


0.45 mmol) afforded trans-Z-2k (73.1 mg, 82%, Z/E = 98/2): liquid, 1H NMR (400 


MHz, CDCl3) δ 6.12 (qd, J1 = 6.4 Hz, J2 = 0.8 Hz, 1H), 4.22 (d, J = 6.8 Hz, 1H), 2.75 


(dd, J1 = 17.6 Hz, J2 = 8.8 Hz, 1H), 2.52-2.41 (m, 1H), 2.22 (dd, J1 = 17.6 Hz, J2 = 8.4 


Hz, 1H), 1.82 (d, J = 6.4 Hz, 3H), 1.56-1.45 (m, 1H), 1.42-1.27 (m, 3H), 0.91 (t, J = 


7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 175.6, 135.1, 108.8, 89.7, 41.1, 34.7, 


34.3, 21.4, 20.5, 13.9; IR (neat) ν = 2958, 2928, 2872, 1785, 1640, 1262, 1224, 1198, 


1166, 1131, 985 cm-1; MS (70 ev, EI) m/z (%) 294 (M+, 56.93), 197 (100); HRMS 


Calcd for C10H15IO2 (M+): 294.0111, Found: 294.0124. 


(4) trans-5-(1’-Iodo-1’(Z)-hexenyl)-4-methyl-4,5-dihydro-2(3H)-furanone 


(trans-Z-2l)  


n-Bu


COOHMe


In-Bu
Me


O


O1.5 equiv


+    I2
cyclohexane


rt, 50 min


1l trans-Z-2l  


The reaction of 1l (54.0 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (114.6 mg, 


0.45 mmol) afforded trans-Z-2l (69.1 mg, 76%, Z/E = 97/3): liquid, 1H NMR (400 


MHz, CDCl3) δ 6.03 (t, J = 6.8 Hz, 1H), 4.12 (d, J = 7.2 Hz, 1H), 2.77 (dd, J1 = 17.4 


Hz, J2 = 8.6 Hz, 1H), 2.62-2.50 (m, 1H), 2.28-2.14 (m, 3H), 1.46-1.28 (m, 4H), 1.15 


(d, J = 6.8 Hz, 3H), 0.90 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 175.5, 


140.4, 106.1, 91.0, 36.3, 36.0, 35.3, 30.0, 22.2, 17.1, 13.8; IR (neat) ν = 2959, 2928, 


2872, 2859, 1786, 1637, 1459, 1420, 1380, 1282, 1268, 1207, 1165, 1000 cm-1; MS 


(70 ev, EI) m/z (%) 308 (M+, 100); HRMS Calcd for C11H17IO2 (M+): 308.0268, 
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Found: 308.0280. 


(5) trans-5-(1’(Z)-1’-Iodooctenyl)-4-propyl-4,5-dihydro-2(3H)-furanone 


(trans-Z-2m) 


n-Hex


COOHn-Pr


In-Hex
Pr-n


O


O1.5 equiv


+    I2
cyclohexane


rt, 1.5 h


1m trans-Z-2m  


The reaction of 1m (72.7 mg, 0.3 mmol) in cyclohexane (4 mL) with I2 (114.5 mg, 


0.45 mmol) afforded trans-Z-2m (88.5 mg, 80%, Z/E = 97/3): liquid, 1H NMR (400 


MHz, CDCl3) δ 6.02 (t, J = 6.6 Hz, 1H), 4.21 (d, J = 6.4 Hz, 1H), 2.75 (dd, J1 = 17.8 


Hz, J2 = 8.6 Hz, 1H), 2.53-2.40 (m, 1H), 2.28-2.13 (m, 3H), 1.58-1.47 (m, 1H), 


1.47-1.19 (m, 11H), 0.96-0.80 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 175.6, 140.2, 


107.0, 89.7, 41.0, 35.6, 34.8, 34.3, 31.5, 28.7, 27.8, 22.4, 20.4, 14.0, 13.9; IR (neat) ν 


= 2957, 2927, 2856, 1788, 1638, 1465, 1378, 1261, 1223, 1197, 1160, 985 cm-1; MS 


(70 ev, EI) m/z (%) 364 (M+, 29.05), 195 (100); HRMS Calcd for C15H25IO2 (M+): 


364.0894, Found: 364.0891. 


Procedure for the preparation of optically active 5-(1’-iodo-1’- 


alkenyl)-4,5-dihydro-2(3H)-furanones (S)-2a and (S)-2b 


(1) Optically active 5-(1’-Iodo-1’-octenyl)-4,5-dihydro-2(3H)-furanone (mixture 


of (S)-Z-2a and (R)-E-2a). Typical Procedure. 


COOH


n-Hex


O


O


In-Hex


n-Hex


I


O


O


+  NIS
CH2Cl2, -60 oC, 16.3 h


(R)-(−)-1a (S)-Z-2a


Cs2CO3 (1 equiv)


2 equiv


+


(R)-E-2a  
To a solution of (R)-(–)-1a (396.0 mg, 2 mmol) in CH2Cl2 (24 mL) was added 


Cs2CO3 (667.8 mg, 2 mmol) with stirring at rt. NIS (677.2 mg, 3 mmol) was then 


added to the mixture at –60 oC. After 10 h, another 0.5 equiv of NIS (0.2251 g, 1 


mmol) was added at –60 oC. After the reaction was complete as monitored by TLC 


(eluent: petroleum ether/ethyl acetate = 5/1), the resulting mixture was warmed up to 


rt and quenched sequentially with H2O (10 mL) and a sat. aqueous solution of 
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Na2S2O3 (6 mL), extracted with ether (25 mL × 3), washed with brine, and dried over 


Na2SO4. After filtration, evaporation of the solvent, and chromatography on silica gel 


(petroleum ether/ethyl acetate/CH2Cl2 = 6/1/1) afforded 2a (575.8 mg, 89%, (S)-Z-2a 


/(R)-E-2a = 85/15, (S)-Z-2a 99% ee, HPLC conditions: Chiralcel OJ-H column; rate, 


0.5 mL/min; eluent, hexane/i-PrOH = 90/10; λ = 254 nm; tR 14.8 (minor), 15.8 


(major)): liquid, 1H NMR (400 MHz, CDCl3) δ [6.44 (t, J = 7.6 Hz, 0.15H), 6.04 (td, 


J1 = 7.0 Hz, J2 = 0.9 Hz, 0.85H)], [4.89 (t, J = 7.0 Hz, 0.15H), 4.79 (t, J = 7.0 Hz, 


0.85H)], 2.78-2.61 (m, 1H), 2.61-2.48 (m, 1H), 2.48-2.33 (m, 1H), 2.25-2.08 (m, 3H), 


1.48-1.36 (m, 2H), 1.36-1.20 (m, 6H), 0.88 (t, J = 6.8 Hz, 3H). This Z/E mixture was 


submitted to the kinetic resolution without further characterization. 


(2) Optically active 5-(1’-Iodo-1’-heptenyl)-4,5-dihydro-2(3H)-furanone 


(mixture of (S)-Z-2b and (R)-E-2b) 


n-Pent


O


O


I
n-Pent


COOH


n-Pent


I


O


O


  NIS
CH2Cl2, -60 oC, 17 h


(R)-(−)-1b (S)-Z-2b


Cs2CO3 (1 equiv)


2 equiv


+


(R)-E-2b


+


 


The reaction of (R)-(–)-1b (90.5 mg, 0.5 mmol) in CH2Cl2 (5 mL) with Cs2CO3 


(163.0 mg, 0.5 mmol) and NIS (in two portions: 167.9 mg + 56.3 mg, 1 mmol) 


afforded 2b (138.9 mg, 91%, (S)-Z-2b/(R)-E-2b = 79/21, (S)-Z-2b > 98% ee, HPLC 


conditions: Chiralcel OJ-H column; rate, 0.5 mL/min; eluent, hexane/i-PrOH = 90/10; 


λ = 254 nm; tR 18.7 (minor), 20.1 (major)): liquid, 1H NMR (400 MHz, CDCl3) δ 


[6.44 (t, J = 7.8 Hz, 0.21H), 6.05 (t, J = 6.8 Hz, 0.79H)], [4.89 (t, J = 7.2 Hz, 0.21H), 


4.79 (t, J = 7.0 Hz, 0.79H)], 2.76-2.60 (m, 1H), 2.60-2.48 (m, 1H), 2.48-2.31 (m, 1H), 


2.26-2.07 (m, 3H), 1.50-1.38 (m, 2H), 1.38-1.20 (m, 4H), 0.89 (t, J = 6.6 Hz, 3H). 


Procedure for the kinetic resolution of (S)-Z- and (R)-E-isomers of optically 


active products 2a and 2b 


(1) (S)-(+)-5-(1’-Iodo-1’(Z)-octenyl)-4,5-dihydro-2(3H)-furanone ((S)-(+)-Z-2a). 


Typical Procedure.  
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O


O


In-Hex


n-Hex


I


O


O


OH
O


In-Hex


O


+


Pd(PPh3)2Cl2 (3.5 mol%)
CuI  (3.5 mol%)
Et2NH (0.35 equiv)


0.35 equiv


(S)-(+)-Z-2a


CH3CN, 3 oC, 1 h


(S)-Z-2a


+


(R)-E-2a
 


To a mixture of CuI (2.1 mg, 3.5 mol%, 0.011 mmol) and PdCl2(PPh3)2 (7.4 mg, 3.5 


mol%, 0.011 mmol) was added a solution of Et2NH (8.3 mg, 0.11 mmol), 


prop-2-yn-1-ol (5.4 mg, 0.096 mmol), and mixture of (S)-Z-2a and (R)-E-2a (95.8 mg, 


0.3 mmol) in CH3CN (1 mL). The mixture was stirred at 3 oC with an ice-water bath 


for 1 h under nitrogen. After the reaction was complete as monitored by GC, the 


resulting mixture was quenched with 10 mL of H2O, diluted with 10 mL of ether, 


separated, extracted with ether (3 x 30 mL), washed with brine, and dried over 


Na2SO4. Filtration, evaporation, and purification by chromatography on silica gel 


(petroleum ether/ethyl acetate = 6:1) afforded (S)-(+)-Z-2a (70.9 mg, 74%, Z/E = 98/2, 


99% ee, HPLC conditions: Chiralcel OJ-H column; rate, 0.5 mL/min; eluent, 


hexane/i-PrOH = 90/10; λ = 254 nm; tR 17.2 (minor), 18.3 (major)), the 1H NMR date 


are the same as those for racemic Z-2a. [α]25
D = +16.4 (c = 0.95, CHCl3). 


(2) (S)-(+)-5-(1’-Iodo-1’(Z)-heptenyl)-4,5-dihydro-2(3H)-furanone ((S)-(+)-Z-2b)  


n-Pent


I


O


O


+
OH


n-Pent


O


O


I


O


O


In-Pent


(S)-Z-2b (R)-E-2b


+


Pd(PPh3)2Cl2 (3.5 mol%)
CuI  (3.5 mol%)
Et2NH (0.4 equiv)


0.4 equiv


(S)-(+)-Z-2b


CH3CN, 4 oC, 1 h


 


  Following the procedure for the kinetic resolution of (S)-Z-2a and (R)-E-2a, the 


reaction of PdCl2(PPh3)2 (7.4 mg, 3.5 mol%, 0.011 mmol), CuI (2.2 mg, 3.5 mol%, 


0.011 mmol), Et2NH (8.8 mg, 0.12 mmol), prop-2-yn-1-ol (7.3 mg, 0.13 mmol), and 


the mixture of (S)-Z-2b and (R)-E-2b (91.7 mg, 0.3 mmol) in CH3CN (1 mL) at 4 oC 


for 1 h under nitrogen afforded (S)-(+)-Z-2b (58.2 mg, 63%, Z/E = 96/4, > 98% ee, 


HPLC conditions: Chiralcel OJ-H column; rate, 0.5 mL/min; eluent, hexane/i-PrOH = 


90/10; λ = 254 nm; tR 18.9 (minor), 20.4 (major)). The 1H NMR date are the same as 


those for racemic Z-2b. [α]25
D = +17.2 (c = 0.91, CHCl3). 


General procedure for the preparation of optically active 
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trans-4,5-dihydro-2(3H)-furanone (4S, 5S)-(+)-Z-2l, (4S, 5S)-(+)-Z-2m, (4R, 


5R)-(–)-Z-2l 


(1) (4S, 5S)-(+)-5-(1’-Iodo-1’(Z)-hexenyl)-4-methyl-4,5-dihydro-2(3H)-furanone 


((4S, 5S)-(+)-Z-2l) 


Bu-n


HOOC
I2


In-Bu


O


O


+
cyclohexane


rt, 1 h


(S)-(+)-1l (4S, 5S)-(+)-Z-2l
1.5 equiv


 
To a solution of (S)-(+)-1l (53.6 mg, 0.3 mmol) in cyclohexane (4 mL) was added I2 


(114.3 mg, 0.45 mmol) with stirring at room temperature. After the reaction was 


complete (1 hour) as monitored by TLC (eluent: petroleum ether/ethyl acetate = 5/1), 


it was quenched with H2O (6 mL) and sat. aqueous Na2S2O3 (4 mL). The mixture was 


extracted with ether (20 mL × 3), washed with brine, and dried over Na2SO4. After 


filtration, evaporation of the solvent, and chromatography on silica gel (petroleum 


ether/ethyl acetate = 5/1) afforded (4S, 5S)-(+)-Z-2l (78.3 mg, 86%, Z/E = 98/2, 99% 


ee), HPLC conditions: Chiralcel OJ-H column; rate, 0.5 mL/min; eluent, 


hexane/i-PrOH = 90/10; λ = 254 nm; tR 14.2 (minor), 17.6 (major). The 1H NMR date 


are the same as those for racemic trans-Z-2l. [α]20
D = +39.1 (c = 0.96, CHCl3). 


(2) (4S, 5S)-(+)-5-(1’-Iodo-1’(Z)-octenyl)-4-propyl-4,5-dihydro-2(3H)-furanone 


((4S, 5S)-(+)-Z-2m)  


Hex-n


HOOC Pr-n
I2


Pr-n
In-Hex


O


O


+
cyclohexane


rt, 1.5 h


(S)-(+)-1m (4S, 5S)-(+)-Z-2m
1.5 equiv


 


The reaction of (S)-(+)-1m (34.9 mg, 0.15 mmol) in cyclohexane (2 mL) with I2 


(57.2 mg, 0.225 mmol) afforded (4S, 5S)-(+)-Z-2m (38.2 mg, 72%, Z/E = 96/4, 99% 


ee, HPLC conditions: Chiralcel OJ-H column; rate, 0.5 mL/min; eluent, 


hexane/i-PrOH = 95/5; λ = 254 nm, tR 11.9 (minor), 12.9 (major)). The 1H NMR date 


are the same as those for racemic trans-Z-2m. [α]20
D = +40.0 (c = 1.2, CHCl3). 


(3) (4R, 5R)-(–)-5-(1’-Iodo-1’(Z)-hexenyl)-4-methyl-4,5-dihydro-2(3H)-furanone 
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((4R, 5R)-(–)-Z-2l) 


Bu-n


HOOC
I2


In-Bu


O


O


+
cyclohexane


rt, 1 h


(R)-(−)-1l (4R, 5R)-(−)-Z-2l
1.5 equiv


 
The reaction of (R)-(–)-1l (36.5 mg, 0.2 mmol) in cyclohexane (2.7 mL) with I2 


(76.2 mg, 0.3 mmol) afforded (4R, 5R)-(–)-Z-2l (50.7 mg, 77%, Z/E = 97/3, 99% ee), 


HPLC conditions: Chiralcel OJ-H column (250 mm); rate, 0.5 mL/min; eluent, 


hexane/i-PrOH = 90/10; λ = 254 nm; tR 14.3 (major), 18.0 (minor). The 1H NMR date 


are the same as those for racemic trans-Z-2l. [α]20
D = -38.5 (c = 1.76, CHCl3). 


(4) (4R, 5R)-(–)-5-(1’-Iodo-1’(Z)-hexenyl)-4-methyl-4,5-dihydro-2(3H)-furanone 


((4R, 5R)-(–)-Z-2l)  


HOOC
I2


In-Bu


O


O


+
cyclohexane


rt, 1 h


(Ra, R)-(−)-1l (4R, 5R)-(−)-Z-2l
1.5 equiv


Bu-n


 
To a solution of (Ra, R)-(–)-1l (19.2 mg, 0.1 mmol) in cyclohexane (1.3 mL) was 


added I2 (38.4 mg, 0.15 mmol) with stirring at room temperature. After the reaction 


was complete (1 hour) as monitored by TLC (eluent: petroleum ether/ethyl acetate = 


5/1), it was quenched with H2O (2 mL) and sat. aqueous Na2S2O3 (2 mL). The 


mixture was extracted with ether (20 mL × 3), washed with brine, and dried over 


Na2SO4. After filtration, evaporation of the solvent, and chromatography on silica gel 


(petroleum ether/ethyl acetate = 5/1) afforded (4R, 5R)-(–)-Z-2l (26.1 mg, 80%, Z/E = 


97/3, 99% ee), HPLC conditions: Chiralcel OJ-H column(250 mm); rate, 0.5 mL/min; 


eluent, hexane/i-PrOH = 90/10; λ = 254 nm; tR 13.7 (major), 17.1 (minor). The 1H 


NMR date are the same as those for racemic trans-Z-2l. [α]20
D = -34.4 (c = 0.74, 


CHCl3). 


(5) (4R, 5R)-(–)-5-(1’-Iodo-1’(Z)-hexenyl)-4-methyl-4,5-dihydro-2(3H)-furanone 


((4R, 5R)-(–)-Z-2l)  
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HOOC
I2


In-Bu


O


O


+
cyclohexane


rt, 1 h


(Sa, R)-(+)-1l (4R, 5R)-(−)-Z-2l
1.5 equiv


Bu-n


 
The reaction of (Sa, R)-(+)-1l (10 mg, 0.055 mmol) in cyclohexane (0.7 mL) with I2 


(21 mg, 0.082 mmol) afforded (4R, 5R)-(–)-Z-2l (13 mg, 77%, Z/E = 97/3, 99% ee), 


HPLC conditions: Chiralcel OJ-H column(150 mm); rate, 0.5 mL/min; eluent, 


hexane/i-PrOH = 90/10; λ = 254 nm; tR 8.5 (major), 10.5 (minor). The 1H NMR date 


are the same as those for racemic trans-Z-2l. [α]20
D = -38 (c = 0.5, CHCl3). 
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1H NMR, 13C NMR, and HPLC Spectra of all the compounds 
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Inverse gated decoupling 13C NMR analysis for the determination of the dr value of 


1i. 
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Inverse gated decoupling 13C NMR analysis for the determination of the dr value of 


1j. 
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Inverse gated decoupling 13C NMR analysis for the determination of the dr value of 


1k. 
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Inverse gated decoupling 13C NMR analysis for the determination of the dr value of 


1l. 
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Inverse gated decoupling 13C NMR analysis for the determination of the dr value of 


1m. 
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The HPLC spectrum of (S)-(+)-13a  
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The GC spectrum of (S)-(–)-13m  
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The two isomers (Sa, R)-(+)-13a and (Ra, R)-(–)-13a were separated from (R)-(–)-13a 


by using CHIRALPAK IC column. 
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The 1H NMR spectrum of (Sa, R)-(+)-13a separated from (R)-(–)-13a by using 


CHIRALPAK IC column. 
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 The HPLC spectrum of of (Sa, R)-(+)-13a 
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The HPLC spectrum of (R)-(–)-13a 
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 The 1H NMR spectrum of (Ra, R)-(–)-13a separated from (R)-(–)-13a by using 


CHIRALPAK IC column. 
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The HPLC spectrum of (Ra, R)-(–)-13a  
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The HPLC spectrum of (Ra, R)-(–)-13a 


 


 


 







S140 


 


The HPLC spectrum of (R)-(–)-13a 
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NOESY spectrum of Z-2a 
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NOESY spectrum of Z-2a and E-2a 
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NOESY spectrum of Z-2d 
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The HPLC spectrum of the mixture of (S)-Z-2a and (R)-E-2a 
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The HPLC spectrum of racemic Z-2a 
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The HPLC spectrum of the mixture of (S)-Z-2b and (R)-E-2b 
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The HPLC spectrum of racemic Z-2b 
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The HPLC spectrum of (S)-Z-2a 
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The HPLC spectrum of racemic Z-2a 
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The HPLC spectrum of (S)-Z-2b 
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The HPLC spectrum of racemic Z-2b 
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The 1H NMR spectrum of (4S, 5S)-Z-2l prepared from (S)-1l 


 


 







S184 


NOESY spectrum of (4S, 5S)-Z-2l prepared from (S)-1l 
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The HPLC spectrum of (4S, 5S)-Z-2l prepared from (S)-1l 
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The HPLC spectrum of racemic-trans-Z-2l 
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The HPLC spectrum of (4S, 5S)-Z-2m 
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The HPLC spectrum of racemic trans-Z-2m 
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The 1H NMR spectrum of (4R, 5R)-(–)-Z-2l prepared from (R)-1l 
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The HPLC spectrum of (4R, 5R)-(–)-Z-2l prepared from (R)-1l 
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The HPLC spectrum of racemic trans-Z-2l 
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The 1H NMR spectrum of (4R, 5R)-(–)-Z-2l prepared from (Sa, R)-(+)-1l 
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The HPLC spectrum of (4R, 5R)-(–)-Z-2l prepared from (Sa, R)-(+)-1l 
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The HPLC spectrum of racemic trans-Z-2l 
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The 1H NMR spectrum of (4R, 5R)-(–)-Z-2l prepared from (Ra, R)-(+)-1l 
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The HPLC spectrum of (4R, 5R)-(–)-Z-2l prepared from (Ra, R)-(+)-1l 
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The HPLC spectrum of racemic trans-Z-2l 
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Figure S1: ORTEP diagram for 2 as a loosely associated dimer in the solid state. Selected bond 
lengths and angles:  Cu(1)–N(1) = 2.0115(8), Cu(1)–N(2) = 2.0302(8), Cu(1)–Cl(1) = 2.2496(3), 
Cu(1)–Cl(2) = 2.2961(3) Å; N(1)–Cu1–N(2) = 81.25(3), N(1)-Cu1-Cl(1) = 95.72(2), N(2)–Cu1–
Cl(1) = 176.95(2), N(1)–Cu1–Cl(2) = 160.33(2), N(2)–Cu1–Cl(2) = 89.44(2), Cl(1)–Cu(1)–Cl(2) 
= 93.341(14) o. 


 


Figure S2: ORTEP diagram for 3. Selected bond lengths and angles: Cu(1)–N(1) = 2.0074(11), 
Cu(1)–N(2) = 2.0325(11), Cu(1)–Cl(1) = 2.2524(3), Cu(1)–Cl(2) = 2.2911(4) Å; N(1)–Cu–N(2) 
= 81.20(4), N(1)-Cu-Cl(1) = 95.77(3), N(2)–Cu–Cl(1) = 176.96(4), N(1)–Cu–Cl(2) = 160.49(3), 
N(2)–Cu1–Cl(2) = 89.58(3), Cl(1)–Cu(1)–Cl(2) = 93.247(13) o. 


 


 







Figure S3: BAM data for LPyC16 and  2. 


 


 


 


Table: Cartesian Coordinates and Energies of the Optimized Structures: 
(B3LYP/6-311G(d) level of theory) 
 
 


 
 
 


[LCuIICl2] 
E = -2982.548941 a.u. 


H                  0.96546600    4.04592700    1.98943900 
H                 -4.03239700   -2.07131000    0.71571400 
H                  1.66234500    1.73403200    1.44736900 
H                 -0.08475500    1.79558900    1.63925500 
H                 -1.53246800   -2.34326400    0.67841600 
C                 -3.39791200   -1.26444000    0.36942300 
C                  0.74513600    2.13600400    1.01383400 
C                 -2.01849400   -1.42917100    0.35806700 
C                  0.81213200    3.66086000    0.97830900 
H                 -5.00554400    0.10579600   -0.06325400 
C                 -3.93297300   -0.05640300   -0.06469000 
Cl                 0.95363800   -2.72160900    0.40832100 
Cl                 3.06680300   -0.16200900   -0.48625000 
N                 -1.19051100   -0.46056300   -0.06073700 
H                 -0.10263500    4.11905500    0.59332800 







Cu                 0.87706900   -0.55013800   -0.09601200 
C                 -3.07168200    0.94766200   -0.49770800 
C                 -1.70269500    0.70855100   -0.48658200 
N                  0.60096500    1.48564900   -0.31577500 
H                 -3.45428700    1.90278400   -0.84044500 
H                  1.38054300    1.76938800   -0.90283600 
H                 -1.05762700    2.73109600   -0.88071300 
C                 -0.68603400    1.70821300   -0.99305500 
H                 -0.53042800    1.53995000   -2.06372800 
H                  1.65123900    4.00321700    0.36657800 


 


 


[LCuIIBr2] 
E = -7210.406013 a.u. 


H                 -0.48691200    4.17537800    2.37864500 
H                 -4.10196900   -2.63039000    0.35155800 
H                  0.69340000    2.10973900    1.69604600 
H                 -1.03503600    1.80239800    1.77849400 
H                 -1.59771500   -2.41687600    0.45293200 
C                 -3.62061900   -1.69343600    0.09841100 
C                 -0.26515100    2.35900900    1.23727200 
C                 -2.23649500   -1.59048100    0.16138100 
C                 -0.51061400    3.86303700    1.33165500 
H                 -5.44112900   -0.62491300   -0.34232400 
C                 -4.35864100   -0.57979100   -0.28770300 
N                 -1.59147200   -0.45443300   -0.14110600 
H                 -1.48113100    4.16142500    0.92738200 
Cu                 0.47128500   -0.13660900   -0.07569700 
C                 -3.68831000    0.59967800   -0.59847700 
C                 -2.30072700    0.62504600   -0.51813200 
N                 -0.20918200    1.81937300   -0.14642200 
H                 -4.23181000    1.48868500   -0.89926900 
H                  0.52506100    2.30242300   -0.65788000 
H                 -2.05160800    2.75847900   -0.73307200 
C                 -1.47808200    1.83966700   -0.88892500 
H                 -1.23628300    1.78993400   -1.95574900 
H                  0.26712300    4.42210200    0.80438200 
Br                 2.66963200    0.73891300   -0.48030400 
Br                 1.04085800   -2.38084700    0.40012900 


 


 


 


 


 







 


[LCuII(H2O)Cl]+ 
E =  -2598.655497 a.u. 


H                 -1.39879500    3.99767500   -1.65388700 
H                  4.04183600   -1.91103600   -1.00835300 
H                 -1.86004900    1.59594300   -1.33095800 
H                 -0.12592100    1.83759300   -1.52549700 
H                  1.57983400   -2.33577400   -0.89411600 
C                  3.37787700   -1.17230900   -0.57707800 
C                 -0.97734700    2.04257500   -0.87182600 
C                  2.01522700   -1.41989200   -0.51295400 
C                 -1.18591300    3.54095800   -0.68512700 
H                  4.91896300    0.26638100   -0.12890100 
C                  3.85956000    0.03973500   -0.08881600 
N                  1.15444200   -0.53176600    0.01478700 
H                 -0.31034900    4.04961000   -0.27542500 
Cu                -0.82510500   -0.69382200    0.09218000 
C                  2.96452300    0.96635500    0.43973200 
C                  1.61310700    0.65007600    0.47845400 
N                 -0.74794900    1.29399800    0.40869400 
H                  3.31046700    1.92282000    0.81423800 
H                 -1.51064900    1.52144100    1.04264300 
H                  0.84959100    2.60884100    0.97648700 
C                  0.55693800    1.56089100    1.06424900 
H                  0.44787100    1.34621400    2.13191200 
H                 -2.04112500    3.74502000   -0.03555000 
O                 -0.81621200   -2.71951200   -0.13002900 
H                 -1.70692800   -3.01712700   -0.36945600 
H                 -0.47033700   -3.32112800    0.54005100 
Cl                -3.02682000   -0.76561800    0.09644900 


 


[LCuII(H2O)2]2+ 
E =  -2214.629124 a.u. 


H                 -2.06160400    3.74466000   -1.61894900 
H                  4.06217000   -1.39436200   -1.07088700 
H                 -2.17489700    1.30473000   -1.39119300 
H                 -0.48908700    1.79172600   -1.48724700 
H                  1.68823900   -2.14276700   -0.97369500 
C                  3.30938500   -0.76056600   -0.61864000 
C                 -1.38666600    1.85365600   -0.86899100 
C                  1.99253500   -1.18790200   -0.56437400 
C                 -1.82104500    3.29815700   -0.65200200 
H                  4.65328100    0.85058800   -0.12315600 
C                  3.63174900    0.48876800   -0.09224200 
N                  1.02563300   -0.43088400   -0.00769600 
H                 -1.04136700    3.91487800   -0.20242300 
Cu                -0.88391500   -0.85971100    0.08815300 
C                  2.62527600    1.27792400    0.46229100 







C                  1.32697000    0.79185100    0.49049200 
N                 -1.09880400    1.10507700    0.41190000 
H                  2.84784000    2.25950700    0.86463400 
H                 -1.87943700    1.26731800    1.04674000 
H                  0.29478900    2.61378400    1.03007500 
C                  0.16175900    1.53336600    1.09542200 
H                  0.07223100    1.28386100    2.15715700 
H                 -2.71883900    3.36492100   -0.03185200 
O                 -2.85680300   -1.24485200    0.08120100 
H                 -3.26864800   -1.89442900    0.66513400 
O                 -0.65966600   -2.86236800    0.00870900 
H                 -1.12840200   -3.45005500   -0.59724100 
H                 -3.54730500   -0.82595600   -0.44723700 
H                 -0.07126500   -3.38991200    0.56325600 
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1. Materials 


General. Commercially available DMSO (content of H2O < 50 ppm) was used without further 


purification. Stock solutions of KOtBu in DMSO were prepared under nitrogen atmosphere. The 


employed potassium salts 2a-d and 2f were prepared by dissolving the corresponding CH-acid in 


dry ethanol and subsequent addition of 0.9 equiv. of potassium KOtBu dissolved in dry ethanol. 


The potassium salts 2a-d and 2f precipitated from the reaction mixture. After filtration, they were 


dried under reduced pressure. The anion of bis(p-nitrophenyl)methane (2e) was prepared 


following the procedure described in Ref. [29] 


CAUTION: Because of explosion hazards the isolation of 2a–K should be avoided! 


 


2. Instruments  
1H and 13C NMR spectra were recorded on Varian Inova 400 (400 MHz, 100.6 MHz), Bruker 


ARX 300 (300 MHz, 75.5 MHz), or Varian Mercury 200 (200 MHz) NMR spectrometers. 


Chemical shifts are expressed in ppm and refer to DMSO-d6 (δH 2.49, δC 39.7) or to CDCl3 (δH 


7.26, δC 77.0). The coupling constants are in Hz. Abbreviations used are s (singlet), d (doublet), t 


(triplet), q (quartet), quint (quintet), m (multiplet). 


 


3. Determination of Rate Constants 


The general method for the determination of the rate constants is described in the experimental 


part of the paper. 


The temperature of the solutions was kept constant (20 ± 0.1 °C) during all kinetic experiments 


by using a circulating bath thermostat.  


For evaluation of fast kinetic experiments commercial stopped-flow UV-vis spectrometer 


systems were used. UV-Vis kinetics of slow reactions was determined by using a diode array 


spectrophotometer, which was connected to a quartz suprasil immersion probe (5 mm light path). 


Rate constants kobs (s–1) were obtained by fitting the single exponential function At = A0exp(–k1ψt) 


+ C to the observed time-dependent electrophile absorbance. (For the reactions of 1a-c with the 


green dinitrobenzhydryl anion 2e-K+ the first-order rate constants kobs were determined with 2e-


K+ as the minor component). Plotting the kobs against the concentrations of the nucleophiles 


resulted in linear correlations whose slopes correspond to the second-order rate constants k2 (L 


mol–1 s–1). For stopped-flow experiments two stock solutions were used: A solution of 
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electrophiles 1a-i in DMSO and a solution of the carbanion 2, which was either generated by 


deprotonation of the corresponding parent compound 2–H with 1.05 equiv. KOtBu in DMSO in 


situ directly before use, or by using the preformed carbanion 2 (potassium salt) in DMSO. 


Figure S1 shows that the reaction of electrophile 1b with the carbanion 2c was followed at λ = 


290 nm. The decay of the absorption of 1b was accompanied by a development of an absorption 


band at λ ≈ 360 nm.  


 
Figure S1: UV-vis spectra during the reaction of electrophile 1b (4.12 × 10-5 mol L-1) with the carbanion 2c (3.57 × 


10-5 mol L-1) in DMSO at 20°C from an individual measurement. 
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4.1 Determination of Equilibrium Constants 
 


The equilibrium constants K are based on the equation S1 by using the initial absorptions A from 


the electrophiles 1e and 1f and the equilibrium absorptions after addition of carbanion 2b at 20°C 


in DMSO. It has to be mentioned that the employed values are derived from the kinetic 


measurements and are not the result from individual titration experiments.  


From the initial concentrations, [E]0 and [C–]0, and the absorbance of the electrophile (A = ε[E]d), 


the equilibrium concentrations [E]eq, and [C–]eq were calculated. Substitution into equation (S1) 


yielded the equilibrium constants K listed in Table S1 and S2. The equilibrium constants K 


presented herein are based only on the kinetic measurements and have not been repeated. 


)][][]([][
][][


][][
][


00


0


eqeq


eq


eqeq


eq


EENuE
EE


NuE
adduct


K
+−


−
== −−   (S1) 


 


Table S1: Equilibrium constant for the reaction of 1e with 2b (DMSO, 20°C) 


No. [1e]0 / M [2b-K]0 / M A0 Aeq [1e]eq / M [2b-K]eq / M K / M–1 


1 9.98 × 10-5  1.79 × 10-3 0.788 0.377 4.78 × 10-5 1.74 × 10-3 6.26 × 102 


2 9.71 × 10-5 2.52 × 10-3 0.768 0.309 3.99 × 10-5 2.46 × 10-3 5.83 × 102 


3 1.06 × 10-4 4.13 × 10-3 0.851 0.268 3.42 × 10-5 4.06 × 10-3 5.15 × 102 


4 1.06 × 10-4 4.72 × 10-3 0.857 0.250 3.19 × 10-5 4.65 × 10-3 4.98 × 102 


5 1.12 × 10-4 6.61 × 10-3 0.902 0.227 2.95 × 10-5 6.52 × 10-3 4.31 × 102 


K = 5.31 × 102 M–1  


log K = (2.72 ± 0.09)  


 


Table S2: Equilibrium constant for the reaction of 1f with 2b (DMSO, 20°C) 


No. [1f]0 / M [2b-K]0 / M A0 Aeq [1f]eq / M [2b-K]eq / M K / M–1 


1 7.95 × 10-5  1.53 × 10-3 0.95 0.67 5.60 × 10-5 1.51 × 10-3 2.77 × 102 


2 9.64 × 10-5 3.98 × 10-3 1.14 0.59 4.98 × 10-5 3.93 × 10-3 2.38 × 102 


3 9.52 × 10-5 5.51 × 10-3 1.13 0.50 4.21 × 10-5 5.46 × 10-3 2.31 × 102 


4 9.20 × 10-5 7.42 × 10-3 1.13 0.43 3.47 × 10-5 7.36 × 10-3 2.25 × 102 


5 9.04 × 10-5 9.23 × 10-3 1.07 0.38 3.20 × 10-5 9.17 × 10-3 1.99 × 102 


K = 2.34 × 102 M–1 


log K = (2.37 ±0.08)  
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4.2 Determination of the Molar Decadic Absorption Coefficients ε in DMSO 
 


In order to determine the molar decadic absorption coefficients ε of electrophiles 1a-i in DMSO, 


the absorption coefficients ε of the electrophiles 1a-i were calculated at the absorption maximum 


on the basis of the Lambert-Beer law Amax = ε c d (Table S3). UV-Vis spectra were recorded on a 


JASCO V-630 spectrometer using a cell of d = 1 cm. 


 


Table S3: Molar decadic absorption coefficients ε (L mol–1 cm–1) of 1a-i (DMSO, 20°C) 


electrophile [1] / mol L-1 Amax 


(λ max / nm) 


εmax 


[L mol-1 cm-1] 
1a 3.66 × 10-5 0.63 (302) 1.72 × 104 
1b 5.98 × 10-5 1.35 (283) 2.25 × 104 
1c 2.93 × 10-5 0.51 (277) 1.73 × 104 
1d 5.65 × 10-5 0.93 (283) 1.65 × 104 
1e 4.52 × 10-5 0.94 (295) 2.07 × 104 
1f 4.53 × 10-5 1.14 (316) 2.51 × 104 
1g 3.05 × 10-5 1.05 (383) 3.28 × 104 
1h 3.64 × 10-5 1.23 (395) 3.37 × 104 
1i 2.93 × 10-5 0.95 (407) 3.24 × 104 
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5. Synthesis of Diethyl Benzylidenemalonates 


 


Diethyl benzylidenemalonates 1a-i were prepared according to the protocol by Zabicky (Scheme 


S1).[23] 


O O


OEtEtO Ar


O


H
Ar


O O


OEtEtO


N


N


-C6H4-p-NO2


-C6H4-p-CN


-C6H4-m-Cl
-C6H5


-C6H4-p-Me


-C6H4-p-OMe


-C6H4-p-NMe2


+
toluene


Ar = 


Ar = 


1a
1b
1c
1d


1f
1e


1g


1i


Ar = 
1h


10 mol-%
piperidine


 


Scheme S1: Synthesis of electrophiles 1a–i from diethyl malonate and the corresponding aldehyde via Knoevenagel 


condensation in toluene. 


 


General Procedure. Diethyl malonate and the corresponding arylaldehyde (1 equiv.) were stirred 


under reflux in toluene for several hours using piperidine (≈ 10 mol-%) as catalyst. The product 


formation was followed by TLC. The reaction mixture was consecutively washed with aqueous 


HCl, aqueous NaHCO3 solution, and water. After drying the solution, the solvent was evaporated. 


The residue was either distilled (when liquid) or recrystallized from ethanol (when solid) to 


obtain the purified diethyl benzylidenemalonates. NMR spectra and melting points for the thus 


obtained compounds 1a–g were in agreement with literature values. 


 


Diethyl 2-(4-nitro-benzylidene)malonate (1a). From diethyl malonate (16 mmol) and 4-


nitrobenzaldehyde: 1a (3.61 g, 77 %), colorless needles; mp 89.3-89.8 °C (88°C, ref.[S1]) 1H 


NMR (CDCl3, 200 MHz): δ 1.28 (t, J = 7.1 Hz, 3 H, CH3), 1.35 (t, J = 7.1 Hz, 3 H, CH3), 4.33 (q, 


J = 7.1 Hz, 4 H, OCH2), 7.60 (d, J = 8.4 Hz, 2 H, ArH), 7.75 (s, 1 H, =CH), 8.23 (d, J = 8.4 Hz, 2 


H, ArH); in agreement with ref.[S1]. 


 


                                                 
[S1] F. Delgado, J. Tamariz, G. Zepeda, M. Landa, R. Miranda, J. Garcia, Synth. Commun. 1995, 25, 753-759. 
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Diethyl 2-(4-cyano-benzylidene)malonate (1b). From diethyl malonate (39 mmol) and 4-


cyanobenzaldehyde: 1b (6.82 g, 64 %), yellow needles; mp 72-73 °C (73°C, ref.[S2]). 1H NMR 


(CDCl3, 200 MHz): δ 1.27 (t, J = 7.1 Hz, 3 H, CH3), 1.33 (t, J = 7.1 Hz, 3 H, CH3), 4.31 (q, 3J = 


7.1 Hz, 4 H, OCH2), 7.53 (d, J = 8.2 Hz, 2 H, ArH), 7.66 (d, J = 8.2 Hz, 2 H, ArH), 7.70 (s, 1 H, 


=CH). 


 


Diethyl 2-(3-chloro-benzylidene)malonate (1c). From diethyl malonate (39 mmol) and 3-


chlorobenzaldehyde: 1c (5.42 g, 50 %), colorless oil; bp 130–134 °C, (8 × 10–3 mbar). 1H NMR 


(CDCl3, 200 MHz): δ 1.26 (t, J = 7.0 Hz, 3 H, CH3), 1.33 (t, J = 7.0 Hz, 3 H, CH3), 4.30 (q, J = 


7.0 Hz, 2 H, OCH2), 4.34 (q, J = 7.0 Hz, 2 H, OCH2), 7.30–7.65 (m, 4 H, ArH), 7.65 (s, 1 H, 


=CH); in agreement with ref.[S3]  


 


Diethyl 2-benzylidenemalonate (1d). From diethyl malonate (58 mmol) and benzaldehyde: 1d 


(11.2 g, 78 %), colorless oil which crystallized slowly; mp: 31.0-31.2 °C;  1H-NMR (CDCl3, 200 


MHz): δ 1.26 (t, J = 7.2 Hz, 3 H, CH3), 1.31 (t, J = 7.2 Hz, 3 H, CH3), 4.26 (q, J = 7.2 Hz, 2 H, 


OCH2), 4.32 (q, J = 7.2 Hz, 2 H, OCH2), 7.26–7.46 (m, 5 H, ArH), 7.72 (s, 1 H, =CH), in 


agreement with ref.[S1]  


 


Diethyl 2-(4-methyl-benzylidene)malonate (1e). From diethyl malonate (68 mmol) and 4-


methylbenzaldehyde after crystallization of the crude product from ethyl acetate/petrol ether (2/8) 


at –32 °C: 1e (6.91 g, 39 %), colorless solid; mp 47 °C (49–50°C, ref.[S2]). 1H NMR (CDCl3, 200 


MHz): δ 1.29 (t, J = 7.1 Hz, 3 H, CH3), 1.34 (t, J = 7.1 Hz, 3 H, CH3), 2.36 (s, 3 H, 4-CH3), 4.29, 


4.34 (2q, J = 7.1 Hz, 2 × 2 H, OCH2CH3), 7.17 (d, J = 7.9 Hz, 2 H, ArH), 7.35 (d, J = 7.9 Hz, 2 


H, ArH), 7.70 (s, 1 H, =CH); in agreement with ref.[S4] 


 


Diethyl 2-(4-methoxybenzylidene)malonate (1f). Diethyl malonate (84 mmol) and 4-


methoxybenzaldehyde produced a crude product which after distillation (130 °C / 4 × 10–3 mbar) 


slowly crystallized: 1f (12.5 g, 53%), solid; mp 38-39 °C (38-40°C, ref[S5]). 1H NMR (CDCl3, 


200 MHz): δ 1.29–1.36 (m, 6 H, 2 × CH3), 3.84 (s, OCH3), 4.27, 4.38 (2q, 3J = 7.2 Hz, 2 × 2 H, 


                                                 
[S2] G. Deng, J. Yu, X. Yang, H. Xu, Terahedron, 1990, 46, 5967-5974. 
[S3] W. M. Phillips, D. J. Currie, Can. J. Chem., 1969, 47, 3137-3146.  
[S4] J. K. Kim, P. S. Kwon, T. W. Kwon, S. K. Chung, J. W. Lee, Synth. Commun, 1996, 26, 535-542. 
[S5]  P. E. Papadakis, L. M. Hall, R. L. Augustine, J. Org. Chem., 1958, 23, 123. 
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OCH2CH3), 6.89 (d, J = 8.8 Hz, 2 H, ArH), 7.42 (d, J = 8.8 Hz, 2 H, ArCH), 7.67 (s, 1 H, =CH); 


in agreement with ref.[S1] 


 


Diethyl 2-(4-dimethylamino-benzylidene)malonate (1g). From diethyl malonate (34 mmol) and 


4-(dimethylamino)benzaldehyde: 1g (3.90 g, 39 %), yellow plates; mp 112.1-112.5 °C (from 


EtOH), in agreement with ref.[S6]. 1H NMR (CDCl3, 200 MHz): δ 1.30 (t, J = 7.0 Hz, 3 H, CH3), 


1.34 (t,  J= 7.0 Hz, 3 H, CH3), 3.01 (s, 6 H, NMe2), 4.26 (q, J = 7.0 Hz, 2 H, OCH2), 4.37 (q, J= 


7.0 Hz, 2 H, OCH2), 6.62 (d,  J= 9.0 Hz, 2 H, ArH), 7.48 (d, J = 9.0 Hz, 2 H, ArH), 7.62 (s, 1 H, 


=CH); in agreement with ref.[S1]  


 


Diethyl 2-(1-methyl-1,2,3,4-tetrahydroquinoline-6-ylmethylene)malonate (1h). Diethyl 


malonate (1.15 g, 7.18 mmol), 6-formyl-1-methyl-1,2,3,4-tetrahydroquinoline (1.26 g, 7.19 


mmol) and piperidine (300 µL) gave a crude product which was washed as described in the 


general procedure (Supporting Information) and further purified via MPLC (silica gel, 


dichloromethane/isohexane = 1/1). The fractions were combined, the solvents evaporated in 


vacuum, and the residue was crystallized from ethanol/isohexane at –5°C: 1h (1.50 g, 4.7 mmol,  


65 %), yellow solid; mp 56.2–56.7 °C. 1H NMR (DMSO-d6, 400 MHz): δ 1.22 (t, J = 7.1 Hz, 3 


H, CH3), 1.26 (t, J = 7.1 Hz, 3 H, CH3), 1.85 (quint, J = 6.3 Hz, 2 H, CH2), 2.64 (t, J = 6.3 Hz, 2 


H, CH2), 2.92 (s, 3 H, NMe), 3.31 (t, J = 6.3 Hz, 2 H, NCH2), 4.17 (q, J = 7.1 Hz, 2 H, OCH2), 


4.27 (q, J = 7.1 Hz, 2 H, OCH2), 6.57 (d, J = 8.7 Hz, 1 H, ArH), 7.02 (s, 1 H, ArH), 7.18 (dd, J = 


8.8 Hz, 2.3 Hz, 1 H, ArH), 7.45 (s, 1 H, C=CH). 13C NMR (DMSO-d6, 100.6 MHz): δ 13.7 (q), 


14.0 (q), 21.1 (t), 27.0 (t), 38.2 (q, NCH3), 50.2 (t, NCH2), 60.5 (t, OCH2), 60.9 (t, OCH2), 110.0 


(d), 118.1 (s), 118.5 (s), 121.7 (s), 130.1 (d), 130.5 (d), 141.7 (d, =CH), 148.6 (s), 164.2 (s), 167.1 


(s). HR-MS: Calcd for C18H23O4N: 317.1627; Found 317.1610. Elemental analysis (C18H23O4N): 


Calcd: C 68.12 %; H 7.30 %; N 4.41 %. Found C 67.96 %; H 7.28 %; N 4.38 %. 


 


Diethyl 2-((1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-9-yl)methylene)malonate (1i). A 


mixture of 1,2,3,5,6,7-hexahydropyrido[3.2.1-ij]quinoline-9-carbaldehyde (1.00 g, 4.98 mmol), 


diethyl malonate (0.79 g, 4.93 mmol) and piperidine (350 µL) was stirred in toluene under reflux 


until TLC indicated full conversion (3 h). After washing the crude reaction mixture as described 


in the general procedure (Supporting Information), the resulting oily residue was crystalized from 
                                                 
[S6] J. Zabicky, J. Chem. Soc. 1961, 683-687.  
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EtOAc/isohexane (1:3). The solid was filtered and washed with isohexane: 1i (1.1 g, 65 %), 


yellow solid; mp 83.2–83.4 °C. 1H NMR (CDCl3, 600 MHz): δ 1.30 (t, J = 6.2 Hz, 3 H, CH3), 


1.35 (t, J = 6.2 Hz, 3 H, CH3), 1.93 (quint, J = 6.2 Hz, 2 × 2 H, CH2), 2.69 (t, 3J = 5.6 Hz, 2 × 2 


H, CH2), 3.23 (t, J = 5.6 Hz, 2 × 2 H, NCH2), 4.25 (q, J = 7.2 Hz, 2 H, OCH2), 4.35 (q, J = 7.2 


Hz, 2 H, OCH2), 6.91 (s, 2 H, ArH), 7.52 (s, 1 H, 1 H, C=CH). 13C NMR (CDCl3, 150 MHz): δ 


14.0 (q), 14.2 (q), 21.4 (t), 27.6 (t), 49.9 (t, NCH2), 60.9 (t, OCH2), 61.2 (t, OCH2), 118.5 (s), 


119.0 (s), 120.6 (s), 129.7 (d), 143.0 (d, =CH), 145.2 (s), 165.3 (s), 168.2 (s). HR-MS: Calcd for 


C20H25O4N: 343.1784; Found 343.1775. Elemental analysis (C20H25O4N): Calcd: C 69.95 %; H 


7.34 %; N 4.08 %. Found C 69.66 %; H 7.35 %; N 4.09 %. 
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6. Product Studies 


 


Reactions of 2b-K with Diethyl Benzylidenemalonates 1  


 


General procedure. To a solution of 2b-K (3.0–7.5 mmol) in dry DMSO (20 mL) a solution of 1 


(1.5–2.5 mmol) in dry DMSO was added under nitrogen atmosphere. The reaction mixture was 


stirred for 5 h at room temperature and consecutively diluted with diethyl ether (25 mL), poured 


on water (50 mL), cooled with ice, and acidified with acetic acid. After extraction with diethyl 


ether (3 ×), the combined organic fractions were washed with water (3 × 20 mL) and dried 


(Na2SO4). After removal of the solvent under reduced pressure, the crude product was purified by 


distillation. 


CO2Et


CO2Et


CO2EtEtO2C
CO2Et


CO2Et


CO2EtEtO2C


1 2b


R R


5  


Scheme S2. Reactions of 1 with nucleophile 2b-K resulting in the formation of products 5.  


 


Tetraethyl 2-(3-chlorophenyl)propane-1,1,3,3-tetracarboxylate (5cb). From 1c (0.25 g, 1.5 


mmol) and 2b-K (0.60 g, 3.0 mmol): 5cb (0.31 g, 47 %), colorless oil; bp 250 °C (4 × 10–2 bar). 
1H NMR (300 MHz, CDCl3): δ 1.03 (t, J = 7.1, 6 H, 2 × CH3), 1.21 (t, J = 7.1, 6 H, 2 × CH3), 


3.96 (q, J = 7.1, 2 × 2 H, OCH2), 4.08–4.15 (m, 7 H), 7.16–7.33 (m, 2 × 2 H, ArH). 13C NMR 


(75.5 MHz, CDCl3): δ 13.7 (q), 13.9 (q), 43.4 (d, Cb), 54.8 (d, Ca), 61.4 (t), 61.7 (t), 127.7 (d), 


127.8 (d), 129.2 (d), 129.7 (d), 133.7 (s), 139.3 (s), 167.3 (s), 167.7 (s). 


CO2Et


CO2Et


CO2EtEtO2C


Cl
HbHa


 
 


Tetraethyl 2-phenylpropane-1,1,3,3-tetracarboxylate (5db). From 1d (0.62 g, 2.5 mmol) and 


2b-K (1.49 g,7.5 mmol): 5db (0.85 g, 83%), colorless oil; bp 175–180 °C (9 × 10–3 bar). 1H NMR 


(300 MHz, CDCl3): δ 0.99 (t, J = 7.1 Hz, 2 × 3 H, CH3), 1.21 (t, J = 7.1 Hz, 2 × 3 H, CH3), 3.91 
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(q, J = 7.1, 2 × 2 H, OCH2), 4.07-4.21 (m, 7 H), 7.15–7.34 (m, 5 H, ArH); in agreement with 


ref.[S7]  


CO2Et


CO2Et


CO2EtEtO2C
HbHa


 
 


Tetraethyl 2-p-tolylpropane-1,1,3,3-tetracarboxylate (5eb). From 1e (0.22 g, 1.5 mmol) and 


2b-K (0.60 g, 3.0 mmol): 5eb (0.31 g, 47%) , colorless oil; with bp 250 °C (4 × 10–2 bar). 1H 


NMR (300 MHz, CDCl3): δ 1.01 (t, J = 7.1 Hz, 2 × 3 H, CH3), 1.22 (t, J = 7.1 Hz, 2 × 3 H, CH3), 


2.25 (s, 3 H, CH3), 3.93 (q, J = 7.1 Hz, 2 × 2 H, OCH2), 4.07–4.22 (m, 7 H), 7.03–7.04 (m, 2 H, 


ArH), 7.18-7.21 (m, 2 H, ArH). 13C NMR (75.5 MHz, CDCl3): δ 13.7 (q), 13.9 (q), 21.0 (q), 43.5 


(d, Cb), 55.3 (d, Ca), 61.2 (t), 61.6 (t), 128.6 (d), 129.2 (d), 134.2 (s), 137.1 (s), 167.5 (s), 168.0 


(s); in agreement with ref.[S7]  


CO2Et


CO2Et


CO2EtEtO2C
HbHa


 
Tetraethyl 2-(4-methoxyphenyl)propane-1,1,3,3-tetracarboxylate (5fb). From 1f (0.56 g, 


2.0mmol) and 2b-K (0.79 g, 4.0 mmol): 5fb (0.68 g, 78%), colorless oil; bp 210–220 °C (1.3 × 


10–2 bar). 1H NMR (300 MHz, CDCl3): δ 1.04 (t, J = 7.1 Hz, 2 × 3 H, CH3), 1.23 (t, J = 7.1 Hz, 2 


× 3 H, CH3), 3.75 (s, 3 H, OCH3), 3.95 (q, J = 7.1 Hz, 2 × 2 H, OCH2), 4.04–4.18 (m, 7 H), 6.76–


6.79 (m, 2 H, ArH), 7.24–7.27 (m, 2 H, ArH). 13C NMR (75.5 MHz, CDCl3): δ 13.6 (q), 13.8 (q), 


43.0 (d, Cb), 54.9 (q, OCH3), 55.1 (d, Ca), 61.1 (t), 61.4 (t), 113.1 (d), 129.0 (s), 130.4 (d), 158.7 


(s), 167.4 (s), 167.9 (s); in agreement with ref.[S7] 


CO2Et


CO2Et


CO2EtEtO2C
HbHa


O  


                                                 
[S7] R. Fan, W. Wang, D. Pu, J. Wu, J. Org. Chem. 2007, 72, 5905-5907. 
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Reactions of 2c-K with Diethyl Benzylidenemalonates 1  


 


General Procedure. Equimolar amounts of 2c-K and an electrophile 1 were mixed and stirred in 


dry DMSO-d6 (3–5 mL). After 5 min samples were taken and analyzed by NMR spectrocopy. 


Samples for MS were obtained by mixing equimolar amounts (0.2-0.5 mmol) of 2c-K and 1 in 


dry EtOH (2 mL). 


 


2-Cyano-1,5-diethoxy-4-(ethoxycarbonyl)-3-(4-nitrophenyl)-1,5-dioxopentan-2-yl) 


potassium (4ac). 


Mixture of two tautomers (3:1)  


Major tautomer 
1H NMR (DMSO-d6, 400 MHz): δ 0.87 (t, J = 7.1 Hz, 3 H, CH3), 0.99 (t, J = 7.1 Hz, 3 H, CH3) 


1.16 (t, J = 7.1 Hz, 3 H, CH3), 3.67–3.87 (m, 2 × 2 H, OCH2), 4.05 (d, J = 12.3 Hz, 1 H, CHb), 


4.12–4.24 (m, 2 H, OCH2), 4.22 (d, J = 12.4 Hz, 1 H, CHa), 7.40 (d, J = 8.8 Hz, 2 H, ArH), 8.08 


(d, 3J = 8.8 Hz, 2 H, ArH). 13C NMR (DMSO-d6, 100 MHz): δ 13.5 (q), 13.7 (q), 15.3 (q), 42.6 


(d, Cb), 47.4 (s, C–), 55.4 (d, Cc), 55.7 (t), 60.3 (t), 60.4 (t), 122.9 (d), 127.5 (d), 128.6 (s), 145.0 


(s), 153.6 (s), 167.1 (s), 167.7 (s), 168.5 (s). MS (ESI, negative) m/z (%): 406.13 (15), 405.13 


(100), 191.12 (7), 257.08 (10).  


Peak assignment in analogy to the neutral compound 4ac-H from ref.[S8]  


O2N


EtO2C CN


CO2Et


CO2Et


Hb


Hc


 
 


2-Cyano-3-(4-cyanophenyl)-1,5-diethoxy-4-(ethoxycarbonyl)-1,5-dioxopentan-2-yl) 


potassium (4bc). 


Mixture of two tautomers (3:1) 


NMR spectra refer to the major tautomer 
1H NMR (DMSO-d6, 400 MHz): δ 0.86–0.89 (m, 3 H, CH3), 0.98–1.01 (m, 3 H, CH3), 1.15–1.18 


(m, 3 H, CH3), 3.72–3.82 (m, 2 × 2 H, OCH2), 4.02–4.18 (m, 4 H), 7.35 (d, J = 8.0 Hz, 2 H, 


ArH), 7.63–7.65 (m, 2 H, ArH). 13C NMR (DMSO-d6, 100 MHz): δ  13.3 (q), 13.5 (q), 15.1 (q), 


                                                 
[S8] G. Manickam, G. Sundararajan, Tetrahedron, 1999, 55, 2721-2736.  







 S13


42.6 (d, Cb), 47.2 (s, C–), 55.4 (d, Cc), 55.5 (t), 60.1 (t), 60.2 (t), 107.4 (s, Ar-CN), 118.9 (s), 


127.4 (d), 128.6 (s, Ca-CN), 131.3 (d), 151.1 (s), 166.9 (s), 167.5 (s), 168.3 (s). MS (ESI, 


negative) m/z (%): 385.14 (100, C20H21O6N2). 


NC


EtO2C CN


CO2Et


CO2Et


Hb


Hc


 
 


3-(3-Chlorophenyl)-2-cyano-1,5-diethoxy-4-(ethoxycarbonyl)-1,5-dioxopentan-2-yl) 


potassium (4cc). 


Mixture of two tautomers  


NMR spectra refer to the major tautomer 
1H NMR (DMSO-d6, 400 MHz): δ 0.87 (t, J = 7.1 Hz, 3 H, CH3), 1.01 (t, J = 7.1 Hz, 3 H, CH3), 


1.15 (t, J = 7.1 Hz, 3 H, CH3), 3.69–3.85 (m, 2 × 2 H, OCH2), 3.96 (d, J = 12.3 Hz, 1 H, CHc), 


4.04-4.12 (m, 3 H, OCH2 and CHb), 7.10–7.22 (m, 2 × 2 H, ArH). 13C NMR (DMSO-d6, 100 


MHz): δ 13.2 (q), 13.5 (q), 15.1 (q), 42.2 (d, Cb), 47.3 (s, C–), 55.4 (t), 55.9 (d, Cc), 59.9 (t), 60.1 


(t), 124.7 (d), 125.2 (d), 126.5 (d), 129.0 (d), 131.7 (s), 147.9 (s), 166.9 (s), 167.5 (s), 168.3 (s). 


MS (ESI, negative) m/z (%): 394.11 (100). 


EtO2C CN


CO2Et


CO2Et


K


Cl
Hb


Hc


 
 


2-Cyano-1,5-diethoxy-4-(ethoxycarbonyl)-1,5-dioxo-3-phenylpentan-2-yl) potassium (4dc). 


Mixture of two tautomers 


NMR spectra refer to the major tautomer 
1H NMR (DMSO-d6, 400 MHz): δ 0.83 (t, J = 7.1 Hz, 3 H, CH3), 0.99 (t, J = 7.1 Hz, 3 H, CH3), 


1.15 (t, J = 7.1 Hz, 3 H, CH3), 3.70–3.78 (m, 2 × 2 H, OCH2), 3.95 (d, J = 12.4 Hz, 1 H, CHc), 


4.05–4.13 (m, 3 H, OCH2 and CHb), 7.03–7.19 (m, 5 H, ArH). 13C NMR (DMSO-d6, 100 MHz): 


δ 13.4 (q), 13.8 (q), 15.4 (q), 42.5 (d, Cb), 47.8 (s, C–), 55.5 (t), 56.6 (d, Cc), 59.9 (t), 60.1 (t), 


125.0 (d), 126.9 (d), 127.2 (d), 129.5 (s), 145.7 (s), 167.4 (s), 167.9 (s), 168.5 (s). MS (ESI, 


negative) m/z (%): 360.15 (100, C19H22NO6). 
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EtO2C CN


CO2Et


CO2Et
Hc


Hb


 
 


2-Cyano-1,5-diethoxy-4-(ethoxycarbonyl)-1,5-dioxo-3-p-tolylpentan-2-yl) potassium (4ec). 


Mixture of two tautomers  


NMR spectra refer to the major tautomer 
1H NMR (DMSO-d6, 400 MHz): δ 0.86 (t, J = 7.1 Hz, 3 H,CH3), 0.99 (t, J = 7.1 Hz, 3 H, CH3), 


1.15 (t, J = 7.1 Hz, 3 H, CH3), 2.21 (s, CH3), 3.67–3.80 (m, 2 × 2 H, OCH2), 3.91 (d, J = 12.3 Hz, 


1 H, CHc), 4.04–4.09 (m, 3 H, OCH2 and CHb), 6.95 (d, J = 8.0 Hz, ArH), 7.06 (d, J = 8.0 Hz, 


ArH). 13C NMR (DMSO-d6, 100 MHz): δ 13.5 (q), 13.8 (q), 15.4 (q), 20.5 (q), 42.1 (d, Cb), 47.9 


(s, C–), 55.4 (t), 56.7 (d, Cc), 59.9 (t), 60.1 (t), 126.8 (d), 127.8 (d), 129.6 (s), 133.7 (s), 142.7 (s), 


167.5 (s), 167.9 (s), 168.5 (s). MS (ESI, positive) m/z (%): 414.13 (100, C20H25O6N39K), 461.16 


(80). MS (ESI, negative) m/z (%): 241.09 (100), 374.16 (8), 386.14 (20). 
EtO2C CN


CO2Et


CO2Et
Hc


Hb


 
2-Cyano-1,5-diethoxy-4-(ethoxycarbonyl)-3-(4-methoxyphenyl)-1,5-dioxopentan-2-yl) 


potassium (4fc) 


Mixture of two tautomers 


NMR spectra refer to the major tautomer 
1H NMR (DMSO-d6, 400 MHz): δ 0.86 (t, J = 7.1 Hz, 3 H, CH3), 0.99 (t, J = 7.1 Hz, 3 H, CH3), 


1.14 (t, J = 7.1 Hz, 3 H, CH3), 3.67 (s, OCH3), 3.70–3.78 (m, 2 × 2 H, OCH2), 3.90 (d, J = 12.3 


Hz, 1 H, CHc), 4.02–4.07 (m, 3 H, OCH2 and CHb), 6.71 (d, J = 8.6 Hz, 2 H, ArH), 7.10 (d, J = 


8.6 Hz, 2 H, ArH). 13C NMR (DMSO-d6, 100 MHz): δ 13.5 (q), 13.8 (q), 15.4 (q), 41.8 (d, Cb), 


48.0 (s, C–), 54.8 (q, OCH3), 55.4 (t), 57.0 (d, Cc), 59.9 (t), 60.1 (t), 112.7 (d), 127.7 (s, CN) 


127.9 (d), 129.7 (s), 137.9 (s), 156.9 (s), 167.4 (s), 167.9 (s), 168.5 (s). MS (ESI, negative) m/z 


(%): 390.16 (15), 257.09 (100). 
EtO2C CN


CO2Et


CO2Et
O


Hb


Hc
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Ethyl-(E)-2-cyano-3-(4-cyanophenyl)acrylic acid ethyl ester (retro-Michael product). After 


addition of 1b (302 mg, 1.11 mmol) to a mixture of 2c-H (510 µl, 4 mmol) and K2CO3 (1.2 g, 19 


mmol) in DME/DMSO as solvent mixture the solution was stirred for 1 h at room temperature. 


The solution turned yellow and after the excess K2CO3 was filtered off, and the solution was 


concentrated under reduced pressure. After extraction with ethyl acetate the solution was washed 


with sat. aqueous NaCl solution and dried over MgSO4. After evaporation of the solvent, the 


crude product was crystallized from ethanol: retro-Michael product (60 mg, 24 %), yellow 


needles; mp 172.0–172.5 °C (from EtOH), (168.5.-169.0 °C, ref. [S9]).  


CO2Et
H


CN
NC


retro-Michael product  
 


1H NMR (CDCl3, 300 MHz): δ 1.41 (t, J = 7.1 Hz, 3 H, CH3), 4.41 (q, J = 7.1 Hz, 2 H, OCH2), 


7.79 (d, J = 8.3 Hz, 2 H, ArH), 8.06 (d, J = 8.3 Hz, 2 H, ArH), 8.24 (s, 1 H, =CH), in agreement 


with ref.[S10]. 13C NMR (CDCl3, 75 MHz): δ 14.1 (q), 63.3 (t), 106.8 (s), 114.6 (s), 116.0 (s), 


117.7 (s), 131.0 (d), 132.8 (d), 135.3 (s), 152.2 (d, =CH), 161.5 (s). HR-MS: Calcd. for 


(C13H10N2O2) 226.0742; Found 226.0424 


                                                 
[S9] D. T. Mowry, J. Am. Chem. Soc. 1949, 65, 992. 
[S10] C. N. Robinson, C. D. Slater, J. S. Covington, C. R. Chang et. al, J. Magn. Reson. 1980, 41, 293-301. 
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Reaction of 2d with Diethyl Benzylidenemalonate 1a 


 


2-Acetyl-4-ethoxycarbonyl-3-(4-nitrophenyl)-pentanedioic acid diethyl ester (5ad). 


Potassium carbonate (1.38 g, 10 mmol) was added to a mixture of 1a (293 mg, 1.00 mmol) and 


2d-H (510 μl, 4 mmol) in DMSO (4 mL) at room temperature. After stirring for 2 h, the reaction 


mixture was diluted with ethyl acetate (40 mL) and poured into 5 % of hydrochloric acid with 


ice. After extraction with ethyl acetate, the combined organic layers were washed with water and 


brine and dried (Na2SO4). Removal of the solvents in the vacuum gave a residue, which was 


purified by column chromatography (SiO2, hexane/ethyl acetate). The crude product (420 mg, 


2:1-mixture of diastereomers) was crystallized to yield the major diastereomer: 5ad (200 mg, 47 


%); mp 72 °C (from EtOH). 


O2N


CO2Et


CO2Et


CO2Et
O


5ad  
1H NMR (CDCl3, 300 MHz): δ 1.00 (t, J  = 7.2, 3 H), 1.08, (t, J = 7.2 Hz, 3 H), 1.21 (t, J = 7.2 


Hz, 3 H), 2.27 (s, 3 H), 3.88 (m, 1 H), 3.91 (q, J = 7.2 Hz, 2 H), 4.00 (q, J = 7.2 Hz, 2 H), 4.11 (q, 


J = 7.2 Hz, 2 H), 4.39 (m, 2 H), 7.51 (d, J = 8.8 Hz, 2 H), 8.11 (d, J = 8.8 Hz, 2 H). 13C NMR 


(CDCl3, 75 MHz): δ 13.7, 13.8, 13.9, 29.7, 42.6, 54.5, 61.7, 61.8, 61.9, 62.3, 123.1, 130.5, 145.6, 


147.2, 167.1, 167.3, 167.6, 200.6. MS (EI, 70 eV) m/z (%): 423 (M+, < 1), 380 (2), 377 (5), 364 


(12), 334 (14), 304 (8), 288 (21), 248 (90), 218 (30), 203 (20), 176 (50), 160 (58), 133 (33), 115 


(54), 102 (21), 43 (100). Elemental analysis (C20H25NO9) Calcd. C 56.73 H 5.95 N 3.31. Found: 


C 56.68 H 5.84 N 3.26. 
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Reactions of 2f–K with Diethyl Benzylidenemalonates 1a.  


 
Diethyl 2-(2,2-dicyano-1-(4-nitrophenyl)ethyl)malonate (5af). 


After addition of 1a (283 mg, 0.965 mmol) to the potassium salt of malononitrile 2f-K (103 mg, 


0.983 mmol) dissolved in dry DMSO-d6 (5 mL) the solution turned from pale yellow to orange-


red. Stirring was continued for 5 min at room temperature. For the NMR spectroscopic 


characterization of 4af, a sample of the crude reaction mixture was used. The reaction mixture 


was poured on cold water and acidified with conc. hydrochloric acid (2 mL). The solution turned 


yellow and a fine solid precipitated. Since the formed precipitate was too fine to be filtered, it 


was dissolved in CH2Cl2, filtered over a warm cotton batting and evaporated under reduced 


pressure: 5af (120 mg, 35 %), pale yellow oil. 


CNNC


O2N


CO2Et


CO2Et


CNNC


O2N


CO2Et


CO2Et


K+


4af–K 5af  
4af-K: 1H NMR (DMSO-d6, 400 MHz): δ 0.87 (t, J = 7.1 Hz, 3 H, CH3), 1.25 (t, J = 7.1 Hz, 3 H, 


CH3), 3.66 (d, J = 12.0 Hz, 1 H, CH), 3.78–3.85 (m, 3 H, OCH2 and CH), 4.19 (q, J = 7.1 Hz, 4 


H, OCH2), 7.39 (d, J = 8.1 Hz, 2 H, ArH), 8.13 (d, J = 8.1 Hz, 2 H, ArH).  
13C NMR (DMSO-d6, 100 MHz): δ 13.4 (q), 13.9 (q), 17.2 (s, C–), 44.1 (d), 56.7 (d), 60.7 (t), 


60.9 (t), 123.3 (d), 127.5 (d), 129.3 (s, CN), 145.5 (s), 152.3 (s), 166.8 (s), 167.0 (s). 


 


5af: 1H-NMR (CDCl3, 300 MHz): δ 0.97 (t, J = 7.1 Hz, 3 H, CH3), 1.26 (t, J = 7.1 Hz, 3 H, CH3), 


3.90–3.96 (m, 2 H, OCH2), 4.07 (m, 2 H, 2 × CH), 4.24–4.27 (m, 2 H, OCH2), 4.95–4.97 (m, 1 H, 


Hb), 7.60 (d, J = 8.8 Hz, 2 H, ArH), 8.24 (d, J = 8.8 Hz, 2 H, ArH). 13C NMR (CDCl3, 75.5 


MHz): δ 13.7 (q), 27.1 (d), 44.2 (d), 52.9 (d), 62.3 (t), 63.1 (t), 110.7 (s), 110.8 (s), 124.1 (d), 


129.7 (d), 140.5 (s) 148.4 (s), 165.3 (s), 166.7 (s). 
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7. Reactivities of Diethyl Benzylidenemalonates 1a–i  


Reactions of electrophile 1a  


Table S1: Kinetics of the reaction of 1a with the nitro ethyl anion 2a (K+ salt, DMSO, 20 °C, 


stopped-flow UV-Vis spectrometer, decrease at λ = 305 nm). 


 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a370-1 2.83 × 10−5 9.61 × 10−4 1.94 × 10−1 


a370-2 2.83 × 10−5 1.92 × 10−3 4.56 × 10−1 


a370-3 2.83 × 10−5 2.88 × 10−3 6.74 × 10−1 


a370-4 2.83 × 10−5 3.77 × 10−3 8.74 × 10−1 


k2 = 2.41 × 102 L mol−1 s−1 


 


Table S2: Kinetics of the reaction of 1a with the diethyl malonate anion 2b (K+ salt, DMSO, 20 


°C, diode array UV-vis spectrometer).  


y = 42.864x + 0.004
R2 = 0.998


0.0


0.1


0.1


0.2


0.000 0.001 0.002 0.003


[2b-K] / M


k obs / s-1


y = 42.812x + 0.003
R2 = 0.997


0.00


0.05


0.10


0.15


0.000 0.001 0.002 0.003
[2b-K] / M


kobs / s-1


  
k2 = 4.29 × 101 L mol−1 s−1    k2 = 4.28 × 101 L mol−1 s−1 


(from decrease at  λ = 325 nm)   (from increase at λ = 425 nm) 


 


No. [E]0 / M [Nu–]0 / M kobs / s−1 
(decrease at  λ = 325 nm) 


kobs / s−1 
(increase at  λ = 425 nm) 


a338-6 4.09 × 10−5 5.06 × 10−4 2.38 × 10−2 2.43 × 10−2 


a338-2 4.09 × 10−5 9.99 × 10−4 4.55 × 10−2 4.88 × 10−2 


a338-3 4.09 × 10−5 1.51 × 10−3 7.10 × 10−2 6.83 × 10−2 


a338-4 4.09 × 10−5 2.00 × 10−3 9.02 × 10−2 9.04 × 10−2 


a338-5 4.09 × 10−5 2.47 × 10−3 1.07 × 10−1 1.09 × 10−1 


y = 240.7656x - 0.0244
R2 = 0.9977


0.0


0.2


0.4


0.6


0.8


1.0


0.0000 0.0010 0.0020 0.0030 0.0040


[2a-K] / M


k obs / s-1
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Table S3: Kinetics of the reaction of 1a with the anion of ethyl cyano acetate 2c (K+ salt, DMSO, 


20 °C, diode array UV-vis spectrometer, decrease at λ = 310 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a320-6 4.94 × 10−5 1.14 × 10−3 2.62 × 10−2 


a320-1 a 4.94 × 10−5 1.14 × 10−3 2.58 × 10−2 


a320-3 4.94 × 10−5 1.70 × 10−3 3.70 × 10−2 


a320-5 4.94 × 10−5 2.13 × 10−3 4.72 × 10−2 
a in the presence of 1 equiv. 18-crown-6. 


k2 = 2.12 × 101 L mol−1 s−1 


y = 21.16636x + 0.00174
R2 = 0.99674


0.00


0.02
0.03


0.05


0.000 0.001 0.002 0.003


[2c-K ] / M


k obs / s-1


 
 


Table S4: Kinetics of the reaction of 1a with the anion of ethyl cyano acetate 2c (K+ salt, in the 


presence of 1 equiv. of 18-crown-6, DMSO, 20 °C, diode array UV-vis spectrometer, decrease at 


λ = 302 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


72-1 1.29 × 10−4 9.92 × 10−4 1.64 × 10−2 


72-2 1.38 × 10−4 1.97 × 10−3 3.94 × 10−2 


72-3 1.38 × 10−4 3.07 × 10−3 6.52 × 10−2 


72-4 1.37 × 10−4 4.05 × 10−3 8.62 × 10−2 


72-5 1.36 × 10−4 5.05 × 10−3 1.07 × 10−1 


k2 = 2.24 × 101 L mol−1 s−1 


y = 22.167x - 0.0049
R2 = 0.9992


0.00


0.02


0.04


0.06


0.08


0.10


0.12


0.000 0.002 0.004 0.006


[2c-K] / M


k obs / s-1
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y = 10.9226x + 0.0004
R2 = 0.9988


0.000
0.005
0.010
0.015
0.020


0.0000 0.0005 0.0010 0.0015


[1a] / M


k obs / s-1


Table S5: Kinetics of the reaction of 1a with the anion of ethyl aceto acetate 2d (K+ salt) in 


presence of 18-crown-6 (1 equiv.) and the corresponding CH acid 2d-H 


 (DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 310 nm). 


No. [E]0 / M [Nu–]0 / M [2b-H]0 / M kobs / s−1 


102-1 7.03 × 10−5 5.30 × 10−4 7.03 × 10−5 4.27 × 10−3 


102-2 6.93 × 10−5 1.04 × 10−3 6.93 × 10−5 7.26 × 10−3 


102-3 6.91 × 10−5 1.56 × 10−3 6.91 × 10−5 1.10 × 10−2 


102-4 6.86 × 10−5 2.07 × 10−3 6.86 × 10−5 1.42 × 10−2 


102-5 6.85 × 10−5 2.58 × 10−3 6.85 × 10−5 1.77 × 10−2 


k2 = 6.58 L mol−1 s−1 


 y = 6.5763x + 0.0006
R2 = 0.9993


0.0000


0.0050


0.0100


0.0150


0.0200


0.000 0.001 0.002 0.003


[2d-K] / M


k  obs / s-1


 
Table S6: Kinetics of the reaction of 1a with the bis(4-nitrophenyl)methyl anion 2 (K+ salt,  


DMSO, 20 ° C, diode array UV-vis spectrometer, decrease at λ = 700 nm).  


 
No. [Nu–]0 / M [E]0 / M kobs / s−1 


a294b-1 2.31 × 10−5 2.31 × 10−4 3.02 × 10−3 


a294b-2 2.31 × 10−5 4.63 × 10−4 5.34 × 10−3 


a294b-3b 2.31 × 10−5 9.43 × 10−4 1.09 × 10−2 


a294b-5 2.31 × 10−5 1.16 × 10−3 1.30 × 10−2 


k2 = 1.09 × 101 L mol−1 s−1 
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Reactions of electrophile 1b  


Table S7: Kinetics of the reaction 1b with the nitroethyl anion 2a (K+ salt, DMSO, 20 °C, diode 


array UV-vis spectrometer, decrease at λ = 305 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a342b 1.55 × 10−5 1.88 × 10−4 2.64 × 10−2 


a342b-2 1.55 × 10−5 3.74 × 10−4 5.49 × 10−2 


a342b-3 1.55 × 10−5 5.59 × 10−4 8.15 × 10−2 


a342b-4 1.55 × 10−5 7.41 × 10−4 1.03 × 10−1 


a342b-5 1.55 × 10−5 9.67 × 10−4 1.42 × 10−1 
k2 = 1.45 × 102 L mol−1 s−1 


Table S8: Kinetics of the reaction of 1b with the diethyl malonate anion 2b (K+ salt) in the 


presence of 1.5 to 2.0 equiv. 18-crown-6 


(DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 300 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


40-5 6.01 × 10−5 2.44 × 10−4 7.01 × 10−3 


40-4 6.00 × 10−5 4.25 × 10−4 1.25 × 10−2 


49-3 5.98 × 10−5 5.43 × 10−4 1.54 × 10−2 


49-2 6.02 × 10−5 9.00 × 10−4 2.54 × 10−2 


49-1 6.04 × 10−5 1.13 × 10−3 3.26 × 10−2 


k2 = 2.86 × 101 L mol−1 s−1 


Table S9: Kinetics of the reaction of 1b with the anion of ethyl cyano acetate 2c (K+ salt, DMSO, 


20 °C, diode array UV-vis spectrometer, decrease at λ = 290 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a291b-1 4.32 × 10−5 1.86 × 10−4 1.73 × 10−3 


a291b-2 4.32 × 10−5 3.72 × 10−4 3.64 × 10−3 


a291b-3 4.32 × 10−5 5.54 × 10−4 5.38 × 10−3 


a291b-4 4.32 × 10−5 7.56 × 10−4 7.41 × 10−3 


a291b-5 4.32 × 10−5 9.45 × 10−4 9.14 × 10−3 


k2 = 9.77 L mol−1 s−1 


 


y = 145.352x - 0.001
R2 = 0.997


0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14


0.0000 0.0003 0.0006 0.0009
[2a-K] / M


k obs / s
-1


y = 9.7765x - 0.0001
R2 = 0.9995


0.000


0.002


0.004


0.006


0.008


0.010


0.0000 0.0003 0.0006 0.0009 0.0012
[2c-K] / M


k obs / s
-1


y = 28.567x + 5E-05
R2 = 0.9993


0.00


0.01


0.02


0.03


0.04


0.0000 0.0005 0.0010 0.0015


[2b-K] / M


k  obs / s-1
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Table S10: Kinetics of the reaction of 1b with the bis(4-nitrophenyl)methyl anion 2e (K+ salt, 


(DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 620 nm). 


 


No. [Nu–]0 / M [E]0 / M kobs / s−1 


a295-1 2.30 × 10−5 2.28 × 10−4 1.75 × 10−3 


a295-2 2.30 × 10−5 4.56 × 10−4 2.89 × 10−3 


a295-3 2.30 × 10−5 7.02 × 10−4 4.81 × 10−3 


a295-4 2.30 × 10−5 8.96 × 10−4 5.69 × 10−3 


a295-5 2.30 × 10−5 1.08 × 10−3 6.70 × 10−3 


k2 = 5.94 L mol−1 s−1 


 


Table S11: Kinetics of the reaction of 1b with the bis(4-nitrophenyl)methyl anion 2e (K+ salt) in 


the presence of 1 equiv. 18-crown-6 


(DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 620 nm). 


 


No. [Nu–]0 / M [E]0 / M kobs / s−1 


a323-1 4.98 × 10−5 5.97 × 10−4 3.38 × 10−3 


a323-2 4.98 × 10−5 1.18 × 10−3 6.77 × 10−3 


a323-3 4.98 × 10−5 1.81 × 10−3 1.15 × 10−2 


a323-4 4.98 × 10−5 2.35 × 10−3 1.36 × 10−2 


k2 = 6.03 L mol−1 s−1 


 


y = 6.0283x - 0.0002
R2 = 0.9903


0.000
0.005
0.010
0.015
0.020


0.0000 0.0005 0.0010 0.0015 0.0020 0.0025


[2e-K] / M


k obs / s-1


y = 5.9447x + 0.0004
R2 = 0.9930


0.000
0.002
0.004


0.006
0.008


0.0000 0.0005 0.0010 0.0015


[1b] / M


k obs / s-1
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Reactions of electrophile 1c  


Table S12: Kinetics of the reaction of 1c with the nitro ethyl anion 2a (K+ salt, DMSO, 20 °C, 


diode array UV-vis spectrometer, decrease at λ = 305 nm). 


No. [E]0 / M [Nu–] 0 / M kobs / s−1 


a343-1 3.76 × 10−5 2.89 × 10−4 1.70 × 10−2 


a343-4 3.76 × 10−5 4.19 × 10−4 2.14 × 10−2 


a343-2 3.76 × 10−5 5.71 × 10−4 2.70 × 10−2 


a343-6 3.76 × 10−5 7.18 × 10−4 3.35 × 10−2 


a343-5 3.76 × 10−5 8.49 × 10−4 3.72 × 10−2 


k2 = 3.71 × 101 L mol−1 s−1 


Table S13: Kinetics of the reaction of 1c with the diethyl malonate anion 2b (K+ salt) in the 


presence of 1.5 equiv. 18-crown-6 


(DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 303 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


56-1 2.26 × 10−4 1.47 × 10−3 1.02 × 10−2 


56-2 2.26 × 10−4 1.95 × 10−3 1.29 × 10−2 


56-3 2.40 × 10−4 3.06 × 10−3 2.14 × 10−2 


56-4 2.53 × 10−4 5.60 × 10−3 3.81 × 10−2 


k2 = 6.81 L mol−1 s−1 


 


Table S14: Kinetics of the reaction of 1c with the anion of ethyl cyano acetate 2c (K+ salt, 


DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 305 nm). 


No. [E]0 / M [Nu–] 0 / M kobs / s−1 


a292-1 3.85 × 10−5 4.69 × 10−4 1.46 × 10−3 


a292-2 3.85 × 10−5 7.85 × 10−4 2.11 × 10−3 


a292-3 3.85 × 10−5 1.16 × 10−3 3.21 × 10−3 


a292-4 3.85 × 10−5 1.56 × 10−3 4.16 × 10−3 


a292-5 3.85 × 10−5 2.27 × 10−3 6.26 × 10−3 


k2 = 2.68 L mol−1 s−1 


y = 2.6821x + 0.0001
R2 = 0.9972


0.000


0.002


0.004


0.006


0.008


0.0000 0.0005 0.0010 0.0015 0.0020 0.0025


[2c-K] / M


k obs / s
-1


y = 37.1461x + 0.0060
R2 = 0.9964


0.00
0.01
0.02
0.03
0.04
0.05
0.06


0.0000 0.0002 0.0004 0.0006 0.0008 0.0010


[2a-K] / M


k obs / s-1


y = 6.8143x + 8E-05
R2 = 0.999


0.00
0.01
0.02
0.03
0.04
0.05


0.000 0.002 0.004 0.006


[2b-K] / M


k  obs / s-1







 S24


Table S15: Kinetics of the reaction of 1c with the anion of ethyl cyano acetate 2c (K+ salt) in the 


presence of 1 equiv. 18-crown-6 


(DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 290 nm). 


No. [E]0 / M [Nu–] 0 / M kobs / s−1 


a318b-2 3.89 × 10−5 1.22 × 10−3 3.31 × 10−3 


a318b-3 3.89 × 10−5 1.84 × 10−3 4.80 × 10−3 


a318b-4 3.89 × 10−5 2.44 × 10−3 6.26 × 10−3 


a318b-5 3.89 × 10−5 3.15 × 10−3 8.16 × 10−3 


 k2 = 2.51 L mol−1 s−1 


 


 


Table S16: Kinetics of the reaction of 1c with the bis(4-nitrophenyl)methyl anion 2e (K+ salt, 


DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 785 nm). 


No. [Nu–]0 / M [E]0 / M kobs / s−1 


a297b-1 3.56 × 10−5 4.12 × 10−4 6.72 × 10−4 


a297b-2 3.56 × 10−5 8.33 × 10−4 1.58 × 10−3 


a297b-3 3.56 × 10−5 1.24 × 10−3 2.23 × 10−3 


a297b-4 3.56 × 10−5 1.60 × 10−3 2.79 × 10−3 


a297b-5 3.56 × 10−5 2.04 × 10−3 3.43 × 10−3 


k2 = 1.67 L mol−1 s−1 


y = 1.6722x + 0.0001
R2 = 0.9935


0.000
0.001
0.002
0.003
0.004
0.005


0.0000 0.0005 0.0010 0.0015 0.0020 0.0025


[1c] / M


k o bs / s-1


y = 2.5085x + 0.0002
R2 = 0.9994


0.000


0.002


0.004


0.006


0.008


0.010


0.000 0.001 0.002 0.003 0.004
[2c-K] / M


k obs / s
-1
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Reactions of electrophile 1d  


Table S17: Kinetics of the reaction of 1d with the diethyl malonate anion 2b (K+ salt) in the 


presence of 1.6 equiv. 18-crown-6  


(DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 303 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


41-1 2.04 × 10−4 4.18 × 10−3 2.36 × 10−3 


40-3 1.97 × 10−4 5.15 × 10−3 3.04 × 10−3 


40-2 3.00 × 10−4 5.24 × 10−3 3.05 × 10−3 


40-4 1.98 × 10−4 6.83 × 10−3 3.95 × 10−3 


k2 = 5.93 × 10−1 L mol−1 s−1 


 


 


Table S18: Kinetics of the reaction of 1d with the ethyl cyano acetate anion 2c (K+ salt, DMSO, 


20 °C, diode array UV-vis spectrometer, decrease at λ = 303 nm) 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a304c-1 4.80 × 10−5 3.17 × 10−3 7.87 × 10−4 


a304c-2 4.80 × 10−5 4.62 × 10−3 1.17 × 10−3 


a304c-3 4.80 × 10−5 5.64 × 10−3 1.42 × 10−3 


a304c-4 4.80 × 10−5 7.77 × 10−3 1.91 × 10−3 


k2 = 2.43 × 10−1 L mol−1 s−1 


y = 0.5932x - 7E-05
R2 = 0.9951


0.000
0.001
0.002
0.003
0.004
0.005


0.000 0.002 0.004 0.006 0.008


[2b-K] / M


k  obs / s-1


y = 0.2433x + 0.0000
R2 = 0.9989


0.0000
0.0005
0.0010
0.0015
0.0020
0.0025


0.000 0.002 0.004 0.006 0.008 0.010


[2c-K] / M


k obs / s-1
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Reactions of electrophile 1e  


Table S19: Kinetics of the reaction of 1e with the nitro ethyl anion 2a (K+ salt, DMSO, 20 °C, 


diode array UV-vis spectrometer, decrease at λ = 316 nm). 


No. [E] 0 / M [Nu–]0 / M kobs / s−1 


a339-1 4.79 × 10−5 4.91 × 10−4 1.34 × 10−3 


a339-2 4.79 × 10−5 9.71 × 10−4 2.74 × 10−3 


a339-3 4.79 × 10−5 1.49 × 10−3 4.27 × 10−3 


a339-4 4.79 × 10−5 1.92 × 10−3 5.56 × 10−3 


a339-5 4.79 × 10−5 2.42 × 10−3 7.12 × 10−3 


k2 = 2.99 L mol−1 s−1 


 


Table S20a: Kinetics of the reaction of 1e with the diethyl malonate anion 2b (K+ salt) in the 


presence of 1.6 equiv. 18-crown-6 


(DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 310 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


50-1 9.98 × 10-5  1.79 × 10−3 8.06 × 10−4 


50-2 9.71 × 10-5 2.52 × 10−3 9.90 × 10−4 


50-3 1.06 × 10-4 4.13 × 10−3 1.38 × 10−3 


50-4 1.06 × 10-4 4.72 × 10−3 1.52 × 10−3 


50-5 1.12 × 10-4 6.61 × 10−3 1.95 × 10−3 


k2 = 2.37 × 10−1 L mol−1 s−1 


k- = 4 × 10−4 s–1 


y = 2.99357x - 0.00016
R2 = 0.99980


0.000
0.002
0.004
0.006
0.008
0.010


0.000 0.001 0.002 0.003


[2a-K] / M


k obs / s-1


y = 0.23741x + 0.00039
R2 = 0.99964


0.0000
0.0005
0.0010


0.0015
0.0020
0.0025


0.000 0.002 0.004 0.006 0.008


[2b-K] / M


k  obs / s-1
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y = 0.2234x - 0.0001
R2 = 0.9976


0.0000


0.0004


0.0008


0.0012


0.000 0.002 0.004 0.006
[2b–K] / M


k obs / s-1


Table S20b: Kinetics of the reaction of 1e with the diethyl malonate anion 2b (K+ salt) in the 


presence of 2–6 equivalents of 2b–H 


(DMSO, 20 °C, diode array UV-vis spectrometer, decrease at λ = 310 nm). 


 


k2 = 2.23 × 10−1 L mol−1 s−1 


 


 


 


 


 


 


 


 


 


Table S21: Kinetics of the reaction of 1e with the ethyl cyano acetate anion 2c (K+ salt, DMSO, 


20 °C, diode array UV-vis spectrometer, decrease at λ = 305 nm). 


No. [E] 0 / M [Nu–]0 / M kobs / s−1 


a315-4 2.91 × 10−5 2.47 × 10−3 2.82 × 10−4 


a315-5 2.91 × 10−5 3.23 × 10−3 3.51 × 10−4 


a315-3 2.91 × 10−5 3.98 × 10−3 4.29 × 10−4 


a315-2 2.91 × 10−5 5.25 × 10−3 5.82 × 10−4 


a315-1 2.91 × 10−5 6.17 × 10−3 6.87 × 10−4 


k2 = 1.11 × 10−1 L mol−1 s−1 


No. [E]0 / M [Nu–]0 / M [2b–H]0 / M kobs / s−1 


371-2 1.00 × 10-4  3.00 × 10−3 1.89 × 10−2 5.58 × 10−4 


371-3 1.00 × 10-4 4.75 × 10−3 9.52 × 10−3 9.63 × 10−4 


371-4 1.00 × 10-4 4.99 × 10−3 1.92 × 10−2 9.93 × 10−4 


y = 0.11121x - 0.00000
R2 = 0.99720


0.0000
0.0002
0.0004
0.0006
0.0008
0.0010


0.000 0.002 0.004 0.006 0.008
[2c-K] / M


k obs / s-1







 S28


Reactions of electrophile 1f  


 
Table S22: Kinetics of the reaction of 1f with the nitro ethyl anion 2a (K+ salt, DMSO, 20 °C, 


diode array UV-vis spectrometer, decrease at λ = 316 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a336-1 2.60 × 10−5 5.84 × 10−4 1.04 × 10−3 


a336-2 2.60 × 10−5 1.16 × 10−3 2.02 × 10−3 


a336-3 2.60 × 10−5 1.72 × 10−3 2.95 × 10−3 


a336-4 2.60 × 10−5 2.28 × 10−3 4.03 × 10−3 


a336-5 2.60 × 10−5 2.85 × 10−3 4.83 × 10−3 


k2 = 1.70 L mol−1 s−1 


Table S23: Kinetics of the reaction of 1f with the diethyl malonate anion 2b (K+ salt) in the 


presence of 1.5 equiv. 18-crown-6 (DMSO, 20 °C, diode array UV-vis spectrometer, decrease at 


λ = 316 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


45-1 7.95 × 10-5  1.53 × 10−3 1.23 × 10−3 


45-2 9.64 × 10-5 3.98 × 10−3 1.58 × 10−3 


45-3 9.52 × 10-5 5.51 × 10−3 1.82 × 10−3 


45-4 9.20 × 10-5 7.42 × 10−3 2.08 × 10−3 


45-5 9.04 × 10-5 9.23 × 10−3 2.31 × 10−3 


k2 = 1.41 × 10−1 L mol−1 s−1, k– = 1 × 10−3 s–1 


Tabelle S24: Kinetics of the reaction of 1f with the ethyl cyano acetate anion 2c (K+ salt, DMSO, 


20 °C, diode array UV-vis spectrometer, decrease at λ = 315 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a316-1 3.98 × 10−5 3.24 × 10−3 1.44 × 10−4 


a316-2 3.98 × 10−5 4.85 × 10−3 2.20 × 10−4 


a316-3 3.98 × 10−5 6.33 × 10−3 2.81 × 10−4 


a316-4 3.98 × 10−5 7.77 × 10−3 3.39 × 10−4 


a316-5 3.98 × 10−5 9.44 × 10−3 4.11 × 10−4 


k2 = 4.27 × 10−2 L mol−1 s−1 


y = 0.1414x + 0.0010
R2 = 0.9990


0.0000


0.0005


0.0010


0.0015


0.0020


0.0025


0.000 0.003 0.006 0.009 0.012
[2b-K] / M


k  obs / s-1


y = 0.04265x + 0.00001
R2 = 0.99932


0.0000


0.0002


0.0004


0.0006


0.000 0.002 0.004 0.006 0.008 0.010


[2c-K] / M


k obs / s
-1


y = 1.69626x + 0.00006
R2 = 0.99853


0.000


0.002


0.004


0.006


0.008


0.010


0.000 0.001 0.002 0.003


[2a-K] / M


k obs / s-1







 S29


Reactions of electrophile 1g  


Table S25: Kinetics for the reaction of 1g with the nitro ethyl anion 2a (K+ salt, DMSO, 20 °C, 


diode array UV-vis spectrometer, decrease at λ = 383 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a333-1 4.20 × 10−5 1.39 × 10−3 2.62 × 10−4 


a333-2 4.20 × 10−5 2.56 × 10−3 4.60 × 10−4 


a333-3 4.20 × 10−5 3.43 × 10−3 6.13 × 10−4 


a333-4 4.20 × 10−5 4.21 × 10−3 7.49 × 10−4 


a333-5 4.20 × 10−5 4.73 × 10−3 8.13 × 10−4 


k2 = 1.68 × 10−1 L mol−1 s−1 


 


Table S26: Kinetics for the reaction of 1g with the diethyl malonate anion 2b (K+ salt, DMSO, 


20 °C, diode array UV-vis spectrometer, decrease at λ = 380 nm). 


No. [E]0 / M [Nu–]0 / M [2b-H] / M kobs / s−1 


a371b-1 4.41 × 10−5 4.35 × 10−3 2.13 × 10−2 5.29 × 10−5 


a371b-2 4.41 × 10−5 5.55 × 10−3 1.77 × 10−2 6.33 × 10−5 


a371b-3 4.41 × 10−5 6.22 × 10−3 1.82 × 10−2 6.96 × 10−5 


a371b-4 4.41 × 10−5 8.07 × 10−3 2.23 × 10−2 8.58 × 10−5 


k2 = 8.85 × 10−3 L mol−1 s−1 


 


y = 0.008846x + 0.000014
R2 = 0.999881


0.00000
0.00002
0.00004
0.00006
0.00008
0.00010


0.000 0.002 0.004 0.006 0.008 0.010


[2b-K] / M


k obs / s-1


 


y = 0.1676x + 0.0000
R2 = 0.9986


0.0000


0.0002


0.0004


0.0006


0.0008


0.0010


0.0000 0.0015 0.0030 0.0045


[2a-K] / M


k obs / s-1
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Reactions of electrophile 1h  


 


Table S27: Kinetics for the reaction of 1h with the nitro ethyl anion 2a (K+ salt, DMSO, 20 °C, 


diode array UV-vis spectrometer, decrease at λ = 395 nm). 


 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a348-1 3.59 × 10−5 9.18 × 10−4 1.25 × 10−4 


a348-2 3.59 × 10−5 1.89 × 10−3 2.03 × 10−4 


a348-3 3.59 × 10−5 2.72 × 10−3 2.58 × 10−4 


a348-4 3.59 × 10−5 3.65 × 10−3 3.15 × 10−4 


a348-5 3.59 × 10−5 4.60 × 10−3 3.91 × 10−4 


a348b* 4.00 × 10−5 1.12 × 10−2 8.24 × 10−4 


a348b-8** 4.00 × 10−5 1.21 × 10−2 9.27 × 10−4 


k2 = 6.96 × 10−2 L mol−1 s−1 
**Addition of 1 equiv. CH-acid, * 0.05 equiv. CH-acid  


 


Reactions of electrophile 1i  


 


Table S28: Kinetics for the reaction of 1i with the nitro ethyl anion 2a (K+ salt, DMSO, 20 °C, 


diode array UV-vis spectrometer, decrease at λ = 409 nm). 


No. [E]0 / M [Nu–]0 / M kobs / s−1 


a340-1 2.33 × 10−5 4.77 × 10−3 1.84 × 10−4 


a340-2 2.33 × 10−5 6.66 × 10−3 2.51 × 10−4 


a340-3 2.33 × 10−5 9.13 × 10−3 3.51 × 10−4 


a340-5 2.33 × 10−5 1.11 × 10−2 4.39 × 10−4 


a340-5 2.33 × 10−5 1.58 × 10−2 6.13 × 10−4 


k2 = 3.94 × 10−2 L mol−1 s−1 


 


y = 0.03943x - 0.00001
R2 = 0.99895


0.0000
0.0002
0.0004
0.0006
0.0008


0.000 0.005 0.010 0.015 0.020


[2a-K] / M


k obs / s-1


y = 0.069597x + 0.000066
R2 = 0.998673


0.0000


0.0004


0.0008


0.0012


0.000 0.004 0.008 0.012


[2a-K] / M


k obs / s-1
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8. Copies of NMR spectra 


1h (1H NMR, DMSO-d6) 
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1h (13C NMR, DMSO-d6) 
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1i (1H NMR, CDCl3) 
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1i (13C NMR, CDCl3) 
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5cb (1H NMR, CDCl3) 
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5cb (13C NMR, CDCl3) 
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5db (1H NMR, CDCl3) 
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5eb (1H NMR, CDCl3) 
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Figure S1. Bifurcate hydrogen bonding interactions between triflate ions and the thiourea subunits of 
the crystalline complex salt [FeII(3)2](CF3SO3)2⋅H2O. The water molecule has been omitted in the 
Figure. 







 
Figure S2. Bifurcate hydrogen bonding interactions between triflate ions and the thiourea subunits of 
the crystalline complex salt [NiII(3)2](CF3SO3)2⋅MeCN. The MeCNr molecule has been omitted in the 
Figure. 
 
 
 


 
Figure S3. Colours of CHCl3 solution 5×10−5 M of [FeII(LH)2]2+ complex after the addition of 0, 1, 2 
equiv. of Proton Sponge® , 13 (from left); LH = 3. 
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Figure S4. MLCT spectrum of 
the 1:3 complex of FeII with 
N-phenyl-pyridine-2-
yleneamine. MeCN solution 
1.13×10–4 M in the complex. 
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Figure S5. Spectra obtained over the course of the titration of a 1.01×10–4 M solution of [FeII(3)2]2+ in 
CHCl3 with a solution of [Bu4N]NO2 in CHCl3 (LH = 3).  







 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. (a) Spectra obtained over the course of the titration of a 1.06×10–4 M solution of [FeII(3)2]2+ 
in CHCl3 with a solution 1.58×10-2 M [Bu4N]F⋅3H2O in CHCl3 (LH = 3); (b) titration profile on the 
lower energy MLCT band, corresponding to the [FeII(LH)(L)]+ species; (c) titration profile on the lower 
energy MLCT band, corresponding to the [FeII(L)2] species.  
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Figure S7. Colours of a CHCl3 
solution 5×10−5 M of 
[NiII(LH)2]2+ complex before 
(left) and after (right) the 
addition 2 equiv. of Proton 
Sponge®; LH = 3. 


 
 
 
 


 


 


 


 
Figure S8. (a) spectra 
obtained over the course of 
the titration of a 1.22×10–4 M 
solution of [NiII(LH)2]2+ in 
CHCl3 with a solution 
1.20×10–2 M of 
[Bu4N]CH3COO in CHCl3 
(LH = 3); inset: titration 
profile at 376 nm. 
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Table S1. Selected bond lengths (Å) and bond angles (°) around the metal center (Me) in the FeII and NiII 
molecular complexes of 3. δ is the difference of corresponding bond distances in the NiII and FeII complexes. 
 [FeII(3)2](CF3SO3)2·H2O [NiII(3)2](CF3SO3)2·MeCN δ 
Me–N(1) 1.896(21) 2.005(3) 0.11 0.11 
Me–N(2) 1.971(22) 2.105(3) 0.14 0.14 


Me–N(5) 1.878(19) 2.007(2) 0.13 0.13 


Me–N(6) 1.974(21) 2.119(3) 0.15 0.15 


Me–S(1) 2.283(8) 2.402(1) 0.12 0.12 


Me–S(2) 2.301(7) 2.431(1) 0.13 0.13 


N(1)–Me–N(2) 80.6(10) 78.1(1)  


N(1)–Me–N(6) 97.7(9) 97.2(1)  


N(1)-Me-S(1) 84.8(8) 82.3(1)  


N(1)-Me-S(2) 96.8(7) 102.9(1)  


N(2)-Me-N(5) 97.4(9) 99.2(1)  


N(2)-Me-N(6) 90.0(9) 89.2(1)  


N(2)-Me-S(2) 91.1(6) 91.7(1)  


N(5)-Me-N(6) 80.7(9) 78.3(1)  


N(5)-Me-S(1) 97.2(6) 100.2(1)  


N(5)-Me-S(2) 84.8(6) 81.5(1)  


N(6)-Me-S(1) 90.6(7) 92.3(1)  


S(1)-Me-S(2) 91.9(3) 93.7(1)  
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A)1 H NMR spectra for the measurement of the KIEs in the reaction 
of cis-TME-d6 with PTAD* 
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* In all 1H NMR integrations a spin-lattice relaxation time T1 = 5sec was used. 
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substrate solvent temperature kH/kD 
cis-TME-d6 acetone rt 1.13 ± 0.03 
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substrate solvent temperature kH/kD 
cis-TME-d6 DMSO rt 1.78 ± 0.05 
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substrate solvent temperature kH/kD 
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B) 1 H NMR spectra for the measurement of the KIEs in the reaction 
of DMOD-d6 with PTAD 
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substrate solvent temperature kH/kD 
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substrate solvent temperature kH/kD kH-trap/kD-trap 
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C) 1 H NMR spectra for the measurement of the KIEs in the reaction 
of TME-d0/TME-d12 with MTAD 
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D) 1 H NMR spectra for the measurement of the KIEs in the reaction 
of gem-TME-d6 with PTAD 
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Supplementary Material: 


 


Fig. S1: UV-Vis spectra showing the oxygenation of Ib to II (solid line) by bubbling O2 
through the solution of Ib (dotted line, 2.9*10-4 mol/l) in methanol. 
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Table S1: Computed energy contributions (in atomic units) used to obtain relative free energies Grel (in kcal mol-1)  
and magnetic properties of all species discussed in the text.  


Species GB3LYP/SVP/au ∆Gcorr/aua EB3LYP/TZVP/aub G*B3LYP/TZVP/auc Grel/kcal mol-1 J/cm-1 d <α|β>e 


1 -4195.60056 0.31044 -4197.35914 -4197.04870 0.0 25.0 0.24 
TS1 -4195.56551 0.31172 -4197.33120 -4197.01949 18.3 -1325.4 0.54 
2 -4195.60553 0.31473 -4197.37254 -4197.05781 -5.7 -23.5 0.13 
TS2 -4195.58272 0.30871 -4197.34045 -4197.03175 10.6 251.1 0.15 
3 -4195.75172 0.31483 -4197.51234 -4197.19750 -93.4 -521.8 0.23 
TS3 -4195.59967 0.30969 -4197.36128 -4197.05159 -1.8 -84.5 0.21 
4 -4195.64395 0.31271 -4197.40890 -4197.09619 -29.8 -307.2 0.26 
TS4 -4195.56457 0.30689 -4197.32116 -4197.01427 21.6 -38.0 0.21 
5 -4195.66128 0.31292 -4197.42523 -4197.11231 -39.9 530.1 0.04 
TS5 -4195.57355 0.30669 -4197.33293 -4197.02623 14.1 -516.6 0.31 
6 -4195.59091 0.30904 -4197.34809 -4197.03906 6.1 534.1 0.24 
TS6 -4195.63820 0.31198 -4197.39824 -4197.08625 -23.6 -166.0 0.22 
TS7 -4195.55689 0.30944 -4197.30342 -4196.99398 34.3 -241.6 0.62 
7 -4195.56043 0.30960 -4197.31375 -4197.00415 28.0 -332.1 0.35 
TS8 -4195.53386 0.30495 -4197.28254 -4196.97760 44.6 -3366.1f 1.00f 
TS9 -4195.60805 0.30862 -4197.36248 -4197.05385 -3.2 285.1 0.04 


4•ClO4 -4195.66999 0.31918 -4958.43118 -4958.11200 0.0   
TS9•ClO4 -4955.17452 0.31666 -4958.41677 -4958.10011 7.5   
 


a Thermal corrections to G(298.15) computed at the B3LYP/SVP+COSMO level; b Total energies of single point  
calculations at the B3LYP/TZVP+COSMO level; c EB3LYP/TZVP + ∆Gcorr; d Spin coupling constant computed  
according to eq. 2 (see text); e Overlap integral of the magnetic orbitals; f magnetic coupling constant involving  
a closed-shell singlet solution, no bs wave function found. 


 


 







 


Cartesian coordinates of stationary points optimized at the B3LYP/SVP+COSMO level  


1 


Cu  1.61461 -0.85358 -0.31123 
Cu -1.61266 -0.85748 -0.30229 
O  -0.00278 -0.14430 -1.24580 
O  -0.00038 -1.57309 -1.24782 
N  -2.77387 -2.48741 -0.17821 
N   2.74820  0.58117  0.53775 
N  -2.75382  0.58236  0.52760 
N   2.78545 -2.47855 -0.20727 
C   0.00177  4.34899 -0.75866 
C  -0.00259  1.86593  0.53872 
C   1.20974  3.72877 -0.43479 
C  -1.20830  3.72892 -0.44242 
C  -1.21883  2.46971  0.18956 
C   1.21581  2.46922  0.19646 
C  -2.50806  1.84545  0.51015 
C   2.50238  1.84425  0.52662 
C   4.05562  0.15618  1.07548 
C  -4.06286 -2.35915  0.54590 
C  -4.72257 -1.00338  0.31185 
C   4.06804 -2.35720  0.52931 
C   4.72422 -0.99501  0.32417 
C  -4.06778  0.16205  1.05328 
H  -0.00420  0.95052  1.13128 
H   2.15684  4.21885 -0.67373 
H   0.00337  5.32382 -1.25026 
H  -2.15373  4.21956 -0.68672 
H   3.31796  2.53551  0.79311 
H  -3.32493  2.53770  0.76997 
H  -5.75881 -1.06855  0.67910 
H  -4.79351 -0.78643 -0.76851 
H  -3.90792 -0.12746  2.10641 
H  -4.74396  1.03194  1.05625 
H   3.88178 -0.15083  2.12143 
H   4.72911  1.02775  1.10208 
H   4.80685 -0.76113 -0.75180 
H   5.75631 -1.06157  0.70267 
H   2.97311 -2.71345 -1.18792 
H  -2.95251 -2.74114 -1.15581 
H  -4.73774 -3.16989  0.22981 
H  -3.86018 -2.49890  1.61813 
H   3.85743 -2.51627  1.59732 
H   4.74910 -3.15938  0.20475 
H   2.24553 -3.27153  0.15147 
H  -2.23238 -3.27051  0.19934 
 
TS1 


Cu  1.56615 -0.84142 -0.25651 
Cu -1.57616 -0.85056 -0.25671 
O  -0.00222  0.20117 -0.54928 
O   0.00176 -1.65663 -0.98222 
N  -2.87571 -2.35226 -0.46547 
N   2.76498  0.53240  0.61567 
N  -2.75939  0.54753  0.61387 
N   2.86343 -2.34173 -0.48744 
C   0.01594  4.14975 -0.98248 
C   0.00825  1.79930  0.57253 
C   1.22908  3.56583 -0.60045 
C  -1.20155  3.57124 -0.60106 
C  -1.22180  2.39905  0.16219 
C   1.24096  2.39295  0.16395 
C  -2.51452  1.80872  0.53383 







C   2.52780  1.79528  0.54244 
C   4.06682  0.10253  1.14834 
C  -4.12914 -2.31186  0.32441 
C  -4.78176 -0.93365  0.29775 
C   4.11315 -2.32996  0.30826 
C   4.77975 -0.95844  0.30874 
C  -4.07176  0.13310  1.13315 
H   0.00556  1.14763  1.44633 
H   2.17279  4.02727 -0.90039 
H   0.01812  5.06475 -1.57796 
H  -2.14213  4.03857 -0.90181 
H   3.34268  2.50033  0.77304 
H  -3.32804  2.51998  0.75030 
H  -5.79709 -1.03531  0.71187 
H  -4.90651 -0.58672 -0.74286 
H  -3.89758 -0.26149  2.14931 
H  -4.71709  1.02083  1.23358 
H   3.87594 -0.30252  2.15731 
H   4.71592  0.98490  1.26814 
H   4.92128 -0.59847 -0.72519 
H   5.78826 -1.07519  0.73527 
H   3.08996 -2.34420 -1.48797 
H  -3.09884 -2.37510 -1.46642 
H  -4.82847 -3.06637 -0.06930 
H  -3.88440 -2.59767  1.35845 
H   3.86046 -2.63147  1.33590 
H   4.80609 -3.08481 -0.09596 
H   2.34735 -3.21293 -0.33269 
H  -2.37081 -3.22588 -0.28940 
 
2 


H  -2.05899  4.39188  0.01333 
C  -1.13275  3.81677  0.09001 
C   1.33077  2.40452  0.13884 
C  -1.20230  2.43199  0.10369 
C   0.09526  4.50648  0.13838 
C   1.30678  3.79186  0.12202 
C   0.05601  1.60892  0.32575 
H   0.10617  5.59751  0.12710 
H   2.24968  4.34092  0.05971 
C  -2.51561  1.84267 -0.02668 
H  -3.33746  2.57319 -0.07602 
C   2.60928  1.76293  0.00159 
H   3.46847  2.44607 -0.06286 
N  -2.81730  0.58692 -0.10839 
N   2.85053  0.49066 -0.08318 
C  -4.22808  0.23251 -0.30758 
H  -4.36544  0.02189 -1.38376 
H  -4.86010  1.10179 -0.06467 
C  -4.68070 -0.98464  0.50038 
H  -5.77649 -1.04463  0.40775 
H  -4.46664 -0.83070  1.57234 
C  -4.10136 -2.31403  0.02719 
H  -4.24552 -2.42434 -1.05842 
H  -4.63016 -3.14869  0.51546 
N  -2.65183 -2.42399  0.30264 
H  -2.25533 -3.24812 -0.15675 
C   4.23138  0.06082 -0.33782 
H   4.32142 -0.14016 -1.42040 
H   4.91072  0.89526 -0.10426 
C   4.64742 -1.18263  0.44272 
H   4.52486 -1.01497  1.52632 
H   5.72266 -1.33803  0.26664 
C   3.91441 -2.44605  0.01355 
H   3.98985 -2.59267 -1.07395 
H   4.35742 -3.32937  0.50192 
N   2.48260 -2.40031  0.36630 
H   1.94972 -3.17871 -0.03395 







H   2.35187 -2.46626  1.38225 
H  -2.49324 -2.57560  1.30408 
Cu  1.40744 -0.84535 -0.13690 
O   0.04690  0.44088 -0.47912 
Cu -1.44954 -0.86746 -0.16350 
H   0.03027  1.31515  1.40349 
O   0.04010 -2.02155 -0.22934 
 
TS2 


C  -1.42714  2.28471  0.19520 
C  -0.13934  1.54737  0.25364 
C   1.07975  2.36022  0.03645 
C   0.96999  3.71130 -0.30737 
C  -0.27461  4.33582 -0.40665 
C  -1.46066  3.62759 -0.15862 
O  -0.08825  0.39606  0.92431 
Cu  1.51906 -0.97996 -0.41480 
N   2.78453  0.58619 -0.10722 
C   4.21521  0.26363 -0.12711 
C   4.59402 -0.85551  0.84940 
C   4.07187 -2.24146  0.48780 
N   2.59516 -2.33707  0.60566 
C   2.44150  1.80692  0.06796 
C  -2.70313  1.62420  0.49639 
N  -2.86904  0.35436  0.58738 
C  -4.21216 -0.17227  0.86934 
C  -4.30629 -1.69060  0.72876 
C  -3.88746 -2.24080 -0.63552 
N  -2.41177 -2.35215 -0.75921 
Cu -1.32008 -0.78676 -0.10866 
O   0.03838 -0.77368 -1.44933 
H  -2.41994  4.14636 -0.21907 
H  -0.32566  5.39225 -0.67730 
H   1.87750  4.28733 -0.49963 
H  -3.56147  2.30314  0.62174 
H   3.22690  2.56743  0.20382 
H   5.69400 -0.90556  0.86413 
H   4.28199 -0.58210  1.87203 
H   4.45736 -0.05138 -1.15705 
H   4.80308  1.16970  0.09170 
H  -4.93573  0.31910  0.19637 
H  -4.47961  0.12056  1.89859 
H  -3.72003 -2.18635  1.52260 
H  -5.35686 -1.96515  0.90971 
H  -2.08613 -3.17471 -0.24130 
H   2.32934 -2.26583  1.59362 
H   4.54200 -2.99344  1.14159 
H   4.34117 -2.49268 -0.54939 
H  -4.24597 -1.58527 -1.44389 
H  -4.33986 -3.23219 -0.79526 
H  -2.14476 -2.52888 -1.73153 
H   2.29235 -3.27341  0.32136 
H  -0.06266  1.26102 -0.92681 
 
 
3 


H  -2.14973  4.34940  0.30183 
C  -1.19949  3.81167  0.24907 
C   1.22836  2.41536  0.06047 
C  -1.22996  2.41455  0.05877 
C  -0.00170  4.51324  0.35613 
C   1.19665  3.81272  0.24863 
C  -0.00051  1.68985 -0.01588 
H  -0.00217  5.59430  0.50255 
H   2.14644  4.35123  0.30162 
C  -2.53854  1.80908 -0.11079 
H  -3.36415  2.53626 -0.15045 







C   2.53763  1.81060 -0.10633 
H   3.36300  2.53818 -0.14326 
N  -2.84674  0.56213 -0.24857 
N   2.84683  0.56397 -0.24482 
O   0.00003  0.38824 -0.17259 
C  -4.25106  0.22898 -0.53009 
H  -4.31288 -0.06887 -1.59150 
H  -4.86548  1.13581 -0.41104 
C  -4.81205 -0.89492  0.34046 
H  -5.89748 -0.93789  0.15874 
H  -4.68376 -0.64860  1.40891 
C  -4.23399 -2.27191  0.03820 
H  -4.30245 -2.48512 -1.03939 
H  -4.81106 -3.04859  0.56549 
N  -2.80989 -2.37383  0.42809 
H  -2.41331 -3.25940  0.10282 
C   4.25196  0.23253 -0.52462 
H   4.31602 -0.06119 -1.58706 
H   4.86575  1.13915 -0.40087 
C   4.81191 -0.89453  0.34237 
H   4.68096 -0.65287  1.41155 
H   5.89778 -0.93587  0.16292 
C   4.23559 -2.27064  0.03295 
H   4.30598 -2.47891 -1.04550 
H   4.81246 -3.04923  0.55760 
N   2.81098 -2.37539  0.42030 
H   2.41544 -3.25947  0.08979 
H   2.73173 -2.41868  1.44231 
H  -2.73193 -2.41154  1.45043 
Cu  1.52106 -0.90267 -0.09036 
Cu -1.52044 -0.90324 -0.08927 
O   0.00043 -2.10887 -0.00189 
H   0.00008 -2.86911 -0.60346 
 
TS3 


H  -2.14372  4.36228  0.38058 
C  -1.20718  3.80767  0.29119 
C   1.26412  2.44068  0.04052 
C  -1.25254  2.44074  0.04023 
C   0.01406  4.49777  0.41246 
C   1.22320  3.82684  0.30360 
C   0.00253  1.67949 -0.06622 
H   0.00645  5.57208  0.60352 
H   2.16503  4.36892  0.40682 
C  -2.57212  1.82034 -0.11620 
H  -3.40415  2.54148 -0.12026 
C   2.58635  1.81024 -0.11328 
H   3.41709  2.53237 -0.12807 
N  -2.83090  0.56938 -0.25431 
N   2.83279  0.55991 -0.25601 
C  -4.23463  0.19461 -0.47147 
H  -4.31186 -0.12611 -1.52554 
H  -4.87919  1.08035 -0.34899 
C  -4.72989 -0.93966  0.43182 
H  -5.81934 -1.00482  0.28538 
H  -4.57522 -0.67531  1.49200 
C  -4.13642 -2.31388  0.13560 
H  -4.22652 -2.53920 -0.93808 
H  -4.70359 -3.08637  0.68092 
N  -2.70673 -2.39063  0.49617 
H  -2.27980 -3.25907  0.16392 
C   4.23061  0.17201 -0.48926 
H   4.28701 -0.15948 -1.54118 
H   4.88418  1.05320 -0.38471 
C   4.72542 -0.95833  0.41938 
H   4.58356 -0.68214  1.47826 
H   5.81283 -1.03288  0.26281 
C   4.11887 -2.33091  0.14226 







H   4.19862 -2.56823 -0.92958 
H   4.68513 -3.10127  0.69141 
N   2.69163 -2.39441  0.51511 
H   2.25859 -3.26660  0.20112 
H   2.59179 -2.39875  1.53475 
H  -2.59925 -2.41344  1.51475 
Cu  1.43080 -0.95245 -0.14973 
O   0.00024  0.45532 -0.54140 
Cu -1.44041 -0.94131 -0.14842 
H   0.29205  1.75458  1.11983 
O  -0.00808 -2.12131 -0.14907 
 
4 


H   1.99486  4.43843  0.27501 
C   1.08776  3.86029  0.07706 
C  -1.31554  2.42542 -0.52552 
C   1.18972  2.48165  0.00244 
C  -0.14782  4.57378 -0.06149 
C  -1.29946  3.90433 -0.30463 
C  -0.00825  1.71721 -0.25508 
H  -0.14530  5.65911  0.04661 
H  -2.24971  4.43648 -0.39690 
C   2.49884  1.86333  0.23575 
H   3.30542  2.59589  0.39938 
C  -2.58506  1.76991  0.00389 
H  -3.40769  2.48198  0.17695 
N   2.79243  0.61152  0.28658 
N  -2.77947  0.52953  0.21878 
C   4.18590  0.26495  0.61171 
H   4.20321 -0.04121  1.67255 
H   4.81899  1.16310  0.52337 
C   4.76772 -0.86662 -0.24140 
H   5.85067 -0.88943 -0.04280 
H   4.65585 -0.63345 -1.31444 
C   4.21446 -2.25732  0.06109 
H   4.24485 -2.44416  1.14528 
H   4.84586 -3.02182 -0.42060 
N   2.81445 -2.41438 -0.38540 
H   2.39380 -3.26843 -0.01060 
C  -4.09664  0.12737  0.74670 
H  -3.94340 -0.16336  1.79994 
H  -4.77591  0.99536  0.73972 
C  -4.73140 -1.04072 -0.01531 
H  -4.77203 -0.81341 -1.09442 
H  -5.77654 -1.10980  0.32451 
C  -4.08097 -2.40234  0.21799 
H  -3.98177 -2.58887  1.29809 
H  -4.72731 -3.19489 -0.19317 
N  -2.73319 -2.49761 -0.38269 
H  -2.24878 -3.34598 -0.07798 
H  -2.80437 -2.57831 -1.40170 
H   2.77679 -2.52299 -1.40346 
Cu -1.42405 -1.00186 -0.02939 
O   0.01514  0.47010 -0.31744 
Cu  1.48945 -0.94538  0.02977 
H  -1.40440  2.33088 -1.63738 
O   0.04929 -2.11337  0.08005 
 
TS4 


H   2.09313  4.42583  0.34745 
C   1.17768  3.86404  0.14320 
C  -1.21007  2.45400 -0.35254 
C   1.24252  2.46259  0.14126 
C  -0.00490  4.57020 -0.15775 
C  -1.18180  3.88689 -0.38899 
C   0.04857  1.77669 -0.17261 
H   0.00907  5.66072 -0.17031 







H  -2.11991  4.42951 -0.52875 
C   2.52636  1.80129  0.38774 
H   3.34978  2.49449  0.62048 
C  -2.52900  1.80785 -0.10534 
H  -3.36038  2.52827 -0.12582 
N   2.76208  0.53766  0.38754 
N  -2.77460  0.57563  0.14772 
C   4.11906  0.10154  0.75250 
H   4.05359 -0.34457  1.76063 
H   4.77928  0.98086  0.82639 
C   4.72358 -0.92267 -0.21328 
H   5.79179 -1.00848  0.04133 
H   4.68191 -0.53735 -1.24692 
C   4.11793 -2.32222 -0.14191 
H   4.09545 -2.66979  0.90245 
H   4.74845 -3.02758 -0.70806 
N   2.73455 -2.36366 -0.66079 
H   2.28179 -3.25711 -0.45253 
C  -4.16042  0.23401  0.51811 
H  -4.16652  0.07512  1.61043 
H  -4.81563  1.09522  0.31068 
C  -4.70887 -1.01573 -0.17443 
H  -4.60610 -0.92125 -1.26949 
H  -5.79040 -1.04208  0.03248 
C  -4.11191 -2.33575  0.30561 
H  -4.12527 -2.37761  1.40552 
H  -4.72322 -3.17646 -0.06168 
N  -2.71360 -2.50898 -0.13709 
H  -2.25894 -3.29480  0.33457 
H  -2.68075 -2.73853 -1.13515 
H   2.73615 -2.28892 -1.68271 
Cu -1.42594 -0.96347  0.07767 
O  -0.00919  0.51802 -0.63188 
Cu  1.43999 -0.95697  0.00995 
H  -0.80443  1.45371 -1.31807 
O   0.01822 -2.09646  0.20126 
 
 
5 


H  -2.14897  4.35388 -0.28841 
C  -1.20278  3.82595 -0.14783 
C   1.23096  2.45153  0.17415 
C  -1.22656  2.45207  0.16970 
C   0.00377  4.50834 -0.29603 
C   1.20941  3.82543 -0.14302 
C   0.00163  1.80264  0.38244 
H   0.00467  5.57218 -0.53972 
H   2.15644  4.35290 -0.27975 
C  -2.54586  1.79838  0.21347 
H  -3.38869  2.49134  0.36267 
C   2.54927  1.79619  0.21934 
H   3.39299  2.48788  0.36960 
N  -2.80828  0.55530  0.01562 
N   2.80970  0.55286  0.01985 
C  -4.22149  0.14711 -0.02149 
H  -4.48016 -0.01742 -1.08229 
H  -4.85180  0.97275  0.34593 
C  -4.51810 -1.12874  0.77195 
H  -5.61403 -1.23043  0.81259 
H  -4.17953 -1.01413  1.81636 
C  -3.95918 -2.41610  0.17104 
H  -4.22902 -2.48657 -0.89376 
H  -4.40438 -3.28621  0.68070 
N  -2.48398 -2.49268  0.26783 
H  -2.12157 -3.29210 -0.25848 
C   4.22235  0.14273 -0.01791 
H   4.48173 -0.01681 -1.07925 
H   4.85339  0.96575  0.35406 







C   4.51703 -1.13756  0.76907 
H   4.18018 -1.02763  1.81455 
H   5.61281 -1.24179  0.80759 
C   3.95452 -2.42072  0.16249 
H   4.22142 -2.48577 -0.90339 
H   4.39949 -3.29439  0.66616 
N   2.47950 -2.49523  0.26243 
H   2.11388 -3.29088 -0.26729 
H   2.19996 -2.66153  1.23433 
H  -2.20282 -2.65428  1.24002 
Cu  1.45110 -0.87946 -0.37978 
O   0.00050  0.48016  0.80234 
Cu -1.45358 -0.88079 -0.38190 
O  -0.00057 -1.64246 -1.17791 
H   0.00803  0.42375  1.77697 
 
 
TS5 


H  -2.15408  4.43806 -0.16023 
C  -1.21333  3.88950 -0.07912 
C   1.25282  2.49662  0.05650 
C  -1.24950  2.49469  0.05600 
C  -0.00014  4.58224 -0.12952 
C   1.21432  3.89163 -0.07916 
C   0.00196  1.80580  0.23748 
H  -0.00094  5.66867 -0.22963 
H   2.15402  4.44194 -0.16156 
C  -2.55991  1.84170  0.00772 
H  -3.39823  2.55381 -0.04032 
C   2.56438  1.84452  0.01712 
H   3.40321  2.55672 -0.01747 
N  -2.82503  0.58271 -0.04121 
N   2.82841  0.58522 -0.03312 
C  -4.24135  0.22051 -0.23029 
H  -4.39218  0.09432 -1.31737 
H  -4.87745  1.06188  0.08771 
C  -4.67409 -1.06142  0.48225 
H  -5.77363 -1.09481  0.43184 
H  -4.41537 -1.01268  1.55417 
C  -4.14164 -2.35125 -0.13769 
H  -4.30404 -2.33825 -1.22593 
H  -4.69236 -3.21598  0.26658 
N  -2.69485 -2.52806  0.10096 
H  -2.29889 -3.25689 -0.49797 
C   4.24633  0.21839 -0.19890 
H   4.41930  0.10444 -1.28404 
H   4.87964  1.05266  0.14283 
C   4.65623 -1.07386  0.50923 
H   4.36456 -1.03924  1.57309 
H   5.75695 -1.10685  0.49424 
C   4.14438 -2.35544 -0.14394 
H   4.35201 -2.33243 -1.22411 
H   4.67546 -3.22530  0.27484 
N   2.68813 -2.53198  0.03263 
H   2.30918 -3.22157 -0.62059 
H   2.48231 -2.90852  0.96279 
H  -2.52924 -2.85303  1.05849 
Cu  1.46087 -0.93317 -0.09502 
O   0.00287  0.42140  0.45206 
Cu -1.46002 -0.93901 -0.08116 
O   0.00116 -2.04019 -0.32555 
H   0.00331  1.45968  1.40881 
 
 
TS6 


C   0.07145  1.78993 -0.16426 
C  -1.13882  2.50332 -0.19750 







C  -1.05680  3.91106 -0.24440 
C   0.17703  4.56147 -0.20728 
C   1.35277  3.82245 -0.07331 
C   1.32615  2.41239 -0.03196 
C  -2.47568  1.89894 -0.07241 
N  -2.80920  0.66966  0.13023 
Cu -1.57971 -0.95502  0.00265 
O  -0.04719 -1.83491 -0.71631 
Cu  1.48237 -1.06975  0.11019 
O   0.01389  0.42670 -0.15835 
C   2.58425  1.70944  0.27124 
N   2.78537  0.44733  0.43041 
C   4.09820 -0.01801  0.88990 
C   4.82744 -0.94890 -0.09588 
C   3.98874 -2.02276 -0.80856 
N   2.84855 -2.52332 -0.00042 
C  -4.23330  0.39600  0.39228 
C  -4.75559 -0.90064 -0.23122 
C  -4.24396 -2.18910  0.41246 
N  -2.84079 -2.49352  0.04422 
H   2.31226  4.33713  0.01832 
H   0.21980  5.65116 -0.24546 
H  -1.97942  4.49495 -0.28722 
H   3.43457  2.38966  0.43680 
H  -3.28419  2.64652 -0.09724 
H   3.91676 -0.55304  1.83695 
H   4.74932  0.83914  1.12539 
H   5.63476 -1.42793  0.48036 
H   5.31719 -0.34638 -0.87638 
H   4.64329 -2.86223 -1.09114 
H   3.56289 -1.62378 -1.74135 
H   3.15462 -2.88446  0.90862 
H  -4.34998  0.33819  1.48895 
H  -4.83959  1.24871  0.04632 
H  -4.56368 -0.91054 -1.31853 
H  -5.85060 -0.88608 -0.11444 
H  -4.29309 -2.10936  1.50884 
H  -4.88469 -3.03465  0.11570 
H  -2.45145 -3.21888  0.65299 
H  -2.79417 -2.88701 -0.90101 
H   2.39006 -3.30721 -0.47274 
H   0.02572 -0.16421 -1.01443 
 
 
6 


Cu  1.96742 -0.94279  0.12443 
Cu -1.84248 -0.96667 -0.36484 
O  -0.39475 -1.87611 -1.30642 
O   0.14879 -1.36355 -0.18415 
N  -3.55167 -1.54794 -1.24682 
N   2.95938  0.80087  0.13285 
N  -2.67149  0.30148  0.92908 
N   3.37335 -2.37052  0.35618 
C  -0.44554  4.18904 -0.80016 
C   0.02746  1.70843  0.42610 
C   0.84486  3.65943 -0.76362 
C  -1.49764  3.49492 -0.20413 
C  -1.27155  2.23844  0.39308 
C   1.09749  2.41414 -0.15359 
C  -2.41745  1.55570  1.02136 
C   2.50057  1.98111 -0.08812 
C   4.42166  0.68109  0.30817 
C  -4.64877 -1.83389 -0.28748 
C  -4.96561 -0.64522  0.61521 
C   4.75480 -1.86858  0.56334 
C   5.04365 -0.60341 -0.24380 
C  -3.86383 -0.23747  1.60312 
H   1.67453  4.22169 -1.19922 







H  -0.62688  5.15627 -1.27291 
H  -2.50277  3.92363 -0.20000 
H   3.22809  2.79591 -0.23381 
H  -3.11246  2.19428  1.59016 
H  -5.85168 -0.91046  1.21312 
H  -5.25269  0.22862  0.00494 
H  -3.54448 -1.11122  2.19460 
H  -4.25916  0.51486  2.30375 
H   4.61624  0.73303  1.39394 
H   4.91015  1.55753 -0.14807 
H   4.76232 -0.74655 -1.30221 
H   6.13437 -0.44889 -0.23797 
H   3.33801 -2.92986 -0.50193 
H  -3.84418 -0.82408 -1.91165 
H  -5.55450 -2.11965 -0.84613 
H  -4.34652 -2.70471  0.31440 
H   4.87906 -1.66194  1.63712 
H   5.47719 -2.65656  0.29683 
H   3.11875 -3.02316  1.10268 
H  -3.36011 -2.37601 -1.81810 
H   0.21352  0.78930  0.98099 
 
TS7 


Cu  1.86139 -1.10219 -0.11746 
Cu -1.86893 -1.10344 -0.11521 
O   0.00059  0.29264 -1.27697 
O  -0.00247 -0.89930 -0.65584 
N  -3.40560 -2.23307 -0.68479 
N   2.73895  0.47642  0.79495 
N  -2.74352  0.49514  0.77647 
N   3.39990 -2.22743 -0.69609 
C   0.01694  4.14587 -0.90195 
C   0.00313  1.60252  0.27908 
C   1.22852  3.53078 -0.56461 
C  -1.20166  3.53800 -0.57752 
C  -1.22730  2.27775  0.03640 
C   1.24003  2.27085  0.05037 
C  -2.51057  1.72664  0.47052 
C   2.51546  1.71188  0.49760 
C   4.06696  0.14507  1.33566 
C  -4.64679 -2.05751  0.10843 
C  -4.99874 -0.59441  0.35585 
C   4.65328 -2.05531  0.07967 
C   4.99192 -0.59416  0.35547 
C  -4.07900  0.18277  1.31132 
H   2.17171  4.04690 -0.75917 
H   0.02236  5.12917 -1.37675 
H  -2.13970  4.05907 -0.78369 
H   3.33110  2.44425  0.61387 
H  -3.32445  2.46354  0.56918 
H  -6.00023 -0.57810  0.81520 
H  -5.09199 -0.05126 -0.60091 
H  -3.93343 -0.40165  2.23509 
H  -4.58154  1.12350  1.59045 
H   3.91051 -0.47837  2.23153 
H   4.56563  1.07310  1.65997 
H   5.06287 -0.02920 -0.59050 
H   5.99908 -0.57282  0.80186 
H   3.57185 -2.01772 -1.68465 
H  -3.59016 -2.01899 -1.67018 
H  -5.48559 -2.54892 -0.41131 
H  -4.50760 -2.57914  1.06766 
H   4.53660 -2.60074  1.02846 
H   5.48801 -2.52414 -0.46658 
H   3.12232 -3.21325 -0.68603 
H  -3.13186 -3.21997 -0.68108 
H  -0.00327  0.74953  0.95582 
 







 
7 


Cu  1.79722 -1.04534  0.06602   
Cu -1.94338 -1.13353 -0.24112   
O   0.10831  0.49397 -0.96004   
O  -0.08916 -0.80359 -0.37483   
N  -3.52550 -2.24687 -0.68335   
N   2.99138  0.51119  0.50351   
N  -2.73411  0.54379  0.62591   
N   2.98581 -2.59803 -0.36143   
C   0.14661  4.32205 -0.57739   
C   0.16798  1.50837  0.10257   
C   1.37816  3.64937 -0.43025   
C  -1.06433  3.66129 -0.30011   
C  -1.10347  2.31920  0.05343   
C   1.43843  2.31497 -0.06981   
C  -2.40081  1.77646  0.40951   
C   2.74673  1.73913  0.17953   
C   4.37328  0.13799  0.82212   
C  -4.72894 -1.98584  0.14662   
C  -5.03159 -0.49620  0.26739   
C   4.33718 -2.41041  0.22898   
C   4.92396 -1.02011 -0.02848   
C  -4.08474  0.31382  1.16483   
H   2.30741  4.20655 -0.57270   
H   0.13564  5.37406 -0.86759   
H  -1.99906  4.22472 -0.35581   
H   3.58612  2.45078  0.11981   
H  -3.17498  2.54781  0.55373   
H  -6.03539 -0.39896  0.71067   
H  -5.09295 -0.03397 -0.73340   
H  -3.96042 -0.21442  2.12594   
H  -4.55379  1.28703  1.38545   
H   4.39279 -0.15996  1.88523   
H   5.03429  1.01479  0.71351   
H   4.84797 -0.76788 -1.10086   
H   6.00158 -1.07720  0.19385   
H   3.06324 -2.67866 -1.37996   
H  -3.75191 -2.08149 -1.66983   
H  -5.59548 -2.50795 -0.28951   
H  -4.55050 -2.42002  1.14206   
H   4.25750 -2.59247  1.31190   
H   5.02384 -3.17109 -0.17809   
H   2.59286 -3.49220 -0.05577   
H  -3.28058 -3.24082 -0.63731   
H   0.22370  0.94446  1.04967   
 
 
TS8 


C  -1.22591  3.56347 -0.63530 
C  -1.27198  2.28821 -0.06473 
C  -0.00637  1.58784  0.14724 
C   1.26032  2.28757 -0.05362 
C   1.21427  3.56434 -0.62042 
C  -0.00424  4.18912 -0.90847 
C  -2.59244  1.75420  0.27813 
N  -2.87520  0.53760  0.58858 
Cu -1.88519 -1.10190 -0.24000 
N  -3.30516 -2.38473 -0.72847 
C  -4.65322 -1.83956 -0.42122 
C  -4.69278 -1.18392  0.96318 
C  -4.25614  0.28015  1.02602 
O  -0.00710  0.46447  0.95334 
O  -0.00049 -0.55106 -0.21145 
Cu  1.88854 -1.08534 -0.23454 
N   3.30373 -2.36921 -0.73646 
C   4.66215 -1.86117 -0.40913 







C   4.70249 -1.17803  0.96127 
C   4.26776  0.28824  1.00344 
N   2.87317  0.54143  0.60542 
C   2.58462  1.75237  0.27397 
H  -2.15962  4.09571 -0.83277 
H  -0.00283  5.19668 -1.32860 
H   2.14998  4.09269 -0.81410 
H  -3.38984  2.51717  0.26064 
H   3.38531  2.50830  0.21226 
H   5.74072 -1.20121  1.32837 
H   4.11527 -1.77171  1.68374 
H   4.95158  0.90677  0.39418 
H   4.36625  0.64201  2.04462 
H  -4.95530  0.91355  0.45094 
H  -4.32049  0.61294  2.07667 
H  -4.10172 -1.78898  1.67338 
H  -5.72837 -1.21282  1.33569 
H  -3.15767 -3.24261 -0.18840 
H   3.13623 -3.24238 -0.22791 
H   5.38338 -2.69379 -0.43167 
H   4.95899 -1.15438 -1.19905 
H  -4.90738 -1.10469 -1.20085 
H  -5.40274 -2.64529 -0.47789 
H  -3.25871 -2.68143 -1.70653 
H   3.25680 -2.63158 -1.72433 
H  -0.00313  0.77511 -0.84747 
 
 
TS9 


C  -1.13661  1.96939 -0.41674 
C  -0.18041  1.52478  0.63697 
C   1.12755  2.14286  0.63259 
C   1.32436  3.33058 -0.04290 
C   0.31609  3.91352 -0.87234 
C  -0.86237  3.25703 -1.06489 
O  -0.43729  0.51855  1.34662 
Cu  1.63840 -0.67955 -0.70891 
N   2.51620  0.19999  0.92875 
C   3.61833 -0.48650  1.63096 
C   4.13715 -1.73020  0.91148 
C   4.50715 -1.50976 -0.55388 
N   3.29906 -1.55764 -1.41744 
C   2.25403  1.41373  1.25015 
C  -2.58766  1.64017 -0.21124 
N  -2.98665  0.52055  0.25582 
C  -4.40223  0.19292  0.43818 
C  -4.61395 -1.31379  0.61433 
C  -3.97743 -2.19250 -0.46654 
N  -2.52818 -2.43540 -0.22231 
Cu -1.46835 -0.82670  0.26552 
O  -0.10963 -0.47360 -1.11324 
H  -1.62644  3.67016 -1.72850 
H   0.51988  4.85872 -1.37750 
H   2.30564  3.81214  0.00609 
H  -3.31569  2.41310 -0.50608 
H   2.90061  1.94285  1.96969 
H   5.02706 -2.07220  1.46195 
H   3.40258 -2.55194  0.98236 
H   4.43930  0.23280  1.78863 
H   3.24274 -0.77742  2.62550 
H  -4.97436  0.56726 -0.42754 
H  -4.77216  0.72141  1.33179 
H  -4.24812 -1.63285  1.60635 
H  -5.69948 -1.49578  0.61818 
H  -2.41582 -3.11479  0.53829 
H   3.04687 -2.53584 -1.59346 
H   5.22508 -2.27415 -0.88877 
H   4.98540 -0.52828 -0.69231 







H  -4.07625 -1.72671 -1.45870 
H  -4.49266 -3.16447 -0.50948 
H  -2.10204 -2.87773 -1.04181 
H   3.51170 -1.17387 -2.34353 
H  -0.68710  1.02322 -1.10044 
 
4*ClO4 


H   2.16802  4.49416  1.06960 
C   1.25242  4.02965  0.69255 
C  -1.16839  2.91423 -0.35307 
C   1.31988  2.72887  0.22347 
C   0.04119  4.79490  0.73979 
C  -1.11977  4.26455  0.28763 
C   0.11054  2.11341 -0.27102 
H   0.06927  5.80180  1.15811 
H  -2.05218  4.83309  0.33282 
C   2.60418  2.02472  0.29612 
H   3.42453  2.65035  0.68292 
C  -2.47075  2.17781 -0.06464 
H  -3.27909  2.83732  0.28940 
N   2.86259  0.80237 -0.01193 
N  -2.70472  0.93578 -0.22315 
C   4.23557  0.32871  0.22926 
H   4.21176 -0.27163  1.15578 
H   4.89480  1.19162  0.41921 
C   4.81324 -0.52708 -0.90241 
H   5.88851 -0.64371 -0.69519 
H   4.74100  0.01022 -1.86386 
C   4.21400 -1.92588 -1.02860 
H   4.20572 -2.41927 -0.04484 
H   4.83946 -2.53967 -1.69734 
N   2.82484 -1.89867 -1.53214 
H   2.37015 -2.80958 -1.43055 
C  -4.04789  0.44380  0.13630 
H  -3.93523 -0.14427  1.06302 
H  -4.70325  1.29960  0.36647 
C  -4.68958 -0.43131 -0.94556 
H  -4.69061  0.09968 -1.91295 
H  -5.74624 -0.55964 -0.66347 
C  -4.08322 -1.82380 -1.10303 
H  -4.02261 -2.31809 -0.12158 
H  -4.73737 -2.44075 -1.74054 
N  -2.72045 -1.78768 -1.67572 
H  -2.26852 -2.70411 -1.61964 
H  -2.76208 -1.56767 -2.67563 
H   2.81593 -1.70679 -2.53850 
Cu -1.38353 -0.50417 -0.87501 
O   0.10262  0.93762 -0.69194 
Cu  1.52720 -0.56776 -0.73793 
H  -1.22517  3.14847 -1.44622 
O   0.05556 -1.64996 -1.06033 
Cl -0.25694 -1.67765  2.21372 
O  -0.27963 -3.07088  2.61650 
O  -0.37716 -0.88266  3.42170 
O   0.94993 -1.35766  1.49332 
O  -1.44002 -1.43560  1.41257 
 
 
TS9*ClO4 


C   1.68035  2.41655 -0.05353 
C   0.52680  1.87982 -0.84993 
C  -0.65501  2.72562 -0.92673 
C  -0.54766  4.07371 -0.66424 
C   0.65700  4.66741 -0.15994 
C   1.72096  3.87845  0.14549 
O   0.52247  0.70375 -1.26778 
Cu -1.43820  0.30367  1.07656 







N  -2.37149  1.04849 -0.62597 
C  -3.66052  0.48360 -1.07079 
C  -4.32207 -0.46960 -0.07517 
C  -4.41820  0.05333  1.35717 
N  -3.13916 -0.15529  2.07869 
C  -1.96123  2.10856 -1.22048 
C   3.01820  1.75653 -0.24606 
N   3.15171  0.49500 -0.37161 
C   4.46717 -0.12800 -0.50697 
C   4.47744 -1.55110  0.06799 
C   3.83270 -1.68980  1.45125 
N   2.35507 -1.80259  1.36864 
Cu  1.40989 -0.55897  0.09379 
O   0.33480  0.47377  1.41044 
H   2.62956  4.31072  0.57376 
H   0.68825  5.74423  0.01447 
H  -1.42910  4.71014 -0.79160 
H   3.90098  2.41800 -0.23791 
H  -2.61427  2.61238 -1.95351 
H  -5.33609 -0.67303 -0.45382 
H  -3.79115 -1.43537 -0.07166 
H  -4.34537  1.31345 -1.31694 
H  -3.46285 -0.06922 -2.00306 
H   5.23031  0.49904 -0.01342 
H   4.72029 -0.17090 -1.57961 
H   3.98011 -2.24537 -0.63197 
H   5.52674 -1.87904  0.12777 
H   2.08492 -2.74237  1.06293 
H  -3.04705 -1.14642  2.32215 
H  -5.23463 -0.45499  1.89516 
H  -4.64350  1.13150  1.36739 
H   4.06994 -0.81845  2.08113 
H   4.23191 -2.57937  1.96423 
H   1.92973 -1.66750  2.28953 
H  -3.15707  0.33819  2.97575 
H   1.22378  1.88063  0.91212 
Cl -0.79839 -2.64737 -0.91152 
O  -1.30672 -2.14048  0.40727 
O  -1.53037 -2.01397 -2.02681 
O   0.68312 -2.28020 -1.01136 
O  -0.90709 -4.11749 -0.96350 
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The tentative mechanism of the nucleatin and growth of BaFxCl2-x nanorods 


 
Fundamental equation of surface chemical thermodynamics (SCT) (eq 1) may not be accurate enough for a 


quantitative description of a crystallization process in the nanometer regime, but it should provide us with a starting 
point. 


1


n


Bi Bi
i


dG SdT Vdp d dnγ σ µ
=


= − + + + ∑ …………. (1) 


Where σ  is the surface area of nanocrystals; γ  is the specific surface energy , also called the surface tension; 


Bµ  is the chemical potential of each component; T is the absolute temperature; p is pressure; V is the volume of 
the materials, and S is the entropy of the system. A series of solvothermal syntheses in the work were fixed at an 
immobile temperature, such as 160?  for Ba2F3Cl nanorods and nanowires. Thus, T is consistent, that is, dT =0. 
Moreover, the total volume of each autoclave is considered approximately to be the same, so is the solvent volume. 
Therefore, the pressure (p) is nearly unchanged, thus, dp =0. After the discussion, eq 1 converts to eq 2. 


1


n


Bi Bi
i


dG d dnγ σ µ
=


= + ∑ …………. (2) 


Under conditions of high adsorbate coverage (ligands/surfactant), it has been shown that γ  is dominated by the 
chemical potential of the adsorbate ( adsµ ).1 


0 max( )ads adsγ γ µ µ′≈ − − Γ …………. (3) 


Where 0γ  refers to the specific surface energy of pristine interface; adsµ ′  is defined as the value of adsµ  
when 0γ γ= ; and maxΓ  is the saturated surface adsorbate density. A basic assumption is that the entire surface of 
nanocrystals is saturated by ligands/surfactants. The whole system has reached equilibrium in all likelihood after 24 
hours aged. The chemical potential of the surface of nanocrystals ( ( )ads surfaceµ ) is equal to that of solution 
( solutionµ ). The chemical potential of the adsorbate can be expressed as  


( ) 0 /ln
p


ads surface solution ligands surfactants mp
RT a V dpµ µ µ


Θ


Θ ∞= = + + ∫ …………. (4) 


Because pressure in this process is constant, that is dp =0, we can change eq 4 to eq 5 


( ) 0 /lnads surface solution ligands surfactantsRT aµ µ µΘ= = + …………. (5) 


The solvent activity ( /ligands surfactantsa ) is attributed to the concentration of oleic acid, and it’s also a constant as a 
result of the unaltered concentration of oleic acid. The abundance of oleic acid leads to a tremendous absolute value 
of /ligands surfactantsa . In principle, when /ligands surfactantsa  is large enough, γ <0 can be achieved. Because of 
the invariability of the concentration of oleic acid, solutionµ , ( )ads surfaceµ andγ  are all constants. In other word, 
the force of oleic acid combined with the nanocrystals surface is so vigorous as to expand the specific surface area 
of nanocrystals. The increasing of surface area is likely to stabilize the system. The impetus of this progress 
accounts for γ <0, which arises from the high enough concentration of oleic acid on the surface of nanocrystals. To 
integrate eq 2 


1


nf


Bi Bii
i


G dnγ σ µ
=


∆ = ∆ + ∑∫ …………. (6) 


Here, we assume that the process of subjoining raw materials is reversible, thereby contemplating 0G∆ = . 
Therefore, 


1


nf


Bi Bii
i


dnγ σ µ
=


− ∆ = ∑∫ …………. (7) 







0 ln
p


B B B Bmp
RT a V dpµ µ


Θ


Θ ∞= + + ∫ …………. (8)  


p is constant as discussed above. Since γ <0, γ− >0 is deserved; µ  is dependent on the activity of ions in 
solution. 


0 0ln ln
p


B B B Bm B Bp
RT a V dp RT aµ µ µ


Θ


Θ ∞ Θ= + + = +∫ …………. (9) 


After changed the concentration of ions in the solution, 
Bµ∆∑ can be calculated by: 


ln ln lnB B BB
a xµ γ∆ = ∆ = ∆ + ∆∑ ∑ ∑ ∑ …………. (10) 


21
2 i iI m Z= ∑ …………. (11) 


ln | | 0.30
1B


I
A Z Z I


I
γ + −


 
= − − 


+ 


…………. (12) 


Combine eq 10, eq 11 (ionic strength definition) and eq 12 (Davies equation): 


2 12 2
2 1


1 12 1


(ln | | ( 0.30 0.30 )) ln 0
1 1


B B
B


B B


I Ix x
A Z Z I I


x xI I
µ + −


   
∆ = − − − − ≈ >   


+ +      
∑ ∑ ∑


…………. (13) 


Apparently, Bdn  > 0 So, 


1


0
nf


Bi Bii
i


dnγ σ µ
=


− ∆ = >∑∫ …………. (14) 


Moreover, Bµ is linear with ln Bic , assuming  


lnB Bk c bµ = + …………. (15) 


Replace Biµ and Bin with Bic , after integrating: 


[ (ln 1)]B Bk c cγ σ− ∆ = ∆ −∑ …………. (16) 


We can conclude from eq 16 that the raise of the concentration of raw materials conducts the expanding of 
nanocrystals surface area.  







The deduction of Eq 10 
 
The number of the surface atoms and the total atoms should be proportional to the surface area and the volume, 


respectively. If we define the surface atom ratio asδ .Since the number of the surface atoms and the total atoms 


has proportional relationship with the surface area and the volume respectively, we tempted to calculateδ for 


these BaFxCl2-x nanorods via surface area divided by the volume with several constants. 


2
2 1


1 1
32


22 2
2


(2 ( ) 2 ( ) )( _ _ _ ) (2 2 ) 1 22 2 2 ( )
( _ _ ) ( )


2


d d
k lk total area of nanorod k r rl


k
dk volume of nanorod l dk r l k l


π ππ π
δ


π π


++
= = = = +


 


k1, k2 and k3 are all proportional constants; r is the average radius of nanorods, that is half of the diameter. 
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Figure S1. TEM image of LSS results depending on initiate concentrations of Ba2+ 0.1000mol/L. This is the origin 


TEM photo of Figure 2a. The vertically stacked and horizontal nanorods were highlighted by dashed ring. 


 


Figure S2. Another raw TEM image of LSS results depending on initiate concentrations of Ba2+ 0.1000mol/L. The 


vertically stacked and horizontal nanorods were highlighted by dashed ring once more. 


 


 
 
Figure S1. TEM image of LSS results depending on initiate concentrations of Ba2+ 0.1000mol/L. This is the origin 


TEM photo of Figure 2a. The vertically stacked and horizontal nanorods were highlighted by dashed ring. 
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Figure S2. Another raw TEM image of LSS results depending on initiate concentrations of Ba2+ 0.1000mol/L. The 


vertically stacked and horizontal nanorods were highlighted by dashed ring once more. 
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(1) Ligand Synthesis. 


(2) Selected MS, NMR spectra. 


(3) UV-vis absorption and emission traces of 1–4 and 6–9in H2O/CH3CN mixtures upon increasing 


the water fraction.  


(4) TEM image of 8 in H2O/CH3CN mixtures at 90% water fraction showing spherical nanoparticles. 


(5) Absorption and emission spectra of complex [(Cy3P)Au-C≡C-1,2-C6H4-(C≡C-1,2-C6H4)3-C≡C-


Au(Cy3P)] (Cy = cyclohexyl) in degassed CH2Cl2 solution at 298 K showed a weak 0-0 


phosphorescence band at λmax at 523 nm. 
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Ligand Synthesis: 


H-(C≡C-1,2-C6H4)6-C≡CH. A mixture of H-(C≡C-1,2-C6H4)4-C≡CH (1.51g, 3.5mmol) and 


2-I-C6H4-1-C≡CSi(CH3)3 (2.31 g, 7.7 mmol) were dissolved in 15 mL diethylamine (15 mL ) and 


benzene (10 mL). After the solution was bubbled with argon for 30 min, Pd(PPh3)2Cl2 (54 mg) and 


CuI (15 mg) were added, and the solution was stirred overnight. (CH3)3Si-(C≡C-1,2-C6H4)6-


C≡CSi(CH3)3 was obtained by chromatography on silica gel with hexane:CH2Cl2 (2:1) as eluent, 


and was desilylated with excess KOH in CH3OH/THF solution. Yield: 1.68 g, 77%. 1H NMR (400 


MHz, CDCl3, 25 oC): δ = 7.62–7.52 (m, 10H), 7.48–7.46 (m, 2H), 7.29–7.20 (m, 12H), 3.22 ppm (s, 


2H); 13C{1H} NMR (100 MHz, CDCl3, 25 oC): δ = 132.6, 132.5, 132.41, 132.38, 132.35, 128.6, 


128.3, 128.14, 128.11, 128.08, 128.07, 126.5, 125.93, 125.86, 125.6, 124.6, 92.6, 92.5, 92.0, 82.3 


and 81.5 ppm; EI-MS: m/z: 624 [M–2]+. 


H-(C≡C-1,2-C6H4)8-C≡CH. A mixture of H-(C≡C-1,2-C6H4)6-C≡CH (1.30 g, 2.1 mmol) 


and 2-I-C6H4-1-C≡CSi(CH3)3 (1.25 g, 4.2 mmol) were dissolved in diethylamine (15 mL) and 


benzene (10 mL). After the solution was bubbled with argon for 30 min, Pd(PPh3)2Cl2 (30 mg) and 


CuI (8 mg) were added, and the solution was stirred overnight. (CH3)3Si-(C≡C-1,2-C6H4)8-


C≡CSi(CH3)3 was obtained by chromatography on silica gel with hexane:CH2Cl2 (2:1) as eluent, 


and was desilylated with excess KOH in CH3OH/THF solution. Yield: 1.30 g, 75%. 1H NMR (300 


MHz, CDCl3, 25 oC): δ (ppm) = 7.56–7.52 (m, 16H), 7.25–7.22 (m, 16H), 3.22 (s, 2H); 13C{1H} 


NMR (100 MHz, CDCl3, 25 oC): δ (ppm) = 132.6, 132.5, 132.43, 132.39, 132.34, 132.28 128.6, 


128.3, 128.2, 128.12, 128.08, 126.5, 126.0, 125.8, 125.7, 125.6, 124.6, 92.7, 92.6, 92.5, 92.0, 82.3 


and 81.5 ppm; FAB-MS (+ve): m/z: 827 [M+1]+. 
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Figure S1 FAB mass spectrum of 5. 


 


Figure S2 1H NMR spectra of 5 at the aromatic region in CD3CN solution. 
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Figure S3 1H-1H COSY NMR spectrum of 5 in CD2Cl2 solution (~ 5×10–3 M) at 20 oC. 
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Figure S4 UV-vis absorption traces of 1 in H2O/CH3CN mixtures upon increasing the water 


fraction.  
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Figure S5 Emission traces of 1 in H2O/CH3CN mixtures upon increasing the water fraction.  
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Figure S6 UV-vis absorption traces of 2 in H2O/CH3CN mixtures upon increasing the water 


fraction. 
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Figure S7 Emission traces of 2 in H2O/CH3CN mixtures upon increasing the water fraction.  
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Figure S8 UV-vis absorption traces of 3 in H2O/CH3CN mixtures upon increasing the water 


fraction.  
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Figure S9 Emission traces of 3 in H2O/CH3CN mixtures upon increasing the water fraction.  
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Figure S10 UV-vis absorption traces of 4 in H2O/CH3CN mixtures upon increasing the water 


fraction.  


500 600 700 800


H2O:CH3CN (v/v)
90:10
80:20
70:30
60:40
40:60


In
te


ns
ity


 / 
A


.U
.


wavelength/ nm


 
Figure S11 Emission traces of 4 in H2O/CH3CN mixtures upon increasing the water fraction. 
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Figure S12 UV-vis absorption traces of 6 in H2O/CH3CN mixtures upon increasing the water 


fraction.  
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Figure S13 Emission traces of 6 in H2O/CH3CN mixtures upon increasing the water fraction.  
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Figure S14 UV-vis absorption traces of 7 in H2O/CH3CN mixtures upon increasing the water 


fraction.  
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Figure S15 Emission traces of 7 in H2O/CH3CN mixtures upon increasing the water fraction.  
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Figure S16 UV-vis absorption traces of 8 in H2O/CH3CN mixtures upon increasing the water 


fraction.  
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Figure S17 Emission traces of 8 in H2O/CH3CN mixtures upon increasing the water fraction. 
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Figure S18 UV-vis absorption traces of 9 in H2O/CH3CN mixtures upon increasing the water 


fraction.  
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Figure S19 Emission traces of 9 in H2O/CH3CN mixtures upon increasing the water fraction. 
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Figure S20 TEM image of 8 in H2O/CH3CN mixtures at 90% water fraction showing spherical 


nanoparticles. 
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Figure S21 Absorption and emission spectra of complex [(Cy3P)Au-C≡C-1,2-C6H4-(C≡C-1,2-


C6H4)3-C≡C-Au(Cy3P)] (Cy = cyclohexyl, as shown in the inset) in degassed CH2Cl2 solution at 298 


K showed a weak 0-0 phosphorescence band at λmax at 523 nm. 


 


 








 
 
 
 
 
 
 
 


 
 
 
 
 
 


Supporting Information 
 


© Copyright Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, 2008 
 


 


 







Recent Advances in “Formal” Ruthenium-Catalyzed [2+2+2] Cycloaddition 


Reactions of Diynes to Alkenes 


 
 


Silvia García-Rubín,[a] Jesús A. Varela,[a] Luis Castedo,[a] Carlos Saá*[a] 


 
 


[a] Departamento de Química Orgánica, Facultad de Química, Universidad de Santiago de Compostela                
                                                 


                                                         15782 Santiago de Compostela (Spain) 
 


 


[a] S. García-Rubín, Dr. J. A. Varela, Prof. L. Castedo, 
Prof. C. Saá* 
Departamento de Química Orgánica, Facultad de 
Química, Universidad de Santiago de Compostela 
15782 Santiago de Compostela (Spain) 
Fax: (+34)981595012  
E-mail: carlos.saa@usc.es 


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







S1 
Recent Advances in “Formal” Ruthenium-Catalyzed [2+2+2] 


Cycloaddition Reactions of Diynes to Alkenes 
 


Silvia García-Rubín, Jesús A. Varela, Luis Castedo, Carlos Saá* 
 


Departamento de Química Orgánica, Facultad de Química, Universidad de Santiago de Compostela, 15782 
Santiago de Compostela, Spain 


 
 


Supporting Information 
Index  


I. General methods S2 


II. Preparation of starting materials and catalysts S2 


III. Regioselectivity. “Formal” Ru(II)-catalyzed [2+2+2] cycloaddition of unsymmetrical 
1,6-diynes 7 with alkenes 2: procedures and spectral data of the products 


S2 


IV. “Formal” Ru(II)-catalyzed [2+2+2] cycloaddition of disubstituted 1,6-diyne 10 with 
acyclic alkenes: procedures and spectral data of the products 


S9 


V. Spectra of new compounds S13 


 


 







S2 
I. General methods 
 
All reactions were performed under an atmosphere of dry argon in flamed dried glassware unless 
otherwise indicated. Dry DMF (Fluka) was used as received. All other solvents and reagents were used 
as received, unless otherwise noted. 1H and 13C NMR spectra were obtained for samples in CDCl3 
solutions. Flash chromatography was performed with a silica gel column eluted with mixed solvents 
(hexane/ethyl acetate). 
 
II. Preparation of starting materials and catalyst 
 


• 1,6-Diynes 1a,1 7’a, 7’’a,2 7b,3 and 10 were prepared following published procedures or with 
appropriate modifications. 


• 1,6-Diyne 7a was prepared in 86% yield by reaction of the sodium salt of the dimethyl 2-(prop-
2-ynyl)malonate (generated by treatment of dimethyl 2-(prop-2-ynyl)malonate with sodium 
hydride in THF) with 1-bromobut-2-yne. 


• 1,6-Diyne 7c4 was prepared in two steps in 70% overall yield. First, dimethyl 2-(3-phenylprop-
2-ynyl)malonate was prepared by Sonogashira reaction of dimethyl 2-(prop-2-ynyl)malonate 
with iodobenzene, PdCl2(PPh3) and CuI in THF/Et3N at r.t. Second, alkylation of dimethyl 2-(3-
phenylprop-2-ynyl)malonate with 3-bromoprop-1-yne in THF using sodium hydride as base. 


• Catalyst [Cp*Ru(CH3CN)3]PF6 was also prepared following published procedures.5 
 
 
III. “Formal” Ru(II)-catalyzed [2+2+2] cycloaddition of unsymmetrical 1,6-diynes 7 with alkenes 2: 
procedures and spectral data of the products 


 
 


CO2MeMeO2C


MeO2C


8aa
Me


 
Trimethyl 7-methyl-1,3,6,7-tetrahydro-2H-indene-2,2,5-tricarboxylate (8aa)  
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 129 
mg (0.14 mL, 1.5 mmol, 3 eq.) of methyl acrylate 2a, and 111 mg (0.5 mmol, 1 eq.) of diyne 7a were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(8:2) as eluent, 8aa (139 mg, 0.45 mmol) was obtained as a yellow oil in 90% yield. 
1H-NMR (400 MHz, CDCl3), δ (ppm): 6.94 (s, 1H), 3.75 (s, 6H), 3.74 (s, 3H), 3.13 (s, 4H), 2.66 (dd, 
J= 16.8, 8.1 Hz, 1H), 2.54-2.44 (m, 1H), 2.63 (dd, J= 16.8, 10.4 Hz, 1H), 1.04 (d, J=7.0 Hz, 3H). 13C-
NMR, DEPT (100 MHz, CDCl3), δ (ppm): 172.2 (2×CO), 167.8 (CO), 145.9 (C), 131.2 (CH), 129.6 
(C), 126.3 (C), 58.5 (C), 52.9 (2×CH3), 51.6 (CH3), 41.6 (CH2), 41.0 (CH2), 30.5 (CH2), 29.3 (CH), 
17.8 (CH3). MS, m/z (% relative intensity): 309 (M+ +1, 100), 308 (61), 307 (60), 289 (22), 278 (51), 277 
(99), 275 (56), 251 (27), 250 (54), 249 (96), 248 (54), 247 (53), 217 (46), 191 (21), 189 (41). HRMS 
calculated for C16H21O6: 309.1338; found: 309.1340. 
 
 


                                                 
1 Trost, B. M.; Toste, F. D. J. Am. Chem. Soc. 2002, 124, 5025. 
2 Chang, H-T.; Jeganmohan, M.; Cheng, C-H. Org. Lett. 2007, 9, 505. 
3 Trost, B. M.; Rudd, M. T. J. Am. Chem. Soc. 2005, 127, 4763. 
4 Yamamoto, Y.; Ogawa, R.; Itoh, K. Chem. Commun. 2000, 7, 549. 
5 a) Trost, B. M.; Older, C. M. Organometallics 2002, 21, 2544. b) Schrenk, J. L.; McNair, A. M.; McCormick, F. B. Mann, 
K. R. Inorg. Chem. 1986, 25, 3501. 
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Methyl 7-methyl-2-[(4-methylphenyl)sulfonyl]-2,3,6,7-tetrahydro-1H-isoindole-5-carboxylate 
(8´aa)  
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 129 
mg (0.14 mL, 1.5 mmol, 3 eq.) of methyl acrylate 2a, and 130 mg (0.5 mmol, 1 eq.) of diyne 7´a were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(8:2) as eluent, 8´aa (104 mg, 0.30 mmol) was obtained as a yellow oil in 60% yield. 
1H-NMR (250 MHz, CDCl3), δ (ppm): 7.74 (d, J= 8.3 Hz, 2H), 7.32 (d, J= 8.3 Hz, 2H), 6.85 (s, 1H), 
4.30-4.08 (m, 4H), 3.74 (s, 3H), 2.65 (dd, J= 16.8, 8.5 Hz, 1H), 2.56-2.43 (m, 1H), 2.43 (s, 3H), 2.21 
(dd, J= 16.8, 10.8 Hz, 1H), 0.99 (d, J=6.9 Hz, 3H). 13C-NMR, DEPT (63 MHz, CDCl3), δ (ppm): 167.2 
(CO), 143.6 (C), 142.1 (C), 134.0 (C), 129.8 (2×CH), 128.0 (CH), 127.8 (C), 127.7 (C), 127.3 (2×CH), 
55.1 (CH2), 54.6 (CH2), 51.7 (CH3), 30.3 (CH2), 27.7 (CH), 21.5 (CH3), 17.7 (CH3). MS, m/z (% relative 
intensity): 348 (M+ +1, 100), 347 (5), 316 (7), 192 (19), 125 (7). 
 
 


O
CO2Me


8´´aa
Me


 
Methyl 7-methyl-1,3,6,7-tetrahydro-2-benzofuran-5-carboxylate (8´´aa)  
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 129 
mg (0.14 mL, 1.5 mmol, 3 eq.) of methyl acrylate 2a, and 54 mg (0.5 mmol, 1 eq.) of diyne 7´´a were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(9:1) as eluent, 8´´aa (48 mg, 0.25 mmol) was obtained as a yellow oil in 50% yield. 
1H-NMR (250 MHz, CDCl3), δ (ppm): 6.99 (s, 1H), 4.74-4.67 (m, 4H), 3.77 (s, 3H), 2.76 (dd, J= 16.6, 
8.8 Hz, 1H), 2.67-2.58 (m, 1H), 2.34 (dd, J= 16.6, 10.7 Hz, 1H), 1.06 (d, J=6.9 Hz, 3H). 13C-NMR, 
DEPT (63 MHz, CDCl3), δ (ppm): 167.5 (CO), 144.4 (C), 129.5 (C), 127.8 (CH), 127.1 (C), 75.4 
(CH2), 75.0 (CH2), 51.7 (CH3), 30.8 (CH2), 27.3 (CH), 18.0 (CH3). MS, m/z (% relative intensity): 195 
(M+ +1, 100), 194 (5), 193 (32), 177 (15), 165 (46), 163 (48), 135 (11), 107 (19). 
 
 


MeO2C


MeO2C


8ab


O


Me


 
Dimethyl 6-(ethoxymethyl)-4-methyl-1,3,4,5-tetrahydro-2H-indene-2,2-dicarboxylate (8ab):  
Following conditions B, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 431 
mg (0.57 mL, 5 mmol, 10 eq.) of ethyl allyl ether 2b, and 111 mg (0.5 mmol, 1 eq.) of diyne 7a were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(8:2) as eluent, 8ab (108 mg, 0.35 mmol) was obtained as a pale yellow oil in 70% yield. 
1H-NMR (CDCl3, 400 MHz), δ (ppm): 5.81 (s, 1H), 3.93 (s, 2H), 3.74 (s, 3H), 3.73 (s, 3H), 3.45 (q, J= 
7.0 Hz, 2H), 3.15-2.94 (m, 4H), 2.49-2.41 (m, 1H), 2.33 (dd, J= 16.6, 8.7 Hz, 1H), 1.95 (dd, J= 16.6, 
8.3 Hz, 1H), 1.20 (t, J= 7.0 Hz, 3H), 1.00 (d, J=6.9 Hz, 3H). 13C-NMR, DEPT (100 MHz, CDCl3), δ 
(ppm): 172.6 (2×CO), 136.9 (C), 135.1 (C), 129.3 (C), 118.7 (CH), 73.7 (CH2), 65.4 (CH2), 58.6 (C), 







S4 
52.8 (2×CH3), 41.4 (CH2), 41.3 (CH2), 33.6 (CH2), 29.1 (CH), 18.8 (CH3), 15.3 (CH3). MS, m/z (% 
relative intensity): 309 (M++1, 89), 308 (100), 307 (32), 264 (31), 263 (95), 249 (68), 248 (20), 203 
(50). HRMS calculated for C17H25O5: 309.1691; found: 309.1702. 
 
 


MeO2C


MeO2C


Me
8ac  


Dimethyl 4-methyl-6-pentyl-1,3,4,5-tetrahydro-2H-indene-2,2-dicarboxylate (8ac):  
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 152 
mg (0.22 mL, 1.5 mmol, 3 eq.) of 1-heptene 2c, and 111 mg (0.5 mmol, 1 eq.) of diyne 7a were used. 
After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate (9:1) 
as eluent, 8ac (111 mg, 0.35 mmol) was obtained as a colorless oil in 69% yield. 
1H-NMR (CDCl3, 400 MHz), δ (ppm): 5.56 (s, 1H), 3.73 (s, 3H), 3.72 (s, 3H), 3.13-2.93 (m, 4H), 2.43-
2.35 (m, 1H), 2.25 (dd, J= 16.7, 9.0 Hz, 1H), 2.04 (t, J= 7.5 Hz, 2H), 1.89 (dd, J= 16.7, 10.2 Hz, 1H), 
1.43-1.25 (m, 6H), 0.99 (d, J= 6.9 Hz, 3H), 0.89 (t, J=7.2 Hz, 3H). 13C-NMR, DEPT (100 MHz, 
CDCl3), δ (ppm): 172.8 (2×CO), 139.4 (C), 134.2 (C), 130.2 (C), 116.3 (CH), 58.4 (C), 52.6 (2×CH3), 
41.6 (CH2), 41.2 (CH2), 37.1 (CH2), 36.4 (CH2), 31.5 (CH2), 29.3 (CH), 27.2 (CH2), 22.5 (CH2), 18.1 
(CH3), 14.0 (CH3). MS, m/z (% relative intensity): 321 (M++1, 99), 320 (100), 319 (88), 318 (24), 317 
(27), 289 (40), 287 (49), 275 (20), 263 (38), 262 (81), 261 (99), 260 (73), 259 (93), 258 (22), 245 (31), 
201 (25), 189 (21). HRMS calculated for C19H29O4: 321.2066; found: 321.2069. 
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MeO2C


MeO2C


Me
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Tetramethyl 4-methyl-1,3,4,5-tetrahydro-2H-indene-2,2,5,6-tetracarboxylate (8ad): 
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 225 
mg (0.19 mL, 1.5 mmol, 3 eq.) of dimethyl maleate 2d, and 111 mg (0.5 mmol, 1 eq.) of diyne 7a were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(7:3) as eluent, 8ad (128 mg, 0.35 mmol) was obtained as a pale yellow oil in 70% yield. 
1H-NMR (CDCl3, 250 MHz), δ (ppm): 7.10 (s, 1H), 3.78 (s, 3H), 3.74 (s, 3H), 3.73 (s, 3H), 3.65 (s, 
3H), 3.55 (d, J= 2.8 Hz, 1H), 3.26-2.96 (m, 5H), 1.03 (d, J= 7.3 Hz, 3H). 13C-NMR, DEPT (63 MHz, 
CDCl3), δ (ppm): 173.2 (CO), 172.1 (CO), 171.7 (CO), 167.2 (CO), 145.7 (C), 132.7 (CH), 128.7 (C), 
123.2 (C), 58.7 (C), 53.0 (CH3), 52.9 (CH3), 52.3 (CH3), 51.9 (CH3), 46.1 (CH), 41.8 (CH2), 40.6 
(CH2), 32.4 (CH), 17.0 (CH3). MS, m/z (% relative intensity): 367 (M++1, 100), 366 (66), 337 (22), 
336 (51), 335 (96), 334 (26), 307(69), 274 (48), 247 (25). HRMS calculated for C18H23O8: 367.1391; 
found: 367.1393. 
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CO2MeMeO2C


MeO2C
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Tetramethyl 1,3,4,5-tetrahydro-2H-indene-2,2,4,6-tetracarboxylate (8ba): 
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 129 
mg (0.14 mL, 1.5 mmol, 3 eq.) of methyl acrylate 2a, and 133 mg (0.5 mmol, 1 eq.) of diyne 7b were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(8:2) as eluent, 8ba (119 mg, 0.34 mmol) was obtained as a yellow oil in 68% yield. 
1H-NMR (250 MHz, CDCl3), δ (ppm): 6.96 (s, 1H), 3.76 (s, 3H), 3.75 (s, 3H), 3.74 (s, 3H), 3.71 (s, 
3H), 3.40-2.98 (m, 6H), 2.79-2.58 (m, 1H). 13C-NMR, DEPT (100 MHz, CDCl3), δ (ppm): 172.4 (CO), 
172.0 (CO), 171.7 (CO), 166.9 (CO), 136.2 (C), 132.6 (C), 130.5 (CH), 126.7 (C), 58.4 (C), 53.0 
(CH3), 52.9 (CH3), 52.1 (CH3), 51.8 (CH3), 42.4 (CH2), 40.8 (CH2), 40.6 (CH), 25.4 (CH2). MS (ESI-
TOF) m/z (%): 375 (M+ +Na, 100), 372 (30), 321 (18), 261 (10). HRMS calculated for C17H20NaO8: 
375.1050; found: 375.1060. 
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Trimethyl 6-(ethoxymethyl)-1,3,4,5-tetrahydro-2H-indene-2,2,4-tricarboxylate (8bb): 
Following conditions B, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 431 
mg (0.57 mL, 5 mmol, 10 eq.) of ethyl allyl ether 2b, and 133 mg (0.5 mmol, 1 eq.) of diyne 7b were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(8:2) as eluent, 8bb (124 mg, 0.35 mmol) was obtained as a pale yellow oil in 70% yield. 
1H-NMR (CDCl3, 500 MHz), δ (ppm): 5.85 (s, 1H), 3.97 (s, 2H), 3.74 (s, 6H), 3.69 (s, 3H), 3.48-3.44 
(m, 2H), 3.22-3.00 (m, 5H), 2.69-2.64 (m, 1H), 2.48-2.42 (m, 1H), 1.21 (t, J= 7.0 Hz, 3H). 13C-NMR, 
DEPT (125 MHz, CDCl3), δ (ppm): 173.3 (CO), 172.4 (CO), 172.2 (CO), 135.5 (C), 132.6 (C), 127.6 
(C), 118.2 (CH), 73.2 (CH2), 65.5 (CH2), 58.5 (C), 52.9 (CH3), 52.8 (CH3), 51.9 (CH3), 42.1 (CH2), 
41.2 (CH2), 40.4 (CH), 27.8 (CH2), 15.1 (CH3). MS, m/z (% relative intensity): 353 (M++1, 41), 352 
(31), 351 (98), 349 (33), 339 (29), 337 (67), 335 (23), 323 (55), 322 (27), 321 (100), 320 (47), 319 
(99), 311 (21), 309 (60), 308 (23), 307 (99), 306 (51), 305 (99), 291 (62), 289 (31), 277 (33), 275 (70), 
263 (31), 261 (56), 249 (25), 247 (37). HRMS calculated for C18H25O7: 353.1600; found: 353.1599. 
 
 


MeO2C


MeO2C


CO2Me
8bc  


Trimethyl 6-pentyl-1,3,4,5-tetrahydro-2H-indene-2,2,4-tricarboxylate (8bc): 
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 152 
mg (0.22 mL, 1.5 mmol, 3 eq.) of 1-heptene 2c, and 133 mg (0.5 mmol, 1 eq.) of diyne 7b were used. 
After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate (8:2) 
as eluent, 8bc (114 mg, 0.31 mmol) was obtained as a pale yellow oil in 63% yield. 
1H-NMR (250 MHz, CDCl3), δ (ppm): 5.60 (s, 1H), 3.74 (s, 6H), 3.69 (s, 3H), 3.44-2.98 (m, 5H), 2.67-
2.57 (m, 1H), 2.41-2.28 (m, 1H), 2.17-2.05 (m, 2H), 1.35-1.23 (m, 6H), 0.89 (t, J= 7.1 Hz, 3H). 13C-
NMR, DEPT (75 MHz, CDCl3), δ (ppm): 173.7 (CO), 172.6 (CO), 172.3 (CO), 139.7 (C), 133.2 (C), 
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125.1 (C), 116.1 (CH) , 58.4 (C), 52.8 (2×CH3), 51.8 (CH3), 42.0 (CH2), 41.4 (CH2), 40.7 (CH), 36.8 
(CH2), 31.5 (CH2), 30.5 (CH2), 27.0 (CH2), 22.5 (CH2), 14.0 (CH3). MS (ESI-TOF) m/z (%): 387 (M+ 
+Na, 100), 384 (21), 365 (M+ +1, 37), 333 (70), 305 (24). HRMS calculated for C20H29O6: 365.1959; 
found: 365.1961. 
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Trimethyl 7-phenyl-1,3,6,7-tetrahydro-2H-indene-2,2,5-tricarboxylate (8ca): 
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 129 
mg (0.14 mL, 1.5 mmol, 3 eq.) of methyl acrylate 2a, and 142 mg (0.5 mmol, 1 eq.) of diyne 7c were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(7:3) as eluent, 8ca (73 mg, 0.20 mmol) was obtained as a yellow oil in 40% yield. 
1H-NMR (250 MHz, CDCl3), δ (ppm): 7.44-7.14 (m, 5H), 7.05 (s, 1H), 3.73 (s, 3H), 3.72 (s, 3H), 3.70 
(s, 3H), 3.42-2.89 (m, 6H), 2.76-2.65 (m, 1H). 13C-NMR, DEPT (75 MHz, CDCl3), δ (ppm): 172.1 
(2×CO), 167.4 (CO), 142.6 (C), 142.3 (C), 140.8 (C), 131.6 (C), 131.1 (CH), 128.6 (2×CH), 127.6  
(2×CH), 126.8 (CH), 58.4 (C), 52.9 (CH3), 52.8 (CH3), 51.6 (CH3), 42.2 (CH2), 41.2 (CH), 41.0 (CH2), 
31.7 (CH2). MS, m/z (% relative intensity): 371 (M++1, 67), 369 (23), 339 (51), 331 (73), 295 (86), 293 
(32), 285 (40), 263 (36), 261 (22), 253 (23), 235 (77), 225 (100), 147 (57). HRMS calculated for 
C21H23O6: 371.1495; found: 371.1495. 
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Dimethyl 6-(ethoxymethyl)-4-phenyl-1,3,4,5-tetrahydro-2H-indene-2,2-dicarboxylate (8cb): 
Following conditions B, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 431 
mg (0.57 mL, 5 mmol, 10 eq.) of ethyl allyl ether 2b, and 142 mg (0.5 mmol, 1 eq.) of diyne 7c were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(8:2) as eluent, 8cb (144 mg, 0.39 mmol) was obtained as a pale yellow oil in 78% yield. 
1H-NMR (CDCl3, 250 MHz), δ (ppm): 7.37-7.16 (m, 5H), 5.93 (s, 1H), 3.90 (s, 2H), 3.72 (s, 3H), 3.69 
(s, 3H), 3.62-3.53 (m, 1H), 3.35 (q, J= 7.0 Hz, 2H), 3.17-3.13 (m, 2H), 2.87 (s, 2H), 2.71-2.60 (m, 1H), 
2.41-2.31 (m, 1H), 1.11 (t, J= 7.0 Hz, 3H). 13C-NMR, DEPT (63 MHz, CDCl3), δ (ppm): 172.5 
(2×CO), 143.5 (C), 135.0 (C), 133.7 (C), 131.6 (C), 128.4 (2×CH), 127.6 (2×CH), 126.4 (CH), 118.7 
(CH), 73.4 (CH2), 65.3 (CH2), 58.4 (C), 52.8 (CH3), 52.7 (CH3), 41.8 (CH2), 41.4 (CH2), 41.0 (CH), 
34.7 (CH2), 15.1 (CH3). MS, m/z (% relative intensity): 371 (M++1, 67), 370 (80), 369 (28), 339 (30), 
327 (22), 326 (71), 325 (100), 323 (29), 312 (35), 311 (91), 293 (59), 265 (88), 264 (23), 205 (22). 
HRMS calculated for C22H27O5: 371.1858; found: 371.1860. 
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MeO2C


MeO2C
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Dimethyl 6-pentyl-4-phenyl-1,3,4,5-tetrahydro-2H-indene-2,2-dicarboxylate (8cc): 
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 152 
mg (0.22 mL, 1.5 mmol, 3 eq.) of 1-heptene 2c, and 142 mg (0.5 mmol, 1 eq.) of diyne 7c were used. 
After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate (8:2) 
as eluent, 8cc (89 mg, 0.23 mmol) was obtained as a pale yellow oil in 47% yield. 
1H-NMR (250 MHz, CDCl3), δ (ppm): 7.33-7.16 (m, 5H), 5.68 (s, 1H), 3.71 (s, 3H), 3.69 (s, 3H), 3.58-
3.48 (m, 1H), 3.20-3.11 (m, 2H), 2.85 (s, 2H), 2.63-2.53 (m, 1H), 2.34-2.23 (m, 1H), 2.04-1.98 (m, 
2H), 1.35-1.20 (m, 6H), 0.84 (t, J= 7.1 Hz, 3H). 13C-NMR, DEPT (63 MHz, CDCl3), δ (ppm): 172.6 
(2×CO), 143.9 (C), 139.3 (C), 132.2 (C), 131.2 (C), 128.4 (2×CH), 127.6 (2×CH), 126.3 (CH), 116.5 
(CH), 58.4 (C), 52.8 (CH3), 52.7 (CH3), 41.8 (CH2), 41.6 (CH2), 41.4 (CH), 37.5 (CH2), 36.9 (CH2), 
31.4 (CH2), 27.0 (CH2), 22.5 (CH2), 14.0 (CH3). MS, m/z (% relative intensity): 383 (M++1, 100), 382 
(93), 381 (61), 351 (60), 325 (46), 324 (64), 323 (96), 322 (29), 321 (36), 307 (31), 247 (40). HRMS 
calculated for C24H31O4: 371.2222; found: 383.2218. 
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Dimethyl 3-(6-methyl-3-oxabicyclo[3.1.0]hex-6-yl)-4-(3-oxabicyclo[3.1.0]hex-6-yl)cyclopent-3-ene-
1,1-dicarboxylate (9): 
Following conditions A, but using acetone as solvent, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 
mg (10% mol) of Et4NCl, 108 mg (0.11 mL, 1.5 mmol, 3 eq.) of 2,5-dihydrofuran 5a, and 111 mg (0.5 
mmol, 1 eq.) of diyne 7a were used. After workup and column chromatography of the residue on silica 
gel using hexane/ ethyl acetate (8:2) as eluent, the product 9 (115 mg, 0.32 mmol) was obtained as a 
white solid in 64% yield. 
1H-NMR (400 MHz, CDCl3), δ (ppm): 3.93-3.85 (m, 8H), 3.72 (s, 6H), 2.95 (s, 2H), 2.72 (s, 2H), 1.76-
1.57 (m, 4H), 1.58 (t, J= 3.7 Hz, 1H), 1.07 (s, 3H). 13C-NMR, DEPT (100 MHz, CDCl3), δ (ppm): 
172.3 (2×CO), 136.7 (C), 131.9 (C), 69.7 (2×CH2), 68.0 (2×CH2), 57.1 (C), 52.8 (2×CH3), 42.5 (CH2), 
41.0 (CH2), 28.6 (2×CH), 23.7 (2×CH), 22.6 (C), 19.7 (CH), 10.3 (CH3). MS, m/z (% relative 
intensity): 363 (M++1, 78), 362 (64), 361 (44), 345 (35), 333 (100), 303 (36), 293 (21), 273 (35). 
HRMS calculated for C20H27O6: 363.1808; found: 363.1808. 
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Crystal data and structure refinement for 9. 
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Empirical formula  C20 H26 O6 


Formula weight  362.41 


Temperature  100(2) K 


Wavelength  0.71069 Å 


Crystal system  Monoclinic 


Space group  C 2/c 


Unit cell dimensions a = 12.9730(7) Å α= 90°. 


 b = 13.2543(7) Å β= 105.213(2)°. 


 c = 22.5810(11) Å γ = 90°. 


Volume 3746.7(3) Å3 


Z 8 


Density (calculated) 1.285 Mg/m3 


Absorption coefficient 0.094 mm-1 


F(000) 1552 


Crystal size 0.58 x 0.37 x 0.36 mm3 


Theta range for data collection 1.87 to 26.02°. 


Index ranges -16<=h<=15, 0<=k<=16, 0<=l<=27 


Reflections collected 30146 


Independent reflections 3695 [R(int) = 0.0314] 


Completeness to theta = 26.02° 99.9 %  


Absorption correction Semi-empirical from equivalents 


Max. and min. transmission 0.9669 and 0.9474 


Refinement method Full-matrix least-squares on F2 


Data / restraints / parameters 3695 / 0 / 238 


Goodness-of-fit on F2 1.069 


Final R indices [I>2sigma(I)] R1 = 0.0426, wR2 = 0.0994 


R indices (all data) R1 = 0.0505, wR2 = 0.1030 


Largest diff. peak and hole 0.258 and -0.222 e.Å-3 







S9 
IV. “Formal” Ru(II)-catalyzed [2+2+2] cycloaddition of disubstituted 1,6-diyne 10 with acyclic 
alkenes: procedures and spectral data of the products 
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11a         


CO2Me


MeO2C


MeO2C


Me


12a  
Trimethyl 4,7-dimethyl-1,3,4,5-tetrahydro-2H-indene-2,2,5-tricarboxylate (11a) and 
Trimethyl 7-methyl-4-methylene-1,3,4,5,6,7-hexahydro-2H-indene-2,2,5-tricarboxylate (12a): 
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 129 
mg (0.14 mL, 1.5 mmol, 3 eq.) of methyl acrylate 2a, and 118 mg (0.5 mmol, 1 eq.) of diyne 10 were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(8:2) as eluent, a mixture of 11a and 12a (88 mg, 0.27 mmol, 55%) was obtained as a pale yellow oil in 
a 1.25:1 relationship. 
11a:  1H-NMR (CDCl3, 250 MHz), δ (ppm): 5.32 (s, 1H), 3.75 (s, 6H), 3.70 (s, 3H), 3.24-3.01 (m, 5H), 
2.87-2.71 (m, 1H), 1.77 (s, 3H), 1.03 (d, J= 6.9 Hz, 3H). 13C-NMR, DEPT (63 MHz, CDCl3), δ (ppm): 
174.7 (2×CO), 172.3 (CO), 136.9 (C), 131.3 (C), 130.7 (C), 117.0 (CH), 58.1 (C), 52.9 (2×CH3), 51.9 
(CH3), 49.1 (CH), 41.6 (CH2), 40.1 (CH2), 31.3 (CH), 19.0 (CH3), 17.8 (CH3). MS (ESI-TOF) m/z (%): 
345 (M+ +Na, 33), 245 (95), 177 (24), 149 (15), 102 (100). HRMS calculated for C17H22NaO6: 
345.1309; found: 345.1308. 


 
12a:  1H-NMR (400 MHz, CDCl3), δ (ppm): 4.81 (s, 1H), 4.75 (s, 1H), 3.74 (s, 6H), 3.68 (s, 3H), 3.24-
3.05 (m, 5H), 2.83-2.74 (m, 2H), 0.93 (d, J= 6.9 Hz, 3H). 13C-NMR, DEPT (100 MHz, CDCl3), δ 
(ppm): 174.2 (2×CO), 172.5 (CO), 144.9 (C), 141.4 (C), 138.9 (C), 108.7 (CH2), 57.6 (C), 52.9 
(2×CH3), 51.5 (CH3), 44.3 (CH), 42.7 (CH2), 39.6 (CH2), 32.1 (CH), 27.6 (CH2), 13.6 (CH3). 
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Tetramethyl 4-methyl-7-methylene-4,5,6,7-tetrahydro-1H-indene-2,2,5,6(3H)-tetracarboxylate 
(12d): 
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 225 
mg (0.19 mL, 1.5 mmol, 3 eq.) of dimethyl maleate 2d, and 118 mg (0.5 mmol, 1 eq.) of diyne 10 were 
used. Once the slow addition finished, the reaction was heated for 15 hours. After workup and column 
chromatography of the residue on silica gel using hexane/ ethyl acetate (8:2) as eluent, 12d (80 mg, 
0.21 mmol) was obtained as a pale yellow oil in 42% yield. 
1H-NMR (CDCl3, 250 MHz), δ (ppm): 4.92 (s, 1H), 4.79 (s, 1H), 3.76 (s, 3H), 3.75 (s, 3H), 3.74 (s, 
3H), 3.71 (s, 3H), 3.70-3.62 (m, 1H), 3.29-3.01 (m, 4H), 2.78 (dd, J= 11.5, 9.8 Hz, 1H), 2.67-2.58 (m, 
1H), 1.10 (d, J= 6.9 Hz, 3H). 13C-NMR, DEPT (63 MHz, CDCl3), δ (ppm): 174.3 (2×CO), 172.8 (CO), 
172.2 (CO), 139.9 (C), 136.9 (C), 131.2 (C), 109.6 (CH2), 57.6 (C), 53.0 (2×CH3), 52.0 (2×CH3), 51.1 
(CH), 49.4 (CH), 42.0 (CH2), 40.0 (CH2), 33.9 (CH), 17.3 (CH3). MS (ESI-TOF) m/z (%): 403 (M+ 
+Na, 100), 400 (22), 394 (11), 381 (M+ +1, 7), 349 (31), 321 (13). HRMS calculated for C19H25O8: 
381.1544; found: 381.1549. 
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Dimethyl 6-(ethoxymethyl)-4,7-dimethyl-1,3,4,5-tetrahydro-2H-indene-2,2-dicarboxylate (11b):  
Following conditions B, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 431 
mg (0.57 mL, 5 mmol, 10 eq.) of ethyl allyl ether 2b, and 118 mg (0.5 mmol, 1 eq.) of diyne 10 were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(9:1) as eluent, 11b (104 mg, 0.32 mmol) was obtained as a colorless oil in 65% yield. 
1H-NMR (CDCl3, 500 MHz), δ (ppm): 4.04 (d, J=11.5 Hz, 1H), 3.98 (d, J= 11.5 Hz, 1H), 3.75 (s, 3H), 
3.74 (s, 3H), 3.44 (q, J= 7.0 Hz, 2H), 3.18-2.93 (m, 4H), 2.40-2.34 (m, 1H), 2.04-1.95 (m, 1H), 1.77 (s, 
3H), 1.72 (d, J= 15.4 Hz, 1H), 1.20 (t, J= 7.0 Hz, 3H), 0.99 (d, J= 6.6 Hz, 3H). 13C-NMR, DEPT (125 
MHz, CDCl3), δ (ppm):172.7 (2×CO), 137.5 (C), 132.2 (C), 127.3 (C), 127.0 (C), 69.5 (CH2), 64.9 
(CH2), 58.2 (C), 52.8 (2×CH3), 41.6 (CH2), 40.7 (CH2), 35.4 (CH2), 29.0 (CH), 18.0 (CH3), 15.3 (CH3), 
14.2 (CH3). MS, m/z (% relative intensity): 323 (M++1, 93), 322 (100), 321 (69), 279 (26), 278 (85), 
277 (99), 275 (25), 263 (66), 217 (81), 203 (25). HRMS calculated for C18H27O5: 323.1858; found: 
323.1852. 
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Dimethyl 3-[(1Z,3E)-4-ethoxy-1-methylbuta-1,3-dien-1-yl]-4-ethylcyclopent-3-ene-1,1- 
dicarboxylate (13): 
Following conditions B, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 431 
mg (0.57 mL, 5 mmol, 10 eq.) of ethyl allyl ether 2b, and 118 mg (0.5 mmol, 1 eq.) of diyne 10 were 
used. After workup and column chromatography of the residue on silica gel using hexane/ ethyl acetate 
(9:1) as eluent, 13 (19 mg, 0.06 mmol) was obtained as a pale yellow oil in 12% yield. 
1H-NMR (500 MHz, CDCl3), δ (ppm): 6.47 (d, J= 12.5 Hz, 1H), 5.77 (d, J= 11.0 Hz, 1H), 5.40 (dd, J= 
12.5, 11.0 Hz, 1H), 3.74 (s, 6H), 3.73 (q, J= 7.0 Hz, 2H), 3.03 (s, 4H), 1.96 (q, J= 7.5 Hz, 2H), 1.75 (s, 
3H), 1.26 (t, J= 7.0 Hz, 3H), 0.95 (t, J= 7.5 Hz, 3H). 13C-NMR, DEPT (125 MHz, CDCl3), δ (ppm): 
172.7 (2×CO), 149.1 (CH), 136.1 (C), 132.5 (C), 128.8 (C), 123.3 (CH), 104.9 (CH), 65.2 (CH2), 57.8 
(C), 52.7 (2×CH3), 43.3 (CH2), 42.6 (CH2), 22.6 (CH3), 22.0 (CH2), 14.7 (CH3), 12.2 (CH3). MS, m/z 
(% relative intensity): 323 (M++1, 16), 321 (31), 309 (54), 297 (38), 295 (38), 293 (77), 281 (91), 279 
(71), 277 (39), 269 (77), 267 (39), 265 (42), 263 (51), 255 (36), 253 (56), 251 (82), 249 (65), 237 
(100), 233 (42), 227 (35), 223 (41), 221 (50), 219 (34), 217 (43), 206 (55), 203 (57), 195 (32), 193 
(35), 191 (30), 177 (44), 167 (35), 145 (36), 103 (41), 95 (49). HRMS calculated for C18H27O5: 
323.1858; found: 323.1852. 
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11c  
Dimethyl 4,7-dimethyl-6-pentyl-1,3,4,5-tetrehydro-2H-indene-2,2-dicarboxylate (11c):  
Following conditions A, 25 mg (10% mol) of [Cp*Ru(CH3CN)3]PF6, 8 mg (10% mol) of Et4NCl, 108 
mg (0.11 mL, 1.5 mmol, 3 eq.) of 1-heptene 2c, and 118 mg (0.5 mmol, 1 eq.) of diyne 10 were used. 
Once the slow addition finished, the reaction was heated for 15 hours. After workup and column 
chromatography of the residue on silica gel using hexane/ ethyl acetate (9:1) as eluent, 11c (51 mg, 
0.15 mmol) was obtained as a pale yellow oil in 31% yield. 
1H-NMR (CDCl3, 250 MHz), δ (ppm): 3.74 (s, 3H), 3.72 (s, 3H), 3.12-2.93 (m, 4H), 2.29-1.61 (m, 
5H), 1.69 (s, 3H), 1.36-1.14 (m, 6H), 0.95 (d, J= 6.2 Hz, 3H), 0.87 (t, J= 7.1 Hz, 3H). 13C-NMR, DEPT 
(125 MHz, CDCl3), δ (ppm):172.4 (2×CO), 129.8 (C), 129.1 (C), 127.0 (C), 121.3 (C), 58.8 (C), 52.7 
(2×CH3), 39.2 (CH), 37.3 (CH2), 36.9 (CH2), 34.3 (CH2), 32.1 (CH2), 31.3 (CH2), 26.4 (CH2), 22.6 
(CH2), 19.6 (CH3), 17.9 (CH3), 14.1 (CH3). MS, m/z (% relative intensity): 335 (M++1, 100), 334 (93), 
333 (56), 332 (99), 331 (98), 317 (20), 303 (21), 302 (22), 301 (92), 291 (30), 289 (40), 275 (99), 274 
(84), 273 (89), 272 (93), 271 (38), 263 (30), 215 (53), 203 (21), 157 (22). HRMS calculated for 
C20H31O4: 335.2222; found: 335.2218. 
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Dimethyl (3E,4Z)-3-ethylidene-4-[(2Z)-4-methoxy-1-methyl-4-oxobut-2-en-1- 
ylidene]cyclopentane-1,1-dicarboxylate (14)  
In a 10 mL round-bottomed flask was prepared, under argon, a solution of [Cp*Ru(CH3CN)3]PF6  (25 
mg, 10% mol) and Et4NCl (8 mg, 10% mol) in DMF (1 mL) and stirred for 10 minutes at room 
temperature and then the alkene 2a (430 mg, 0.45 mL, 5 mmol, 10eq) was added. The solution was 
stirred for another 10 minutes and then, the diyne 10 (118 mg, 0.5 mmol, 1 eq) was also added. After 
stirring for 1 h at room temperature, the crude solution was charged directly to a column 
chromatography on silica gel and eluted using ethyl ether/hexane (6:4). After evaporation of the eluent 
under vacuum in a rotavapor keeping the bath at room temperature, the hexatriene 14 (56 mg, 0.17 
mmol) was isolated as a pale yellow oil in 35% yield. 
1H-NMR (CDCl3, 250 MHz), δ (ppm): 6.88 (d, J= 12.1 Hz, 1H), 5.73 (d, J= 12.1 Hz, 1H), 5.58-5.50 
(m, 1H), 3.74 (s, 6H), 3.71 (s, 3H), 3.09-2.99 (m, 4H), 1.93 (s, 3H), 1.78 (d, J= 7.5 Hz, 3H). 13C-NMR, 
DEPT (63 MHz, CDCl3), δ (ppm): 171.9 (2×CO), 166.7 (CO), 146.3 (CH), 140.4 (C), 137.8 (C), 126.4 
(CH), 122.0 (C), 117.5 (CH), 56.9 (C), 52.9 (2×CH3), 51.2 (CH3), 39.2 (CH2), 37.5 (CH2), 20.3 (CH3), 
15.6 (CH3). MS (ESI-TOF) m/z (%): 345 (M+ +Na, 100), 323 (M+ +1, 19), 321 (21), 291 (6), 263 (13), 
261 (14), 102 (13). HRMS calculated for C17H23O6: 323.1489; found: 323.1478. 
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15  
Dimethyl (3Z,4E)-3-[2-(ethoxymethyl)-1-methylprop-2-en-1-ylidene]-4-ethylidenecyclopentane-
1,1-dicarboxylate (15): 
In a 10 mL round-bottomed flask was prepared, under argon, a solution of [Cp*Ru(CH3CN)3]PF6  (25 
mg, 10% mol) and Et4NCl (8 mg, 10% mol) in DMF (1 mL) and stirred for 10 minutes at room 
temperature and then the alkene 2b (453 mg, 0.60 mL, 5 mmol, 10eq) was added. The solution was 
stirred for another 10 minutes and then, the diyne 10 (118 mg, 0.5 mmol, 1 eq) was also added. After 
stirring for 2 h at room temperature, the crude solution was charged directly to a column 
chromatography on silica gel and eluted using ethyl ether/hexane (6:4). After evaporation of the eluent 
under vacuum in a rotavapor keeping the bath at room temperature, the hexatriene 15 (80 mg, 0.25 
mmol) was isolated as a pale yellow oil in 49% yield. 
1H-NMR (CDCl3, 400 MHz), δ (ppm): 5.95-5.90 (m, 1H), 5.24 (s, 1H), 4.98 (s, 1H), 3.94 (s, 2H), 3.74 
(s, 6H), 3.49 (q, J= 7.0 Hz, 2H), 2.99-2.93 (m, 4H), 1.85 (s, 3H), 1.64 (d, J= 6.8 Hz, 3H), 1.21 (t, J= 7.0 
Hz, 3H). 13C-NMR, DEPT (100 MHz, CDCl3), δ (ppm): 172.1 (2×CO), 149.2 (C), 136.4 (C), 131.7 
(C), 128.4 (C), 120.4 (CH), 111.8 (CH2), 70.3 (CH2), 65.8 (CH2), 56.7 (C), 52.7 (2×CH3), 39.6 (CH2), 
37.9 (CH2), 23.4 (CH3), 15.2 (CH3), 15.1 (CH3). MS (ESI-TOF) m/z (%): 345 (M+ +Na, 100), 342 (30), 
323 (M+ +1, 11), 277 (12). HRMS calculated for C18H27O5: 323.1853; found: 323.1852. 
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Carbon Nanotube-Alginate Composite Modified Electrode 


Fabricated by In Situ Gelation for Capillary Electrophoresis 
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Figure S1. The molecular structures of protocathechulic aldehyde, salvianolic 


acid A, salvianolic acid B, caffeic acid, and protocathechulic acid. 
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Figure S2. Schematic diagrams showing the fabrication process of a carbon 


disc electrode.  (A) Inserting a piece of copper wire (b, 10 cm long, 


150 µm diameter) into a 3.0 cm long fused-silica capillary (a, 320 


µm I.D. × 450 µm O.D.); (B) filling the empty end of (a) with 


graphite-epoxy composite (c); (C) curing to form rigid 


graphite-epoxy composite (d); (D) applying hot melt adhesive (e) to 


glue (b) in place. 
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Figure S3. Schematic diagrams of a three-dimensionally adjustable device for 


the amperometric detection of capillary electrophoresis.  (A) Side 


view, (B) top view, as well as (C) expanded view.  (a) Buffer vial, (b) 


sample vial, (c) high voltage platinum electrode, (d) fused silica 


capillary, (e) Plexiglas glass plate with a guiding channel drilled 


inside, (f) screw bolt, (g) screw nut, (h) Plexiglas cover plate, (i) 


detection cell, (j) stainless-steel guiding tube, (k) silicon rubber 


holder, (l) capillary-based disc detection electrode, (m) Plexiglas 


holder, (n) silicon rubber sheet, (o) grounding platinum electrode, 


(p) auxiliary electrode, (q) reference electrode.  Dimensions are 


not in scale. 
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Figure S1. A high-magnification TEM image shows a flexible nanobelt with 


thickness of about 14 nm. 


 


 


 


 







 


Figure S2. EDS spectrum of the as-prepared ZnSe nanobelts, demonstrating that the 


samples are composed of pure ZnSe. In the EDS spectrum, the detected copper and 


carbon signals arise from the carbon-coated copper grid on which the ZnSe samples 


were deposited. The EDS spectra of other ZnSe samples are similar. 
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Figure S3. XPS spectra of ZnSe nanobelts prepared at 180 °C for 20 h. a) Survey 


spectrum, b) Zn 2p3, c) Se 3d. The binding energies obtained in the XPS analysis 


were corrected for specimen charging by referencing the C 1s to 284.60 eV. The 


binding energy of Zn 2p3 is identified at 1021.17 eV (Figure S5b), while Se 3d is 


found to be 52.92 eV (Figure S5c). The signal at 400.33 eV can be attributed to N1s, 


which comes from tetraethylenepentamine (TEPA) adsorbing in the nanobelts. 
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Figure S4. The typical room-temperature Raman spectrum of ZnSe nanoribbons 


shows two bands in the range 150–400 cm-1. The peaks located at around 204.5, and 


251.1 cm-1, these correspond to the transverse optical (TO) and longitudinal optic (LO) 


phonon modes of ZnSe, respectively. No vibration modes owing to impurities are 


observed. According to previous results,[S1-S4] the LO phonon frequency of a 


single-crystalline ZnSe film is 254 cm-1 and that of a singlecrystal of ZnSe is 255 cm-1 


at room temperature. Both indicate a broad Raman peak, owing to the high 


surface-tovolume ratio of small particles. Compared to the above reports, the TO and 


LO phonon frequencies of the as-obtained ZnSe sample are both shifted towards a 


lower frequency, which may be an effect of small size and high surface area of the 


sample. The relatively sharp and symmetric Raman peaks of the ZnSe nanostructures 


imply that the ZnSe nanobelts are single crystalline. 


 


 


 


 


 


 


 







 


 


Figure S5. FESEM and TEM images of ZnSe nanobelts prepared at 180 °C for 20 h: 


(a) VH2O/VTEPA/ VN2H4·H2O = 30:20:5, (b-c) VH2O/VTEPA/ VN2H4·H2O = 35:15:5. 


 


 
Figure S6. FESEM images of ZnSe microspheres prepared in a mixed solution with a 


volume ratio of VH2O/VTEPA/ VN2H4·H2O = 40:10:1 at 160 °C for 20 h, indicating 


microspheres were constructed from the self-assembly of nanobelt bundles. x0768 


 


 


Figure S7. FESEM images of ZnSe microspheres prepared in a mixed solution with a 


volume ratio of VH2O/VTEPA/ VN2H4·H2O = 45:5:1 at 160 °C for 20 h, indicating 


microspheres were constructed from the self-assembly of nanobelts. x0772 


 







 


Figure S8. FESEM images of ZnSe microspheres prepared in a mixed solution with a 


volume ratio of VH2O/VTEPA/ VN2H4·H2O = 45:5:1 at 200 °C for 36 h, indicating 


microspheres were constructed from the self-assembly of nanorod arrays. 
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Figure S9. XRD pattern of the product obtained under different conditions: (a) 


VH2O/VTEPA/VN2H4·H2O =35:15:5, 200 °C for 20 h; (a) VH2O/VTEPA/VN2H4·H2O =45:5:1, 


200 °C for 20 h, (a) VH2O/VTEPA/VN2H4·H2O =45:5:1, 240 °C for 20 h. 


 


4000 3500 3000 2500 2000 1500 1000 500


0


20


40


60


80


100


b


c


a


T
ra


ns
m


itt
an


ce
 (a


.u
.)


Wavenumber (cm-1)


 


Figure S10. FTIR spectra of ZnSe nanobelts obtained at different growth stages: a) 30 


min, b) 1 h, and c) pure tetraethylenepentamine (TEPA). 
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Figure S11. TGA curve of the sample obtained at 180 °C for 30 min. The weight loss 


before 110 °C could be attributed to the loss of surface H2O molecules absorbed. The 


main weight loss starts at about 150 °C, up to 400 °C, the weight loss is at 22%. 


Based on the TEPA intercalated ZnSe, the ratio of ZnSe to TEPA is 1:0.5. 
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In the paper by Rotzinger in Chem. Eur. J. 2007, 13, 800–811, the energies for the
A mechanism in Table 6, computed at the CAS/SCFACHTUNGTRENNUNG(12/11)PCM geometries/fre-
quencies and MCQDPT2 ACHTUNGTRENNUNG(12/11)PCM energies level, are 5.42 kJmol�1 too high be-
cause of an error in the MCQDPT2 ACHTUNGTRENNUNG(12/11) calculation on the reactant [UO2-
ACHTUNGTRENNUNG(OH2)5]


2+ , which was performed with seven 1s oxygen molecular orbitals as frozen
cores instead of eight. This error does not affect the conclusions. The corrected
values in Table 6 are italicized. The author apologizes for this error.


Table 6. Experimental and computed thermodynamic activation parameters.[a]


Mechanism DE� (DE) DH� (DH) DS� (DS) DG� (DG) DVcav
� (DVcav)


experimental data[b] 26 �40 38


CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF geometries/frequencies, and MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM energies[c,d]


D 50.1 (44.3) 48.4 (46.2) 2.7 (11.4) 47.6 (42.8) 6.9 (8.7)
D 49.6 (45.2[e]) 48.2[e] (47.3[e]) �0.3[e] (8.3[e]) 48.3[e] (44.9[e]) 6.3[e] (8.2[e])
A 31.3 (29.5) 27.2 (27.7) �17.7 (�0.4) 32.4 (27.8) �4.1 (�3.6)
A 27.9 (26.9[e]) 23.6[e] (25.0[e]) �11.6[e] (7.7[e]) 27.0[e] (22.7[e]) �3.9[e] (�3.7[e])


CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM geometries/frequencies, and MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM energies[c,d]


D 52.6 (47.9) 50.0 (48.7) �24.0 (�14.9) 57.1 (53.2) 3.1 (3.6)
D 55.3[f] (48.4[f]) 52.7[f] (49.2[f]) 59.8[f] (53.7[f])
A 25.6 (20.5) 22.9 (20.2) �23.4 (�2.4) 29.9 (20.9) �2.4 (�2.9)
A 29.6[f] (25.5[f]) 27.0[f] (25.2[f]) 33.9[f] (25.9[f])


HF-CPCM geometries/MP2-CPCM energies[c,g]


D 59.2 (54.5) [h] [h] [h] 4.9 (3.6)
A 18.7 (15.8) [h] [h] [h] �3.0 (�3.4)


CPDM geometries/CPMD energies[c,i]


D 45.2 (36.4)[j]


A 28.0 (26.8)[j]


[a] Units: energies: kJmol�1, entropy: JK�1, volume: cm3mol�1. [b] From reference [1]. [c] In parenthesis: pa-
rameters for the corresponding intermediate. [d] This work. [e] 6-31G ACHTUNGTRENNUNG(d,p) basis set for H2O. [f] Corrected for
the BSSE. [g] From reference [5]. [h] The vibrational frequencies were not computed. [i] From reference [10].
[j] DA� (DA), Helmholz free energy at 27 8C.
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Introduction


In the last decades solid-phase organic synthesis (SPOS) has
become a powerful tool for synthetic organic and biological
chemistry. Although already developed more than 40 years
ago by Merrifield[1] for selective peptide synthesis (solid-
phase peptide synthesis, SPPS) there has been a rapid
growth in this research area in recent years so that solid-
phase organic synthesis is nowadays widely employed in all
kinds of organic syntheses.[2–6] The variety of available solid
supports and linkers[6] allows many reaction conditions, so
that solid-phase synthesis can be implemented for most or-
ganic synthesis protocols. Solid-phase synthesis is ideally
suited to perform reactions in parallel, because it readily en-
ables the (automated) performance of multistep synthetic
sequences.


A general solid-phase synthesis (SPS) scheme is depicted
in Scheme 1. A suitably functionalised solid support is
simply shaken with a mixture of solvents and reactants for a
given time; the mixture is then filtered and the support is
washed with suitable solvents. The immobilised substrate A
is then transformed, deprotected or coupled with reactant B.
Finally the product A–B is cleaved from the support giving
products of high purity.


Employing this stepwise synthesis, full control over se-
quence, chain length and end groups of the resulting oligo-
mers is achieved and any possible sequence isomer can be
prepared, paving the way for rapid parallel combinatorial
syntheses. This contrasts with supramolecular approaches
(self-assembly) which usually yield only one isomer or as-


sembly, namely the thermodynamically most stable one
under the applied conditions.


Despite the rapid development of solid-phase organic syn-
thesis examples for the application of this strategy to the
field of inorganic chemistry, that is, the synthesis and trans-
formation of transition-metal complexes, are rare. The most
important and common application of immobilised transi-
tion-metal complexes is catalysis.[7–10] For this purpose a
well-defined molecular pre-catalyst is permanently bound to
a solid support through adsorption, ionic or covalent bond-
ing, or intercalation depending on the type of support (inor-
ganic oxides, organic polymers or dendrimers).[11,12] Certain-
ly, for efficient catalysis the active site should remain on the
support during the whole catalytic process and leaching of
the catalytic centre should be inhibited, so that the catalyst
can be reused several times.


In contrast to catalytic applications of immobilised transi-
tion-metal complexes, the intermediates in SPOS are bound
to the solid phase through suitable linkers that enable the
easy attachment of the starting material to the support.
They are also stable under a broad variety of reaction condi-
tions, but allow selective cleavage at the end of the synthesis
without damage of the product.


To our knowledge the very first application of a solid-
phase synthesis protocol to construct an oligonuclear transi-
tion-metal complex was reported in 1975 by Burlitch and
Winterton.[13] Di-n-butyltin-dichloride was coupled to lithiat-
ed styrene/20% divinylbenzene copolymer followed by cou-
pling of tetracarbonyldihydridoosmium(II) with diethyl-
amine as the coupling agent (Scheme 2). The second metal–
metal bond was formed by using (nBu)2SnCl2/Et2NH giving
the polymer-anchored trinuclear complex 1-PS. Release of
intact trans-bis(di-n-butylchlorotin)tetracarbonylosmium(II)
(1) from the polymer was accomplished by acidic cleavage.


Apart from catalytic applications,[7–11] polymer-supported
carbonyl complexes have been recently used in stoichiomet-
ric reactions (Scheme 3). Carbonyl–molybdenum(0) and –
ruthenium(0) fragments were bound to polymers by coordi-
nation to double bonds (2-PS) and released by ligand dis-
placement with PPh3.


[14] Polymer-anchored arene–tricarbo-
nylchromium(0) complexes 3-PS were employed as traceless


Abstract: This overview highlights recent progress in
the field of selective construction of linear, oligonuclear
transition-metal complexes by using solid-phase synthe-
sis procedures. Two general protocols have been identi-
fied: formation of coordinative bonds between metal
centres and bridging ligands and formation of covalent
bonds between preformed kinetically inert transition-
metal-containing building blocks in the chain growth
step. Currently available suitable building blocks for the
second approach are based on ferrocene units, bis(ter-
pyridine)–ruthenium(II) moieties or metal porphyrins.


Keywords: heterometallic complexes · immobilization ·
polymer-bound complexes · solid-phase synthesis
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Scheme 1. General solid-phase synthesis (SPS).
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linkers for performing metal-activated, aromatic nucleophil-
ic substitution reactions on a solid support.[15] Fischer car-
bene complexes were prepared on a polymer support. Ami-
nation with benzylamine to give amino–carbene 4-PS and
oxidative cleavage with I2/air releases the oxygenated


amino–carbene ligand.[16] In all the transformations depicted
in Scheme 3 the polymer-bound complex is modified or de-
stroyed during release from the resin, so these types of
anchored transition-metal complexes are best described as
supported reagents.


Solid-phase synthesis with transition metals as a part of
the target product arose from biochemistry, medicinal
chemistry, analytical chemistry and catalysis. As inorganic
compounds possess specific properties that are not present
in biomolecules, such as peptides or DNA, the labelling of
biomolecules with transition-metal complexes has become
an active area of research.[17] To be of use in these fields of
chemistry the transition-metal complexes employed should
be stable in water and air and compatible with typical cou-
pling, deprotection and cleavage conditions. IR- and redox-
active organometallic moieties have been appended to pep-
tides or PNA by SPPS (Scheme 4; 5-PS–7-PS), for example,
for potential use in immunoassays or as an efficient media-
tor for enhanced cellular uptake.[17–20]


In drug development solid-phase library synthesis has
become a major strategy that has recently also be applied to
metal-containing drugs and pharmaceuticals. The pepti-
de-99mTc–chelate conjugate 8-PS has been prepared by SPPS
as a potential radiopharmaceutical equipped with a targeting
vector (Scheme 5).[21] Reedijk et al. reported the first exam-
ple of a solid-phase synthesis of peptide-tethered dichloro-
platinum(II) complexes,[22–24] and the automated synthesis of
a family of 36 analogues[25] as well as the SPPS of dinuclear
lysine-bridged platinum(II) complexes (Scheme 5; 9-PS)[26]


with the aim to discover new potent platinum anticancer
agents. DNA-sequence selective hairpin polyamide platin-
um(II) complexes have also been prepared on solid sup-
ports.[27]


The discovery and optimisation of lead structures in catal-
ysis research has also profited by solid-phase peptide synthe-
sis techniques. Gilbertson and later Meldal and co-workers
have introduced phosphino-containing amino acids into pep-


Scheme 2. SPS of trans-bis(di-n-butylchlorotin)tetracarbonylosmium(II).[13]


Scheme 3. Stoichiometric reactions with polymer-supported transition-
metal–carbonyl complexes.


Scheme 4. Metal-labelled (bio)molecules prepared on a solid sup-
port.[16–20]
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tides by means of SPPS (Scheme 5; 10-PS). These peptides
serve as chiral ligands for organometallic fragments, for ex-
ample, {Rh(norbonadiene)} or {Pd ACHTUNGTRENNUNG(allyl)Cl} in asymmetric
catalytic reactions.[28,29]


Metal-modified biomolecules prepared by SPS with one
metal label attached to the terminus of the oligomer (see,
for example, references [30–35]) as well as side-chain modi-
fications of biooligomers (see, for example, references [36–
39]) will not be considered further in this article. The prepa-
ration of metal-complex/peptide conjugates by solid-phase
peptide synthesis has been recently summarised in microre-
views and will not be covered in this article.[40]


Often metalation is the last step in the SPS so that the
benefits of using solid-phase methodology are not immedi-
ately clear, as in this case metalation could also easily be
performed after cleavage of the molecule from the solid
support in homogeneous solution (on-resin labelling vs.
post-SPS labelling). However, when combinatorial chemistry
comes into play (e.g., solid-phase library synthesis[25] and
solid-phase library screening[41]) the necessity of introducing
the metal while the molecule is still bound to the support
becomes evident. This is even mandatory when the transi-
tion metal constitutes an integral part of an oligomer back-
bone (Scheme 6).


Our approaches to selectively synthesise well-defined,
multinuclear, transition-metal complexes by SPS are out-
lined in Scheme 7. The first approach relies on the forma-


tion of coordinative bonds between an asymmetric bridging
ligand ]�( and a metal centre in each chain-elongation step
to build oligonuclear transition-metal complexes in a con-
trolled stepwise fashion on solid support. In the second ap-
proach chain growth is achieved by formation of covalent
bonds between ligands of suitably functionalised transition-
metal complexes X-(M]-Y. Both strategies will be described
in the following sections.


SPS of Transition-Metal Complexes: Formation of
Coordinative Bonds


Suitable building units for this approach have to satisfy sev-
eral conditions: to suppress ligand scrambling or chain rup-
ture during the synthesis the metal-complex fragments em-
ployed need to be rather inert, preferably closed-shell tran-
sition-metal complexes. At the same time free coordination
sites must be generated during the chain elongation step to
accommodate the bridging ligand. Furthermore the cleavage
conditions must be compatible with the stability of the coor-
dination bonds in the backbone of the oligonuclear complex.
Finally, on-resin analysis of solid-supported compounds at


Scheme 5. Metal-functionalised (bio)molecules for drug discovery and
asymmetric catalysis.


Scheme 6. Polymer-anchored, oligonuclear transition-metal complexes.


Scheme 7. SPS of oligonuclear transition-metal complexes.
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intermediate stages is very advantageous in guiding the mul-
tistep synthesis. So the first part of this section briefly ad-
dresses suitable linkers, suitable on-resin analytical methods
and stability of polymer-anchored, transition-metal com-
plexes.


For rather sensitive organometallic complexes a silyl ether
linker between the polymer and the first ligand has been
successfully employed.[42–46] This linker type has been used
in organic solid-phase synthesis of sensitive compounds, for
example, oligosaccharides and prostaglandins.[47–49] The feasi-
ble and mild cleavage of silyl ethers by using fluoride ions
was also attractive especially for sensitive organometallic
complexes (low-valent, soft transition metals).


A silyl-functionalised resin (polystyrene/divinylbenzene
copolymer) was prepared by bromination, lithiation and si-
lylation according to the reaction sequence shown in
Scheme 8.[42] A variety of hydroxyl-substituted ligands, such
as tridentate 2,2’:6’,2’’-terpyridines or bidentate Schiff bases
(11, 12, 13), can be attached to the resin by DMAP-cata-
lysed silyl ether formation (DMAP=4-(dimethylamino)pyri-
dine) giving the polymer–linker–ligand constructs 11-PS, 12-
PS and 13-PS, respectively.


Selective breaking of the Si�O bond and thus release of
the ligand from the polymer is accomplished by fluoridolysis
with tetra-n-butylammonium fluoride (TBAF).[42] Single re-
action steps on a solid support are easily monitored by IR
spectroscopy, if significant changes occur in the IR spectra
during the reaction.[50] The success of other reaction steps on
resin can only be controlled by elemental analyses or by
time- and material-consuming “cleave and analyse” proce-
dures. Very useful progress in this respect was, therefore, the
development of a mass spectrometric technique based on
electron ionisation mass spectrometry.[42] This simple and
widely available technique allows monitoring of all reaction


steps on resin and thus facilitates a deeper insight in the re-
action progress on solid support. In addition, resin loading
can be easily estimated by this method. Intensities of ob-
served peaks of the substituted polystyrene resin relative to
a characteristic styrene peak as internal standard correlate
with resin loading. This finding even enables the determina-
tion of rate constants for single reaction steps on the poly-
meric support. The fact that only a minimal amount of resin
is required for analysis makes this method additionally at-
tractive. However, the rather harsh conditions of the elec-
tron impact ionisation method impede its use for resin-
bound transition-metal complexes. For organometallic com-
plexes, especially carbonyl complexes, IR spectroscopy is
the method of choice to monitor the reaction progress on
the polymer support (highly sensitive IR detection of CO
stretching vibrations in an otherwise empty spectral region).


Polymer-supported carbonyl–molybdenum(0) complex
14a-PS is selectively formed by adding the tricarbonylmo-
lybdenum(0) source [Mo ACHTUNGTRENNUNG(CH3CN)3(CO)3] to 13-PS
(Scheme 9).[43] The labile acetonitrile ligand of 14a-PS can
easily be substituted by monodentate ligands, such as carbon
monoxide, isonitriles or triphenyl phosphine, to yield the po-
lymer-bound molybdenum(0) complexes 14b-PS–14d-PS
(Scheme 9). The intact mononuclear complexes 14b–14d
are retrieved from the resin by fluoridolysis and mild acidic
workup.[43] By carefully optimising reaction conditions, such
as cross-linking of the polymer, temperature and solvent,
the chromium and tungsten analogues of 14b–14d are acces-
sible in a similar fashion.[51,52]


Scheme 8. Immobilisation of ligands through a silyl ether linker on a
polystyrene/divinylbenzene resin.


Scheme 9. Formation, transformation and release of molybdenum–
carbonyl complexes.
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The polymer-anchored carbonyl complexes 14b-PS–14d-
PS are immune to ligand scrambling under the reaction con-
ditions (up to 60 8C) and cleavage conditions (fluoride ions,
dilute acetic acid). Stability studies also prove the high ther-
mal stability up to 200 8C, at which loss of carbon monoxide
is observed.


Despite its thermal stability 14b-PS undergoes oxidative
addition reactions with phenyltin trichloride and allyl hal-
ides with concomitant loss of one and two equivalents of
carbon monoxide, respectively (Scheme 10).[45] The former


reaction yields the seven-coordinate heterobimetallic molyb-
denum(II) complex 15-PS and the latter allyl molybde-
num(II) complexes 16a-PS–16c-PS. All molybdenum(II)
complexes can be released from the support without
damage giving 15 and 16a–16c, respectively. Thus mononu-
clear M0 (M=Cr, Mo, W) and MoII complexes fulfil the con-
ditions required for SPS of oligonuclear metal complexes
and the SPS of oligonuclear complexes was addressed.[44,46]


For this approach the bifunctional diimine isonitrile
ligand 17a (for mixed-metal carbonyl complexes) and 1,10-
phenanthroline-5,6-dione (17b ; for platinum(II) complexes,
vide infra) were employed (Scheme 11). Ligand 17a is capa-
ble of coordinating two metal–carbonyl units, one through
the isonitrile group and another one by the diimine chelate
and is, therefore, an ideal directional bridging ligand.


The SPS of bi- and trinuclear complexes by using ligand
17a as the connecting unit is summarised in Scheme 12.[44,46]


Coordination of a M1(CO)3 fragment (M1=Cr, Mo or W) to
13-PS is followed by addition of the bridging ligand 17a,
which binds to M1 in a monodentate fashion through its iso-
nitrile functionality (Scheme 12, 18-PS). Repeating this pro-
cedure employing a M2(CO)3 source (M2=Cr, Mo or W)
furnishes the expandable dinuclear complex 20-PS, while
end-capping with a M2(CO)4 source yields the blocked dinu-
clear complex 19-PS. Capping of 20-PS with a M3(CO)4
fragment (M3=Cr, Mo or W) gives trinuclear 21-PS. Up to
four M(CO)n units can be precisely arranged in this manner;
however, poor solubility of the products prohibits further
chain elongation.[53] Libraries of di- and trinuclear com-
plexes (19-PS, 21-PS) were prepared by parallel SPS. In all
cases the sequence of the M(CO)n units is defined by the
synthetic protocol and is preserved during all synthetic
steps; that is, no ligand scrambling or chain rupture is ob-
served. Although the SPS protocol requires more reaction
steps (immobilisation and cleavage) than a conventional
synthesis in solution, the advantages of the SPS fully out-
weigh these additional steps. All reactions can be driven to
completion by using excess building blocks and purification
is simply achieved by filtration. In a homogenous phase the
stoichiometry must be scrupulously adhered to as purifica-
tion (chromatography, recrystallisation) is very tedious and
inefficient.[53]


Conferring this resin/linker SPS strategy to the SPS of the
mononuclear PtII complex 22 has been equally successful, as
the mild cleavage conditions are fully compatible with the
stability of platinum(II) complexes (Scheme 13).[54] A similar
attempt to prepare 2,2’-bipyridinedichloroplatinum(II) com-
plexes on a solid support with a Sasrin linker[6] was already
reported in 1999.[55] However, under the cleavage conditions
employed (trifluoroacetic acid), the proposed polymer-sup-
ported platinum(II) complexes were degraded; this result
emphasises the need for transition-metal-complex compati-
ble linkers. Platinum(II) complexes with aliphatic amines as
ligands (24, Scheme 13) reported by Reedijk et al. are rea-
sonably stable under acidic conditions and libraries of pep-
tide–platinum(II) conjugates were prepared on solid phase
(using a Rink amide linker[6]) and their anticancer activity
was evaluated after cleavage from the support.[25] For resin-
bound PtII complexes, gel-phase 195Pt NMR spectroscopy
was found to be a very useful analytical tool for monitoring
the reaction.[23] The use of 22-PS or 24-PS as starting materi-
als for the SPS of oligonuclear metal complexes with well-
defined chain lengths and end groups awaits exploration.
Chloride abstraction from 22-PS or 24-PS under salt forma-
tion is rather inconvenient, as salts are usually difficult to
remove from organic resins. However, the SPS of the dinu-


Scheme 10. Oxidative addition reactions performed on solid support.


Scheme 11. Directional bridging ligands 17a and 17b.
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clear platinum(II) complex 25 with the metal in the main
chain has been successful, starting from polymer-bound (di-
ACHTUNGTRENNUNGimine)platinum(0) species and oxidative addition of ortho-
quinones, such as ligand 17b (Scheme 11), to zero-valent
platinum (Scheme 13).[56]


For the construction of heterodinuclear complexes Darens-
bourg et al. used the resin-bound tripeptide Cys-Gly-Cys-Ac
26-PS (prepared on a TentaGel resin equipped with a Rink
linker[6]) as a tetradentate N2S2 ligand for nickel(II) ions.
This immobilised metalloligand can accommodate a second
transition-metal fragment such as [W(CO)5] or [Rh(CO)2]


+


(Scheme 14, 27-PS and 28-PS).[57] Again, IR spectroscopy
proved to be valuable for on-resin analysis of the immobi-
lised carbonyl complexes. However, no attempt to release
the final dinuclear Ni–W or Ni–Rh complexes from the sup-
port was reported, although a Rink linker[6] has been em-
ployed. Chain elongation, starting from complexes of the
type 26-PS, to form oligonuclear complexes is conceivable
by extending the peptide chain with more [Cys-Gly-Cys]
units. This corresponds to a chain elongation approach with
formation of covalent bonds. This approach is outlined in
the following section by using metal-functionalised amino
acids.


SPS of Transition-Metal-Containing Peptides:
Formation of Covalent Bonds


Nature uses a stock of 20 a-amino acids to synthesise a large
variety of peptides and proteins in vivo. For a synthetic


chemist the most powerful tool for peptide synthesis in vitro
is the solid-phase peptide synthesis (SPPS) developed by
Merrifield.[1] SPPS is not restricted to natural amino acids.
Applying this methodology, non-natural amino acids and
even metal-containing building blocks can be incorporated
into a peptide. Conjugating a metal complex to a peptide
can confer new properties to the peptide and therefore ena-
bles new applications; for example, the use as specific label
or as tool for electron-transfer studies in peptides.[17,58] To
allow incorporation of a transition-metal complex at any po-
sition within a peptide the transition-metal building block
requires both an amino functionality and a carboxylic acid
group. To this end a variety of side-chain modified amino
acids has been designed (29–38, Scheme 15).[39,59–66] Recently,
a stable a-amino acid derivative incorporating a ferrocene
unit at the a-position has been reported.[97]


Some of these metalloamino acids are sufficiently stable
under aqueous and ambient conditions and can be employed
in SPPS.[67–71] For example, ferrocenylalanine (Scheme 15;
29, Fer) and cymantrenylalanine (Scheme 15; 34, Cym) were
incorporated in the pentapeptide [Leu5]–enkephalin by
SPPS replacing phenylalanine to give [Fer4,Leu5]–enkepha-
lin 39a and [Cym4,Leu5]–enkephalin 39b, respectively
(Scheme 16).[67–69] Two Fer amino acids were coupled to a
Glu4 tetrapeptide (Scheme 16, 40).[70] As expected, consider-
ing the large Fe–Fe distance, the two ferrocene units in 40
are electrochemically insulated from each other.[70] The
tris(2,2’-bipyridyl)ruthenium(II) amino acid 38 was intro-
duced into a 22 amino acid, alanine-based peptide (41) by
SPPS by using Boc/benzyl chemistry (Boc= tert-butyloxycar-


Scheme 12. SPS of heterobi- and trinuclear transition-metal–carbonyl complexes.
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bonyl) on a MBHA resin (Scheme 16).[39] Potential applica-
tions of these a-amino acid derivatives include peptide la-
belling, such as IR-sensitive labelling (piano-stool amino
acids 33–36) or radiolabelling (30, 32), and electron transfer
studies (29, 31 or 38).[17,58, 70,72]


All metal-functionalised amino acids 29–38 (Scheme 15)
are conceptually similar as the transition-metal complex is
located in the side-chain of an a-amino acid. Placing the
metal-coordinating moiety (Scheme 17, tris(2,2’-bipyridine)-
ruthenium complex 42,[73] chlorine–zinc(II) complex 43[74])
or the transition-metal fragment itself (Scheme 18, ferrocene
derivatives 44a[75–77] and 44b,[78] bis(2,2’:6’,2’’-terpyridine)ru-
thenium(II) derivatives 45a–45d[79, 80] and porphyrin deriva-
tives 46a–46d[81]) between the carboxy and the amino sub-
stituent should give transition-metal-containing building


blocks with significantly different properties as compared to
side-chain modified a-amino acids (Scheme 15).


Incorporating building blocks 42–46 into peptide-like
structures should have a large impact on electrochemical,
photochemical and dynamical properties of the resulting
pseudo-peptides (electronic communication and/or coopera-
tive effects such as folding or guest recognition). Further-
more the use of peptide coupling techniques should allow
the construction of oligonuclear, directional, metal com-
plexes with well-defined building-block sequences
(Schemes 6 and 7). The tris(2,2’-bipyridine)ruthenium com-
plex 42 can be protected with Boc or Fmoc protecting


Scheme 13. SPS of platinum(II) complexes (nb=norbonene).


Scheme 14. Ni–W and Ni–Rh complexes prepared on resin.


Scheme 15. Side-chain modified amino acids (bpy=2,2’-bipyridine).
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groups (Fmoc= fluoren-9-ylmethoxycarbonyl); however, in-
tegration of this building block in peptides has not yet been
published.[73] A chlorine–chlorin dyad has been prepared
from suitable precursor analogues of 43 as a mimic of the
photosynthetic reaction centre and the preferred conforma-
tion of the dyad has been elucidated.[74]


A single ferrocene amino acid (44a, Fca) has been incor-
porated in peptides built from alanine, valine or isoleucine
(Scheme 19; 47a–47c, 48a, 48b) by standard peptide-cou-
pling techniques in solution by using the DCC/HOBt or
EDC/HOBt protocols (DCC=1,3-dicyclohexylcarbodiimide,
EDC= N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide,
HOBt=1-hydroxybenzotriazole).[82–84] Fca can also be pro-
tected with the common Fmoc and Boc N-protecting groups
and is stable towards the respective deprotection procedures
(Scheme 20; 49a,[77] 49b[76]), which is mandatory for the se-
lective synthesis of oligomers. The conformations of the


Scheme 16. Peptides incorporating transition-metal-functionalised amino
acids prepared by SPPS.


Scheme 17. Transition-metal-containing amino acids with the metal-coor-
dinating moiety between COOH and NH2.


Scheme 18. Transition-metal-containing amino acids with the metal-com-
plex fragment between COOH and NH2.


Scheme 19. Oligoamides incorporating a single Fca moiety.


Scheme 20. N-Protected Fca derivatives Fmoc-Fca-H (49a) and Boc-Fca-
H (49b).


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9468 – 94809476


K. Heinze et al.



www.chemeurj.org





Fca-containing peptides have been determined by using a
combination of spectroscopic and theoretical tech-
niques.[82–84] The chiral ferrocene amino acid (Scheme 18;
44b ; Fcca) has only recently been reported and awaits incor-
poration into peptides.[78]


Incorporation of more than one Fca unit with a direct
amide link between two ferrocene units has been realised in
diferrocenes 50a–50d and triferrocene 50e
(Scheme 21).[75, 77,85,86] Acid activation with acid fluorides


instead of benzotriazole esters proved advantageous in the
amide coupling of ferrocenes.[86] The conformations of the
oligoferrocenes have been investigated in solution by using
spectroscopic and theoretical methods. Electrochemical in-
vestigations indicate a moderate electronic communication
between the redox-active ferrocene units in 50a–
50e.[75,77, 85,86] Organometallic peptide conjugate foldamers
with alternating Ala and Fca moieties 51a–51d have been
prepared and their ordered structures determined.[87] A
strong electronic communication between ferrocene units in
51a–51d, however, seems quite unlikely due to the electron-
ically insulating alanine units.


Conferring amide coupling reactions involving Fca to
SPPS protocols was successful. One Fca unit has been ap-
pended to a tetrapeptide to give the pentapeptide Boc-Fca-
Ala-Gly-Val-Leu-NH2 (52a) and incorporated internally
into the octapeptide Ac-Val-Gly-Ala-Fca-Ala-Gly-Val-Leu-
NH2 (52b) by using Fmoc-protected a-amino acids, Boc-
Fca-H (49b) and a TentaGel resin with a base-labile HMB
linker[6] (Scheme 22; HMB=hydroxymethylbenzoyl).[88] Two
ferrocene units have been linked together on solid support
(TentaGel resin with an acid-labile Wang linker[6]) by using
Fmoc-protected a-amino acids and Fmoc-Fca-H (49a)
giving the tripeptide Ac-Fca-Fca-Ala-OH (Scheme 23,
53).[89] In a fully analogous fashion the tripeptides with one
internal Fca unit Ac-Ala-Fca-Gly-OH (54a), Ac-Ala-Fca-
Ala-OH (54b) and Ac-Gly-Fca-Phe-OH (54c) were pre-


pared by using Fmoc protecting groups on TentaGel-Wang
resin.[89,90]


The bis(2,2’:6’,2’’-terpyridine)ruthenium(II) amino acid
45a (Scheme 18) has been coupled to ferrocene units in so-
lution by using HOBt activation of the acid and deprotona-
tion of the unreactive amine with the Schwesinger phospha-
zene base P1tBu (P1tBu= tert-butylimino-tris(dimethylami-
no)phosphorane) giving ferrocene- and ruthenium(II)-con-
taining amides 55a–55c (Scheme 24).[79] Cyclic voltammetry
indicates that the two ferrocene units in 55c are electroni-
cally uncoupled. However, in 55a and 55c the ferrocene
moiety quenches the ruthenium-based MLCT excited state
by photoelectron transfer.[79]


Scheme 21. Oligoamides incorporating more than a single Fca moiety.


Scheme 22. SPPS of peptides containing one ferrocene unit.


Scheme 23. SPPS of peptides containing two ferrocene units.
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By using a SPPS approach (TentaGel resin; Wang linker;
acid chlorides as coupling reagents) 45a has been successful-
ly connected to the amino acid glycine and several coumar-
in-based chromophores to give dyads 56b and 56d and chro-
mophore-free reference compounds 56a and 56c. For this
multistep synthesis the SPPS approach is clearly highly ad-
vantageous as purification of intermediates reduces to
simple washing and filtration steps. The coumarin conjugates
56b and 56d display energy transfer from the chromophore
to the bis(2,2’:6’,2’’-terpyridine)ruthenium(II) unit in the ex-
cited state (Scheme 25).[91]


The expanded bis(2,2’:6’,2’’-terpyridine)ruthenium(II)
amino acid 45d (Scheme 18) has been incorporated into leu-


cine-based peptides by means of alternate complexation and
ligand coupling reactions in solution to give 57a–57d
(Scheme 26); this method is a combination of formation of
coordinative and covalent bonds during the multistep solu-
tion synthesis (Scheme 7). Oligomers 57a–57d display right-
handed helical structures in solution according to spectro-
scopic measurements.[92]


Porphyrinato–zinc(II) amino acid 46c has been incorpo-
rated into triad 58 with a carotenoid as electron donor and a
tris(heptafluoropropyl)porphyrin as electron acceptor, dis-
playing characteristics of an artificial photosynthetic reac-
tion centre (Scheme 27).[93] Metal-free porphyrin amino acid
derivatives have been conjugated to switchable organic
chromophores and the resulting conjugates have been
shown to act as logic gates and molecular switches.[94–96]


Scheme 24. Amides containing 45a and ferrocene units.


Scheme 25. Oligoamides containing 45a and chromophore units prepared
by SPPS.


Scheme 26. Expanded oligo ACHTUNGTRENNUNG(leucines) containing bis(2,2’:6’,2’’-terpyridi-
ne)ruthenium(II) moieties.


Scheme 27. Triad 58 as artificial photosynthetic reaction centre.
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Conclusion


The next logical step in the field of SPS with transition-
metal complexes is the extension of the method to the syn-
thesis of hetero-oligometallic (peptidic) oligomers in a com-
binatorial fashion. Such well-defined hetero-oligomers could
find useful applications as receptors, sensors, sensitisers, mo-
lecular wires, devices and switches, see for example, referen-
ces [79, 85,89,94–96].


In summary, the strategy of the solid-phase synthesis pro-
vides access to the synthesis of transition-metal oligomers
and transition-metal-functionalised peptidic architectures
that are difficult to obtain by solution-synthesis methods. A
main advantage of the solid-phase approach is that reagents
can be used in an excess and thus reactions can be driven to
completion. The very simple purification procedure on resin
is also a great benefit and even allows for automation and
parallel library synthesis. Therefore SPS is a valuable
method—not only for the synthetic organic chemist, but also
in the field of coordination and organometallic chemistry.
Future developments will show if SPS of transition-metal
complexes will make a similar impact on transition-metal
chemistry as has conventional SPPS in peptide chemistry.
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Platinum(II) Complexes with Non-Innocent Ligands: Solid-Phase Synthesis,
Redox Chemistry and Luminescence


Katja Heinze* and Sven Reinhardt[a]


Describing the electronic structure of transition-metal
complexes with open-shell ligands may not be a straightfor-
ward task in many cases; however, it is of fundamental im-
portance for our understanding of their spectroscopic prop-
erties and their reactivity. Complexes with one potentially
non-innocent ligand and a redox active central ion or com-
plexes with two similar non-innocent ligands (e.g. catechola-
to/semiquinonato, amido/aminyl, a-diimine/a-diiminyl) have
been extensively studied.[1,2]


Here, we report a phenol-substituted a-diimine ligand [4-
(pyridine-2-ylmethylene)-amino]phenol (HO-N\N’), which
acquires a non-innocent character in conjunction with redox
active catecholato/semiquinonato ligands (cat/sq) in plati-
ACHTUNGTRENNUNGnum(II) complexes.
The diimine catecholato-platinum(II) complexes H-1, H-2


and H-3, with HO-N\N’ and 3,6-di-tert-butyl-catecholate as
terminal ligands and 1,10-phenanthroline-5,6-diolate
(O2phen) as terminal/bridging ligands, were obtained by
solid-phase synthesis.[3] For comparison reasons the methy-
lated complex Me-1 was prepared by solution methods
(Scheme 1, for experimental details see Supporting Informa-
tion). The principle of solid-phase synthesis of metal com-
plexes as well as details of the ligand synthesis and its at-
tachment to polystyrene/divinyl benzene support through a
silyl ether linker has been reported by us.[3] The formation
of immobilised platinum(II) complexes is indicated by an in-
tense green colour of the resulting polymer. Liberation of
the complexes from the support is achieved by cleaving the
silyl ether with fluoride ions. The soluble anionic phenolate-
substituted complexes 1�, 2� and 3� produce bright tur-
quoise solutions. Addition of acetic acid gives the deep
green and poorly soluble neutral complexes H-1, H-2 and


H-3.[4] Complexes H-1 and H-2 possess two potentially
(semi-)quinoid systems (p-iminoquinoid, o-quinoid), while
H-3 features three such building blocks (Scheme 1).
The intense green colour of complexes H-1, H-2 and H-3


results from catecholato!diimine LLCT bands (Figure 1),
similar to the analogous mono- and dinuclear complexes
[Pt ACHTUNGTRENNUNG(O2phen)ACHTUNGTRENNUNG(dbbpy)] and [Pt ACHTUNGTRENNUNG(dbbpy) ACHTUNGTRENNUNG(O2phen)Pt ACHTUNGTRENNUNG(dbcat)]
(dbbpy=4,4’-di-tert-butyl-2,2’-bipyridine; dbcat=3,5-di-tert-
butyl-catecholato) prepared by Eisenberg.[5,6] The CT ab-
sorption bands are negatively solvatochromic (CH2Cl2/
CH3CN; H-1: 733/672 nm; H-2 : 745/683 nm; Me-1: 740/
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Scheme 1. Solid-phase synthesis of catecholatoplatinum(II) complexes H-
1, H-2 and H-3. a) Tris(norbornene)platinum(0); b) 3,6-di-tert-butyl-
ortho-benzoquinone; c) 1,10-phenanthroline-5,6-dione. TBAF= tetra-n-
butylammonium fluoride. HOAc=acetic acid.


C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9482 – 94869482







672 nm). The dinuclear complex H-3 displays two such cate-
cholato!diimine LLCT bands, with the high-energy band
being positively solvatochromic and the low-energy band
being negatively solvatochromic (CH2Cl2/CH3CN; 640/
672 nm and 885/876 nm).
The extreme poor solubility of compounds H-1, H-2 and


H-3 prevented recording of meaningful cyclic voltammo-
grams that satisfy common standards. However, the methy-
lated complex Me-1 is soluble enough for CV experiments
and is reversibly oxidised at 340 mV versus SCE in acetoni-
trile. The redox potential of H-1 is estimated to be similar.
Recently, Grinstaff and we reported the electrochemical and
preparative oxidation of diiminecatecholatoplatinum(II)
complexes to the respective ortho-benzosemiquinonatoplati-
num(II) complexes.[7,8]


The preparative one-electron oxidation of H-1, H-3 and
Me-1 was achieved by using silver(I) triflate (AgOTf) in
CH2Cl2 (the redox potential of AgOTf is too low for H-2),
resulting in the corresponding purple radical cations H-1·+ ,
H-3·+ and Me-1·+ , which are also rather insoluble. The radi-
cal cations display absorption bands typical for coordinated
ortho-benzosemiquinonato radicals[7] at 460 (H-1·+), 489
ACHTUNGTRENNUNG(H-3·+) and 461 nm (Me-1·+) (see Figure 2 for the oxidation
of H-1 to H-1·+ ; for the pairs H-3/H-3·+ and Me-1/Me-1·+


see Supporting Information).


The EPR spectra (see Supporting Information) of H-1·+ ,
H-3·+ and Me-1·+ in THF at room temperature display iso-
tropic signals with g values around 2.00 and hyperfine split-
ting constants to the platinum isotope 195Pt(I=1=2, 34%)
Aiso(


195Pt)=26, 21 and 30 G, respectively, and to two protons
Aiso(2H


1H)=3.8, 3.7and 4.0 G, respectively, which is fully
compatible with analogous ortho-benzosemiquinonatoplati-
num(II) complexes.[7,8]


In comparison with the EPR data of H-1·+ and Me-1·+ ,
the experimental data of H-3·+ suggest that the radical char-
acter is mainly localised at the terminal cat/sq ligand in
favour the bridging O2phen ligand, which is also in accord-
ance with the redox potentials of the respective ligands.
DFT calculations[9] (B3LYP/LANL2DZ, for details see Sup-
porting Information) additionally substantiate this delinea-
tion of H-3·+ . The most prominent geometrical differences
between H-3 and H-3·+ are located at the terminal catecho-
latoplatinum(II) fragment. In particular, the Pt�O bond
lengths of H-3·+ are elongated and the terminal ligand ac-
quires a symmetrical semiquinoid structure. NBO analyses
suggest that electron density at the platinum ions and at the
O2phen bridging ligand remains almost constant, while it is
reduced by 0.65 at the terminal cat/sq ligand. The spin den-
sity (Mulliken analysis) is largely localised at the terminal
cat/sq ligand (94%). The hyperfine splitting constants esti-
mated by DFT methods (Aiso(


195Pt)=16.0 G and Aiso(
1H)=


3.2 and 3.7 G); these results additionally support the pro-
posed description of the radical cation H-3·+ as ortho-benzo-
semiquinonato complex.
Thus, H-1, H-2, H-3 and Me-1 as well as the oxidised


complex cations H-1·+ , H-3·+ and Me-1·+ are fully compati-
ble with characterised [PtII(cat/sq)(diimine)] compounds re-
ported so far. However, in addition to the redox-active cat/
sq ligands, H-1, H-2 and H-3 feature an acidic phenol sub-
stituent at the a-diimine-ligand. Deprotonation of H-1, H-2
and H-3 using the phosphazene base P1-tBu


[10] furnishes the
bright turquoise diamagnetic complex anions 1�, 2� and 3�,
respectively, which were already observed during the solid-
phase synthesis (vide supra). De- and reprotonation is fully
reversible as judged by UV/Vis spectroscopy (Figure 3). De-
protonation results in a hypochromic shift of the catechola-
to!diimine LLCT bands[11] from 733 to 570 nm (H-1/1�),
from 745 to 580 nm (H-2/2�) and from 640 to 574 nm (H-3/
3�) in CH2Cl2. The low-energy LLCT band of H-3 is shifted
bathochromically from 885 to 1313 nm (CH2Cl2, 3


�). The ab-
sorption bands of the anions are only weakly solvatochromic
(CH2Cl2/CH3CN; 1�: 570/580 nm; 2� : 580/587 nm; 3� : 574/
580 nm). As expected, the UV/Vis/NIR spectrum of Me-1 is
unaffected by the presence of bases.
In analogy to known catecholatoplatinum(II) com-


plexes[5–7,12] the neutral complexes H-1, H-2, H-3 and Me-1
are non-luminescent at room temperature in fluid solution.
Likewise, the phenol-substituted a-diimine ligand and its
conjugate base HO-N\N’/[O-N\N’]� and the known di-
chloroplatinum(II) complex [PtCl2(HO-N\N’)] (H-4) and its
conjugate base [PtCl2(O-N\N’)]� (4�) do not emit under
these conditions.[3b]


Figure 1. UV/Vis/NIR spectra of complexes H-1, H-2, H-3 and Me-1 in
CH2Cl2.


Figure 2. UV/Vis/NIR spectra during oxidation of H-1 to H-1·+ with
AgOTf in CH2Cl2.
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Remarkably, the anionic complexes 1�, 2� and 3� do emit
at 512/528 nm, 503/518 nm and 514/533 nm (CH2Cl2/
CH3CN), respectively, when excited at a wavelength of
419 nm. The emission is slightly matrix-sensitive (positive
solvatochromic). Figure 4 depicts the absorption spectrum,


the emission spectrum and the excitation spectrum of 1� in
CH2Cl2 (spectra of 2� and 3�, as well as spectra in CH3CN
see Supporting Information). Maximum emission intensity is
achieved using light with a wavelength of 416 (CH2Cl2) and
430 nm (CH3CN). This is at significantly higher energy than
required for the LLCT excitation. In addition the emission
maximum occurs at higher energy than the LLCT absorp-
tion (Figure 4). The quantum yield amounts to about F =2H
10�4 and the lifetime lies at about tav=3 ns.[13]


In frozen solution (77 K) the complex
[Pt(dbbpy)(O2phen)Pt(dbcat)] displays a weak low-energy
3LLCT emission band at 700 nm.[6] These data do not sup-
port an emitting 3LLCT state for 1�, 2� and 3�. However,


the large Stokes shifts of 4510 (1�), 3870 (2�) and 4820 cm�1


(3�) in CH2Cl2 suggest triplets as the emitting states. Possi-
bly, the 3p–p* excited states of the platinum coordinated
phenolatediimine ligand can be invoked as the emissive
states.[14,15] However, the deprotonated ligand itself and the
anionic dichloro complex 4� are non-emissive under these
conditions. Thus the particular geometric and electronic
structure of 1�, 2� and 3� should be responsible for the ob-
served room-temperature luminescence.
To this end the geometries of compounds H-1, H-2, H-3


and H-4 and of their conjugates bases 1�, 2�, 3� and 4� were
optimised with DFT methods[9] (B3LYP/LANL2DZ, for de-
tails see Supporting Information). In the complex anions 1�,
2� and 3� the phenolate ring is oriented almost coplanar to
the PtN2O2 coordination plane (C4-C5-N-C6 torsion angle a


�08, Scheme 2, top). On the other hand, all other complexes


H-1, H-2, H-3, H-4 and 4� as well as the diimine ligand HO-
N\N’ and its conjugate base [O-N\N’]� display torsion
angles a significantly distinct from zero. The rotational pro-
files for the torsion angle a of H-5 and 5� (Scheme 2; as
simplified models of H-1, H-2 and H-3 and 1�, 2� and 3�) as
well as of the dichloro derivatives H-4 and 4� show several
minima with low activation barriers for compounds H-4, H-
5 and 4�, but only a single energy minimum at a =08 with a
higher barrier at a =908 (80 kJmol�1) for 5� (see Supporting
Information).
Evidently, combining phenolate and catecholato ligands


results in planarisation and rigidification of the diiminephe-
nolate ligand system in the anionic complex 5�. At the same
time the phenolate substituent acquires some para-iminoqui-
noid character (shortened C�O and C�N bond lengths and


Figure 3. UV/Vis/NIR spectra of H-3 (A), after deprotonation with P1-
tBu (B), after re-protonation with TFA (C) and after repeated deprota-
tion with P1-tBu (D) in CH2Cl2. The inset corroborates the reversibility
by means of relative intensities of selected wavelengths.


Figure 4. Normalised excitation (lobs=500 nm), emission (lexc=419 nm)
and absorption spectra of 1� in CH2Cl2 at room temperature.


Scheme 2. Resonance formulae of 5� (top) and of phenol blue (bottom).
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significantly distinct C�C bond lengths within the ring (see
Supporting Information).
Assuming that the calculated barrier for 5� in its ground


state is also almost valid for the emissive excited states of
1�, 2� and 3�, radiationless deactivation of the excited states
through this torsional mode should be reduced and the ob-
served luminescence of 1�, 2� and 3� would result from pla-
narisation and rigidification of the molecules caused by va-
lence isomerisation (RIR= restriction of intramolecular ro-
tations[16b]). A new chromophore with (semi-)iminoquinone
character is thus formed (Scheme 2) and radiationless relax-
ation processes are diminished.[16] Formulating the diimine-
phenolate ligand with iminoquinone character is experimen-
tally supported by 1H NMR spectroscopy. Deprotonation of
H-2 to give 2� shifts the signal of proton H3 (Scheme 2, top)
by Dd=0.92 ppm to lower frequencies. A shift with similar
order of magnitude is observed for the corresponding signal
of 4-ferrocenylazophenol [Fc-N=N-C6H4-OH] under alkaline
conditions and a quinoid description has been invoked ac-
cordingly.[17] On the other hand the phenol/phenolate acid/
base pair displays only a marginal shift of Dd<0.2 ppm for
the respective proton signal.
According to NBO analyses of 5�, the negative charge of


the anion is distributed on the diimine ligand (76%), the
cat/sq ligand (19%) and platinum ion (5%). The model
complex 5�, and thus complexes 1�, 2� and 3�, has to be de-
scribed by several resonance formulae (Scheme 2, I–IV).
Diradicaloid resonance formulae III and IV, which strength-
en the para-iminoquinoid character, can only be drawn
when both non-innocent ligands and the platinum atom co-
operate (Scheme 2). Such formulations are impossible with
simple innocent co-ligands such as chlorides in 4�.
Resonance Raman spectra of 1�, 2� and 3� (excitation at


514 nm, see Supporting Information) in CH2Cl2 reveal sig-
nals at 1610, 1584 and 1564 cm�1, similar to signals observed
for anilino radical ortho-benzosemiquinonatoruthenium(II)
complexes (1611 and 1552 cm�1),[2d] which additionally sup-
ports the (singlet-) diradical formulation[2j] III and IV. With
respect to 4� the resonance formulae III and IV possible in
5� suggest an analogy of 5� to phenol blue dyes (Scheme 2,
bottom; N-(4-dimethylaminophenyl)-para-benzoquinonei-
mine). A recent ab initio study for phenol blue (Scheme 2,
bottom) has shown that ultrafast relaxation of the first excit-
ed singlet state S1 to the ground state S0 occurs in the vicini-
ty of an S1/S0 conical intersection, which is characterised by
an orthogonal arrangement of the para-iminoquinone and
the N-substituent (a=908).[18] In the anionic complexes 1�,
2� and 3� an analogous radiationless relaxation pathway
might be blocked as a =908 corresponds to a transition state
(in contrast to 4� and [O-N\N’]�) allowing for phosphores-
cence after intersystem crossing.
Novel complexes bearing different potentially non-inno-


cent ligands (3,6-di-tert-butyl-catecholato; 1,10-phenanthro-
line-5,6-diolato; phenol-substituted a-diimine) coordinated
to platinum(II) (H-1, H-3, Me-1) are oxidised to the corre-
sponding radical cations H-1·+ , H-3·+ and Me-1·+ with
ortho-benzosemiquinonate character. Deprotonation of the


phenol substituent of the a-diimine ligand in H-1, H-2 and
H-3 yields the corresponding conjugate bases 1�, 2� and 3�,
which are best described by invoking several resonance de-
scriptions. The unique geometric and electronic structure of
the anions 1�, 2� and 3� allows for room-temperature lumi-
nescence in fluid solution in contrast to the neutral com-
plexes or complexes with innocent chloro ligands in place to
the cat/sq ligands. Compounds 1�, 2� and 3� are thus mem-
bers of a family of relatively rare platinum(II) complexes
with co-ligands different from acetylide or thiolate that are
emissive at room temperature in fluid solution[19] and which
show proton-dependent luminescence quenching.[20]
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Selective Extraction of G-Quadruplex Ligands from a Rationally Designed
Scaffold-Based Dynamic Combinatorial Library


Mads Corvinius Nielsen and Trond Ulven*[a]


Dynamic combinatorial chemistry (DCC) is a concept for
library synthesis where a mixture of building blocks capable
of reversible bond formation gives rise to a set of library
members existing in equilibrium. Upon addition of a molec-
ular template or target to a dynamic combinatorial library
(DCL), the library members forming the strongest interac-
tion with the target will be stabilized, and the equilibrium
will shift to replenish the selected compounds, resulting in
their overall enrichment.[1] In principle, this concept enables
convenient one-pot synthesis and screening of large libra-
ries. However, despite its attractive features, DCC has not
yet become a standard item in the drug discovery toolbox.
Among the reasons for this are the lack of methods for effi-
cient analysis of larger libraries,[2] the difficulties associated
with designing libraries of structures that make target inter-
action likely and with a size that makes them suitable start-
ing points for optimization, and the limited availability of
chemistry providing reliable dynamic equilibrium between
library components under biological conditions.[3] The most
satisfactory available solution to the last problem is proba-
bly the disulfide group. Its ability to undergo thiolate-cata-
lyzed scrambling with high chemoselectivity in the presence
of biomolecules in close to neutral aqueous buffers has
made this functional group a preferred dynamic unit in
DCLs aimed at biological targets. Most disulfide-based
DCLs described hitherto may be divided into one of two
groups: those formed from building blocks with one thiol at-
tachment point, leading to dimeric libraries,[2,4–5] and those
including building blocks with two or three attachment
points, resulting in libraries of oligomeric or macrocyclic
compounds.[6] Here we describe a third library design,
taking advantage of disulfide scrambling, where the mem-


bers are constructed from a central scaffold that may carry
and equilibrate with several side chains.
It is well established that many nucleic acid sequences


rich in guanine are capable of folding into secondary struc-
tures know as G-quadruplexes.[7] The ability of the chromo-
somal telomeres to form G-quadruplexes and the potential
of developing new anticancer therapeutics that act by stabi-
lizing these structures has lately received much attention.[8]


Recent results furthermore indicate that >40% of human
gene promoters contain motifs capable of G-quadruplex for-
mation, and it has been proposed that this dynamic structure
may directly regulate gene expression.[9] If this hypothesis is
substantiated, compounds selectively modulating specific G-
quadruplexes will surely be in high demand.
A substantial number of G-quadruplex stabilizing small


molecules are currently known, although confirmed se-
quence-specific compounds are still scarce. The majority of
efficient G-quadruplex ligands fit a general pharmacophoric
pattern consisting of a central aromatic scaffold that is sub-
stituted with one or several positively charged side chains.[10]


We have designed a DCL over this pattern consisting of
three central aromatic scaffolds carrying one (A), two (B)
or three (C) thiol handles in equilibration with three differ-
ent side chains (a, b and c), each carrying a positively
charged group (Figure 1). The scaffolds were mixed in a
3:6:10 ratio to provide equal amounts of each library
member in the statistical distribution. The acridine scaffold
(A) and the pyridine-2,5-dicarboxamide scaffold (B) are
both elements from known potent G-quadruplex ligands
like BRACO-19[11] and 831A,[12] however, it is notable that
none of the three scaffolds are capable of G-quadruplex sta-
bilization in the absence of side chains in the relevant con-
centration range. The positively charged side chains are
present in large excess in order to i) counteract oligomeriza-
tion of the central scaffolds, ii) function as a thiol/disulfide
exchange buffer with tunable exchange rate (which is pro-
portional to the thiolate concentration), and iii) provide a
uniform concentration of each side chain throughout the li-
brary equilibration, so that it will maintain invariable availa-
bility in solution independent of its presence in amplified
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compounds, thus facilitating amplification of library mem-
bers with the highest target affinity. This design eliminates
the risk of compromising the amplification of the strongest
interacting compound due to competition for chains be-
tween scaffolds, despite the presence of members composed
of up to four dynamic elements.[13]


All components were added as disulfide dimers, and equi-
libration was initiated by adding a fraction of one of the
side chains as the free thiol to the pH 7.4 buffer solution.
The libraries were analyzed by HPLC and ESI-MS, and we
found the analysis much facilitated by taking advantage of
the specific UV/Vis spectra of the scaffolds outside the ab-
sorbance range of the side chains. The ratios between the
absorbance at different frequencies reveal the scaffold iden-
tity of any given peak in the HPLC chromatogram and indi-
cate if it reflects a pure library member (Figure 2a). Eight-
een of the 19 theoretical library members were identified
and, with one exception, resolved with baseline separation
in the chromatogram (Figure 2b). Peak 8 in the chromato-
gram illustrates the usefulness of monitoring multiple wave-
lengths, as the absorbance ratios did not fit any pure scaf-
fold, but suggested that the
peak was composed of an acri-
dine (A) and a pyridine (B)
scaffold, which was confirmed
by HRMS. All other peaks
fitted one of the three expect-
ed absorbance patterns, each
corresponding to the com-
pound identified by HRMS.[14]


The most active compounds
were identified by an extrac-
tion protocol inspired from an
elegant procedure by Balasu-
bramanian and co-workers, in
which the biotinylated DNA
target is pulled out from the
quenched library solution by
streptavidin coated magnetic
beads in order to liberate the
bound compounds before re-
combination and determina-
tion of the overall amplifica-
tion.[4] Rather than recombin-
ing the solutions, we separately
analyzed the supernatant after
denaturing the DNA target.
Three libraries were construct-
ed in parallel; one was incubat-
ed with telomeric DNA on G-
quadruplex form, one with a
related random coil DNA
string, and one without
DNA.[14] After equilibration,
disulfide scrambling was stop-
ped by acidification, and the
DNA was extracted and dena-


tured. In the case of the G-quadruplex DNA, the acridine
Ac was extracted with high selectivity, constituting approxi-
mately 54% of scaffold-based components in the superna-


Figure 2. a) UV/Vis spectra of the initial library members Aa, Ba2 and Ca3, and relative absorbance at 245, 285
and 420 nm. b) HPLC chromatogram of library mixture without DNA. Central scaffolds are identifiable by
the relative absorbance. c) HPLC chromatogram of composition extracted by G-quadruplex folded 5’-(biotin-
d ACHTUNGTRENNUNG[(GT2AG2)5])-3’.


[14] d) HPLC chromatogram of composition extracted by 5’-(biotin-d ACHTUNGTRENNUNG[(AGT2AG)5])-3’.


Figure 1. Initial components of the DCL.
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tant (Figure 2c), compared to 8.3% in the reference library.
Acridine Aa, constituting �10%, was the second most
abundant extracted compound. The analogous procedure
with a related random coil DNA oligomer did not result in
identifiable amounts of any library member (Figure 2d).
The G-quadruplex stabilizing properties of the extracted


compound Ac and of the three initial library components
were evaluated by CD on a telomeric sequence.[15] The melt-
ing temperature of the Ac complex was determined 12.8 8C
higher than the G-quadruplex alone, compared to a DTm of
8.6 8C for the Aa complex and 6.1 8C for the Ca3 complex
(Figure 3). The CD curve and melting temperature of the
Ba2 complex was found to be identical to the G-quadruplex
without ligand. Dissociation constants (Kd) for the acridine
compounds were determined by surface plasmon resonance
(SPR) to 0.78�0.21 mm for Ac and 1.57�0.31 mm for Aa,
corresponding agreeably to the increases in CD melting
temperatures.[14]


A crucial requirement of DCLs in drug discovery is the
ability to discriminate between several active compounds in
the mixture. The data above indicate that the DCL de-
scribed here contains at least three and possibly more com-
pounds that interact with and stabilize telomeric G-quadru-
plexes, and that the most active of these is extracted with
five-fold selectivity over a less but comparably active
member, thus supporting the notion that DCC has the po-
tential to play an important role in drug discovery. As the


main objective of this work was to test the new design prin-
ciple in a fully analyzable system, relatively few components
were included. However, in the general application it is only
required to identify the preferentially extracted compounds,
which significantly simplify the analysis task. The DCL
design principle described here can be easily extended to
construction of larger libraries which may be aimed at vari-
ous targets and consisting of compact and diverse members
around scaffolds of special interest, and we expect to find
the simple technique of recording chromatograms at multi-
ple wavelengths to be increasingly valuable with such larger
libraries by reducing the need for deconvolution.
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A vast number of amines are produced by both the bulk
and fine chemical industries, and a plethora of naturally oc-
curring nitrogen compounds, such as alkaloids, amino acids,
and nucleotides, play a pivotal role in biological processes.[1]


During recent decades, several novel catalytic methods
have been established for the synthesis of amines, such as
palladium-catalyzed amination of aryl halides,[2] hydroami-
nations[3] and hydroaminomethylation of olefins or al-
kynes,[4] and homogeneous reductive aminations.[5] Never-
theless, the development of new and improved methods for
the efficient and selective production of amines continues to
be a challenging goal. Among the different known methods
used, reductions are probably the most important due to the
availability of starting materials (aldehydes, ketones,
amides), price (hydrogen), and high atom efficiency. In this
respect, the catalytic hydrogenation of nitriles also offers an
interesting means of access to amines, which is used in in-
dustry for several products. In organic synthesis, nitriles are
commonly reduced with stoichiometric amounts of metal hy-
drides, or in the presence of heterogeneous catalysts based
on Pd, Ni, Co, etc. The former approach is expensive and
not environmentally benign (over-stoichiometric amounts of
waste), whereas the latter has limitations with respect to
functional group tolerance and the excess of ammonia
needed for high chemoselectivity. Surprisingly, the homoge-


nously catalyzed hydrogenation of nitriles has been scarcely
investigated, in comparison with C=C�N, C=N, and NO2 re-
ductions.[6] More specifically, homogeneous reductions in the
presence of few ruthenium,[7] rhodium,[8] and iridium[9] com-
plexes are known. Notably, all these catalysts reveal the for-
mation of significant amounts of side products, such as sec-
ondary amines and imines, which lower the selectivity and
the overall yield of the desired primary amines. This is also
a typical problem associated with heterogeneous catalysts.
Interestingly, an improvement in primary amine selectivity
was reported by Hidai and co-workers when the hydrogena-
tion was carried out with ruthenium complexes tailored with
bis(diarylamido)thioether ligands in the presence of catalytic
amounts of base.[10]


As shown in Scheme 1, the chemoselectivity of the overall
hydrogenation should be improved by using catalysts with
activity towards imine 2 and/or by addition of ammonia,
which shifts the equilibrium between 2 and 4 towards 2.[11]


Herein, we describe for the first time the successful appli-
cation of an easy-to-adopt catalytic system formed from
commercially available [RuACHTUNGTRENNUNG(cod)methylallyl2] (cod=1,5-cy-
clooctadiene) and DPPF (1,19-bis(diphenylphosphino)ferro-
cene) for the homogeneous hydrogenation of a variety of ar-
omatic and aliphatic nitriles, with excellent catalyst activity
and high chemoselectivity.
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Scheme 1. Selectivity in the catalytic reduction of nitriles.
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Initial studies on the influence of reaction conditions were
carried out with benzonitrile 6 as the model substrate by
using 0.5 mol% ruthenium catalyst and 10 mol% base (po-
tassium tert-butoxide) in toluene with an initial hydrogen
pressure of 50 bar at 80 8C. All hydrogenation reactions
were performed in an 8-fold parallel reactor array with a re-
actor volume of 3.0 mL.[12,13] Because the influence of li-
gands on homogeneous catalysis is crucial, we first examined
the effect of several bidentate phosphorus-containing li-
gands (shown in Table 1; ligand abbreviations used herein:


DPPPe=1,5-bis(diphenylphosphino)pentane, DPPB=1,4-
bis(diphenylphosphino)butane, DPPP=1,3-bis(diphenyl-
phosphino)propane, DPPE=1,2-bis(diphenylphosphino)-
ethane). To our delight, in most cases excellent chemoselec-
tivity (>99%) was attained. The best catalyst activity
(>99% yield within 1 h) was observed with DPPF as the


ligand (Table 1, entry 6). A DPPPe-based system also gave a
high yield (86%) of benzylamine within 1 hour (Table 1,
entry 4). The catalyst performance dropped with decreasing
carbon chain length in the chelating ligands in the following
order: DPPPe>DPPB>DPPP>DPPE (Table 1, entries 1–
4). Phosphorus ligands with a rigid or sterically demanding
backbone (Table 1, entries 7 and 8) gave complete reduction
of benzonitrile at longer reaction times (24 h). Next, the cat-
alyst performance of the [Ru ACHTUNGTRENNUNG(cod)methylallyl2]/DPPF was
studied in more detail. Decreasing the reaction time to
10 min still led to a 93% yield of benzylamine, which corre-
sponds to a catalyst TOF of 1116 h�1 (Table 2, entry 2).


It is worth noting that at lower catalyst loading
(0.125 mol%), full conversion and excellent yield (>99%)
are obtained within 10 min, albeit at higher temperatures
(120–140 8C; Table 2, entries 8, 9). The highest TOF
(5783 h�1) observed for this reaction to date was obtained at
140 8C with 0.06 mol% catalyst loading (Table 2, entry 10).


It is important to note that even at low temperature
(40 8C) the catalyst showed good activity and selectivity
(Table 2, entry 1).[14] In contrast with most heterogeneously
catalyzed reductions of nitriles, there is no need to add am-
monia to this system.


After demonstrating the advantages of the Ru/DPPF
system for the hydrogenation of benzonitrile, we examined
a number of substrates under optimized reaction conditions
(80 8C, 1 h, 50 bar).


As shown in Table 3, eighteen different nitriles were suc-
cessfully hydrogenated with excellent chemoselectivity to
give the corresponding primary amines within 1 to 2 h.


Table 2. Reduction of benzonitrile by using an in situ ruthenium/DPPF
catalyst.[a]


Entry Catalyst
[mol%]


Base
[mol%]


T
[8C]


t
[min]


Yield[b]


[%]
TOF[c]


[h�1]


1 0.25 20 40 1440 88 –
2[d] 0.50 20 80 10 93 1116
3 0.50 – 80 10 10 120
4 0.25 10 80 10 79 1896
5 0.25 20 80 10 66 1590
6 0.125 20 80 10 10 495
7 0.125 20 100 10 21 1012
8 0.125 20 120 10 99 4752
9 0.125 20 140 10 >99 4800
10 0.06 20 140 10 60 5783
11 0.03 20 140 10 3 578


[a] Reactions were carried out for the given time at temperatures of 40–
140 8C in toluene (2.0 mL) under hydrogen (50 bar). [b] The yield was de-
termined by GC (30 m HP Agilent Technologies column, 50–300 8C; ben-
zonitrile: 7.08 min, benzylamine: 7.60 min) with nitrobenzene as the in-
ternal standard. [c] TOFs based on stated reaction time. [d] [Ru-
ACHTUNGTRENNUNG(cod)methylallyl2] (0.0019 mmol), ligand (0.0019 mmol), KOtBu
(0.076 mmol), and benzonitrile (0.38 mmol).


Table 1. Influence of the ligand structure in the ruthenium-catalyzed re-
duction of benzonitrile.[a]


Entry Ligand Time[b] [h] Yield[c] [%] TOF[d] [h�1]


1 24 34 3


8
2 6 35 (>99) 12


9


3 1 21 42


10
4 1 (24) 86 (99) 172


11


5 24 93 8


12


6 1 >99 >200


13


7 6 (24) 62 (>99) 21


14


8 24 91 9


15


[a] L= ligand. Reactions were carried out at 80 8C for 24 h with [Ru-
ACHTUNGTRENNUNG(cod)methylallyl2] (0.0019 mmol), ligand (0.0019 mmol), KOtBu
(0.038 mmol), and benzonitrile (0.38 mmol) in toluene (2.0 mL) under
hydrogen (50 bar). [b] The yield after 24 h is given in parentheses. [c] The
yield was determined by GC (30 m HPAgilent Technologies column, 50–
300 8C; benzonitrile: 7.08 min, benzylamine: 7.60 min) with nitrobenzene
as the internal standard. [d] Turnover frequencies (TOFs) based on
stated reaction time.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9491 – 94949492



www.chemeurj.org





Thereby, the [RuACHTUNGTRENNUNG(cod)methylallyl2]/DPPF catalyst system
exhibited a broad functional group tolerance. For example,
amino-, ester-, and bromo-substituted benzonitriles gave the
corresponding benzylamines in yields of 69–98% (Table 3,
entries 4, 6, and 7). When aromatic nitriles with electron-
withdrawing or electron-donating substituents were used, no
general trend on the reactivity was found. Both electron-de-
ficient (Table 3, entries 2 and 6) and electron-rich com-
pounds (Table 3, entry 3) showed high reactivity and selec-
tivity. If the results for the ortho- and para-substituted
ACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGoxybenzonitriles (Table 3, entries 5 and 10) are com-
pared, it can be seen that the sterically hindered substrate
needed a higher temperature for a similar hydrogenation
result. The potential of the catalyst is demonstrated by ap-
plying more challenging heterocyclic and alkyl nitriles. Al-
though in some cases (Table 3, entries 12–14) a higher reac-
tion temperature was required, to the best of our knowledge
these are the first examples in which heterocyclic nitriles
were successfully hydrogenated in high yields within 1–2 h.
Finally, the catalytic system [Ru ACHTUNGTRENNUNG(cod)methylallyl2]/DPPF
was also adapted for the reduction of aliphatic nitriles
(Table 3, entries 17 and 18). Here, the addition of 10 mol%
of NH4Cl proved to be necessary for the hydrogenation pro-
cess to occur. For example, 2-phenethylamine is produced
from readily available benzyl cyanide in 91% yield.


In summary, an easily accessible in situ catalyst composed
of [Ru ACHTUNGTRENNUNG(cod)methylallyl2] and DPPF has been developed for
the environmentally benign hydrogenation of various nitriles
to give primary amines. Under optimized conditions, a supe-
rior catalyst activity with a TOF of up to 5783 h�1 has been
achieved in the model reaction. The general applicability
and functional group tolerance of the presented system is
shown in the reduction of 18 different aromatic and aliphat-
ic nitriles.


Experimental Section


General procedure : A solution of benzonitrile (0.38 mmol) in toluene
(1.0 mL) was transferred by syringe into an autoclave that contained
KOtBu (0.038 mmol) and argon. The catalyst was generated in situ by
stirring [Ru ACHTUNGTRENNUNG(cod)methylallyl2] (0.0019 mmol) and DPPF (0.0019 mmol) in
toluene (1.0 mL) for 10 min and afterwards transferring the solution by
syringe into the autoclave. Then hydrogen (50 bar) was added to the au-
toclave and the mixture was stirred for 1 h at 80 8C. After the predeter-
mined time, the hydrogen was released and nitrobenzene or diglyme
were added as internal standards. After stirring for 10 min, the reaction
mixture was filtered through a short plug of silica gel. The yield was mea-
sured by GC (30 m HPAgilent Technologies column, 50–300 8C, benzoni-
trile: 7.08 min, benzylamine: 7.60 min).
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Table 3. Scope and limitations of the ruthenium catalyst.[a]


Entry Substrate T [8C] t [h] Yield[b] [%]


1 80 1 99


2
80 1 85


140 1 92


3
80 1 86


140 1 87


4 140 1 69


5 80 1 86


6 80 1 98


7 80 1 78[c]


8
80 2 46


140 2 95


9 80 1 93


10 140 1 86


11 80 2 92


12 140 2 84


13 140 2 99


14 140 1 79


15 80 1 63


16
80 2 60


140 2 98


17 140 2 91[d]


18 140 2 87[d]


[a] Reactions were carried out at 80 or 140 8C for either 1 h with [Ru-
ACHTUNGTRENNUNG(cod)methylallyl2] (0.0019 mmol), ligand (0019 mmol), KOtBu
(0.038 mmol), nitrile (0.38 mmol), and toluene (2.0 mL) in an 8-fold par-
allel autoclave or 2 h with [Ru ACHTUNGTRENNUNG(cod)methylallyl2] (0.019 mmol), ligand
(0.019 mmol), KOtBu (0.38 mmol), nitrile (3.8 mmol), and toluene
(20 mL) in a 50 mL Parr autoclave. [b] The yield was determined by GC
(30 m HP Agilent Technologies column, 50–300 8C) with diglyme as the
internal standard. [c] Isolated yield. [d] 10 mol% NH4Cl was added.
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New Synthetic Approach for the Construction of Multisubstituted 2-Acyl
Furans by the IBX-Mediated Cascade Oxidation/Cyclization of cis-2-En-4-
yn-1-ols (IBX=2-Iodoxybenzoic Acid)


Xiangwei Du, Haoyi Chen, and Yuanhong Liu*[a]


Hypervalent iodine compounds have been proved to be
mild and selective oxidizing agents in an impressive array of
synthetic methodologies and have received much attention
in recent years.[1] 2-Iodoxybenzoic acid (IBX, 1-hydroxy-1,2-
benziodoxol-3ACHTUNGTRENNUNG(1H)-one 1-oxide) was first synthesized in
1893; however, it was rarely used in organic synthesis until
1983 when Dess and Martin transformed IBX into the
highly soluble Dess–Martin periodinane (DMP).[2] In 1994,
Frigero and Santagostino reported that IBX could be readily
dissolved in dimethyl sulfoxide (DMSO) and served as val-
uable oxidant toward a variety of alcohols.[3] Since then, a
great deal of work has been done in IBX-mediated transfor-
mations with regards to mechanistic and synthetic as-
pects.[1,4] Generally, IBX is used as an efficient and mild oxi-
dizing reagent, for example, for the mild oxidative cleavage
of oximes and tosyl hydrazones,[4a] oxidation of amines to
imines,[4b] oxidative rearrangement of tertiary allylic alco-
hols,[4c] oxidation of silyl enol ethers to enones,[4d] a-hydrox-
ylation of carbonyl compounds,[4e] oxidative multicomponent
reactions,[4f–h] and so forth. IBX also operates as a single-
electron-transfer oxidant, such as in benzylic oxidation.[5a]


However, IBX-induced annulation strategies are quite limit-
ed. A remarkable work has been reported by Nicolaou
et al. ; they have shown that IBX can promote the cycliza-
tion of unsaturated anilides, carbamates, and ureas via
amide-centered radicals to form novel and biologically im-
portant N-heterocyclic compounds.[5b–d] Nevertheless, there
is no report for IBX-assisted cyclization of alkynes,[6] to the
best of our knowledge. In this paper, we report for the first


time of IBX-promoted cascade oxidation/cyclization of cis-
2-en-4-yn-1-ols, which represents an efficient and diversity
oriented protocol for the convergent construction of substi-
tuted 2-acyl furans. 2-Acyl furans and furfurals are of signifi-
cant synthetic interest, since they can be applied as flavour-
ing agents, perfume components, or as useful and versatile
synthetic intermediates for access to the condensed furanic
ring systems that shows widespread biological activity,[7]


such as Dantrolene analogues,[7a] anti-malarial agents,[7b]


Phosphoinositide 3-Kinase g inhibitors,[7c] HIV-1 integrase
binding inhibitors,[7d] and so forth. However, the synthetic
route for multisubstituted 2-acyl furans in a regioselective
manner is rare (Scheme 1).[8]


Recently, we have reported an efficient synthetic ap-
proach to furans and stereo-defined dihydrofurans via gold-
catalyzed cyclization of (Z)-2-en-4-yn-1-ols.[9] During our
studies of new processes for heterocycle formation, we
found that (Z)-enynol 1a reacted with IBX in DMSO at
room temperature to afford the normal oxidation product
2a in 81% yield (Scheme 2). To our delight, when the reac-
tion temperature was increased to 90 8C, 2-benzoyl-5-phenyl-
furan (3a) was formed in 79% yield, while the intermediate
of 2a was completely consumed. Decreasing the reaction
temperature to 50 8C resulted in an incomplete transforma-
tion to 3a (26 h, 2a/3a=3.6:1). Addition of five equivalents
of H2O resulted in a decreased yield of 3a (NMR yield:
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Scheme 1. IBX-mediated formation of 2-acyl furans from cis-enynols.
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53%, 9 h). The use of DMP instead of IBX only afforded a
complicated reaction mixture as observed by 1H NMR spec-
troscopy at 0 8C for 1.5 h in CH2Cl2.
As illustrated in Tables 1 and 2, the present method could


be applied successfully to a wide range of cis-enynols bear-
ing various substituents at C1–C5. The cyclization of enynols
1a–1 f, which were not substituted at C2 and C3, were inves-


tigated first. We found that the substituents Br, OMe and Cl
on the aromatic rings at C1 and C5 were well tolerated
during the reaction, furnishing the corresponding furans 3b–
3e in 64%–86% yield with relatively long reaction times of
15–18 h (Table 1, entries 2–5). Introducing an alkyl group at
C1 also afforded furan 3 f in a satisfactory yield of 60% at
90 8C (Table 1, entry 6). When enynol 1g with an alkyl sub-
situent at C5 was employed, the desired 2-acyl furan was
not observed; instead a mixture of structurally unidentified
products were formed (Table 1, entry 7). The results of eny-
nols 1h–1k bearing an additional alkyl substituent at C2 are
highly dependent on the substituents on C1. Enynol 1h sub-
stituted both at C1 and C2 with alkyl groups resulted in a
lower yield of 3h (41%, Table 1, entry 8). We envisioned
that this may due to the lower stability of dialkyl-substituted
furan 3h under IBX oxidation conditions. However, chang-
ing the alkyl substituent at C1 to aryl groups resulted in


good yields of 3 i–3k (68–85%, Table 1, entries 9–11). The
structure of the 2-acyl furans was further confirmed by X-
ray crystallographic analysis of 3c[10] and 2D NMR spectrum
of 3k.
(Z)-Enynols bearing a substituent at the C3 position were


prepared by the Sonogashira coupling reaction of iodinated
allylic alcohols with terminal alkynes. The iodide precursors
were conveniently synthesized from the corresponding prop-
argylic alcohols by their reaction with Red-Al (Red-Al=
sodium bis(2-methoxyethoxy)aluminumhydride) followed by
iodination of the organoaluminum intermediate.[11] Thus
enynols 1 l–1q can be easily constructed by three steps from
two alkynes and one aldehyde. The following IBX-mediated
cyclization represents a diversity oriented protocol for the
convergent construction of 3,5-disubstituted-2-acyl furans.
As shown in Table 2, the aryl, alkyl, and TMS groups at C3


in enynol 1 are all compatible with this cyclization reaction,
furnishing the corresponding products 3 l–3q in 40–78%
yields. It should be noted that in the case of 3 l, a decreased
yield of 31% was observed at a prolonged reaction time
(6.5 h). Interestingly, when terminal alkynes of 1o–1q were
used, 3,5-disubstituted-2-furaldehydes 3o–3q were formed
in 40–78% yields (Table 2, entries 4–6). However, for eny-
nols substituted both at C2 and C3, for example, in the case
of (Z)-2,3-diethyl-5-(4-methoxy-phenyl)-1-phenyl-pent-2-en-
4-yn-1-ol (1r), only a mixture of 2-acyl furan 3r and oxida-
tion product of ketone 2r with a ratio of 1:1.8 (90 8C, 13 h)
was isolated in a combined yield of 72%.
Although further investigations to clarify the reaction


mechanism are needed, a tentatively suggested reaction
pathway is shown as follows (Scheme 3): first, an enynone
2a is formed by oxidation of 1a. In the next step, IBX may
act as an electrophile to promote the cycloaddition of car-
bonyl group to the alkyne moiety. Thus, an anti-5-exo-dig
cyclization is resulted to give 4. This is followed by addition
of hydroxyl group to the exocyclic double bond to form 5,
which subsequently decomposes to give 2-acyl furan 3a and
1-iodosobenzoic acid (IBA).
To support the reaction mechanism, the reaction of eny-


none 2a and IBX (1.2 equiv) was carried out. The desired
product 3a was obtained in 80% yield (Scheme 4, top). It is


Scheme 2. Reactions of (Z)-enynol 1a with IBX.


Table 1. Formation of 2-acyl furans mediated by IBX.


Enynol R1 R2 R3 R4 t
[h]


Prod-
uct


Yield
[%][a]


1 1a Ph H H Ph 4.5 3a 79[b]


2 1b p-BrC6H4 H H Ph 18 3b 64[c]


3 1c p-MeOC6H4 H H Ph 15 3c 72
4 1d p-ClC6H4 H H p-MeOC6H4 15 3d 67
5 1e p-ClC6H4 H H p-ClC6H4 15 3e 86
6 1 f Et H H Ph 4 3 f 60[b]


7 1g Ph Et H Bu 4 –[d]


8 1h Et Et H Ph 7 3h 41
9 1 i Ph Et H Ph 10 3 i 68
10 1j p-ClC6H4 Et H Ph 12 3j 85
11 1k p-MeOC6H4 Et H Ph 12 3k 81


[a] Isolated yields. Unless otherwise noted, 3.0 equiv IBX was used. [b]
2.0 equiv IBX was used. [c] 49% yield when 2.0 equiv IBX was used. [d]
A mixture of structurally unidentified products was observed.


Table 2. Formation of 3,5-disubstituted 2-acyl furans mediated by IBX.


Enynol R1 R2 R3 t [h] Product Yield [%][a]


1 1 l Ph Ph Ph 3 3 l 59
2 1m Bu Ph Ph 4 3m 70
3 1n TMS Ph Ph 4 3n 70
4 1o Ph Ph H 3 3o 78
5 1p Bu Ph H 3 3p 76
6 1q Ph p-ClC6H4 H 3 3q 40


[a] Isolated yields.
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worth noting that in the absence of IBX, 3a could not be
detected, only a partial decomposition of enynol 1a was ob-
served. IBA could also be served as an electrophile, since
the same product 3a was obtained at 90 8C in 57% yield
from 2a in the presence of 1.2 equivalents of IBA, although
a longer reaction time (ca. 23 h) was required. When tertiary
alcohol 6 was employed under oxidation conditions, to our
surprise, ketone 7 was isolated in 23% yield, which was
formed through an IBX-mediated oxidative rearrangement
(Scheme 4, bottom).[4c]


In conclusion, we have developed a new approach for the
construction of multisubstituted 2-acyl furans through IBX-
mediated oxidation/cyclization in DMSO. The furan deriva-
tives are useful synthetic intermediates, especially for access
to the compounds that bearing biological activity. Further
studies to elucidate the reaction mechanism and to extend
the scope of synthetic utility are in progress in our laborato-
ry.


Experimental Section


A typical procedure for IBX-mediated cyclization of (Z)- 3-butyl-1,5-di-
phenyl-pent-2-en-4-yn-1-ol (1m): IBX (3.0 equiv, 296 mg, 1.05 mmol) was
added to a solution of (Z)-enynol 1m (102 mg, 0.35 mmol) in DMSO
(1.0 mL). The resulting solution was stirred at 90 8C until the reaction
was complete, as monitored by thin-layer chromatography. After the re-
action, the precipitate of IBA (probably) was removed by filtration, and
the filtrate was diluted with water and extracted with diethyl ether. The
aqueous phase was extracted with diethyl ether three times. The com-
bined organic layers were dried over anhydrous Na2SO4, and concentrat-


ed in vacuo. The crude product was purified by chromatography on silica
gel to afford the 2-acyl furan derivative 3m in 70% yield. 1H NMR
(CDCl3, Me4Si): d=0.96 (t, J=7.4 Hz, 3H), 1.41–1.48 (m, 2H), 1.63–1.71
(m, 2H), 2.96 (t, J=7.7 Hz, 2H), 6.77 (s, 1H), 7.32–7.42 (m, 3H), 7.47–
7.56 (m, 3H), 7.69–7.72 (m, 2H), 8.06–8.09 ppm (m, 2H); 13C NMR
(CDCl3, Me4Si): d=13.90, 22.51, 26.08, 31.59, 109.73, 124.76, 128.09,
128.81, 128.92, 129.41, 129.48, 131.89, 138.24, 140.50, 147.18, 155.54,
183.21 ppm; IR (neat): ñ =3064, 2957, 1637, 1476, 1291, 907, 691 cm�1;
HRMS (EI): m/z calcd for C21H20O2: 304.1463; found: 304.1459.
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The Group 4 metallocenes have made a considerable
impact on Ziegler–Natta olefin polymerization chemistry.[1]


These systems were subsequently complemented by the che-
late ligand late transition metal alkene polymerization cata-
lysts that have been developed to a state where they may
match the Group 4 bent metallocenes and related systems in
catalyst performance.[2] The overall development of new ho-
mogeneous Ziegler–Natta catalysts formally turned full
circle with the usage of various chelate ligand early metal
systems.[3–6] Among these, the salicylaldimine-derived titani-
um, zirconium and hafnium systems play an important
role.[4–6] A characteristic of the isolated, for example, Zr(sali-
cylaldiminato) subunit is its planar geometry, that is, its ab-
sence of chirality. It might be interesting to start to explore
an expansion of this catalytically important structural
moiety into the third dimension. This can in principle be
done by formally replacing the planar arene framework by
the 3D extension of the ferrocene unit.[7–10]


We would thus replace the two-dimensional carbocyclic
arene by an electronically related three-dimensional linear
metallocene system. Of course, care has to be taken to ac-
count for the resulting consequences originating from the
necessary introduction of an element of planar chirality into
the system; this could result in a complicated formation of
diastereomers upon the combination of more than one such
a substructural unit in a molecular Group 4 metal-based
complex system. Therefore, the use of enantiomerically pure
building blocks seems to be advisable for this chemistry. We
have now prepared the first examples of such “ferrocene–
saliminato”-type related compounds of the ubiquitous sali-
cylaldiminato ligands and used them for the construction of


first zirconium(IV) complexes of this kind. The remarkable
structural chemistry and some preliminary catalytic experi-
ments of a first representative example are reported in this
brief account.
Different routes to optically active 2-hydroxyferrocene-


carbaldehyde (1) have been described by Kagan[7] and Ito
et al.[8] Due to the generally high sensitivity of hydroxyferro-
cenes and especially of 1 we developed a synthesis to our
target ligand (6) that avoided these very sensitive com-
pounds as intermediates as much as possible. Our synthesis
(see Scheme 1) utilized previous work carried out by Kagan
et al.[7,11] and started with the precursor 2, featuring the
same acetal as a chiral auxiliary.


ACHTUNGTRENNUNG(S,S)-2 was subjected to a directed lithiation. Treatment
with tert-butyllithium followed by quenching of the resulting
substituted ferrocenyllithium product with iodine stereose-
lectively gave the protected 2-iodoferrocene carbaldehyde
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801221.


Scheme 1. i) tBuLi, �78 8C, then I2 followed by Na2S2O3; ii) AcOH,
Cu2O, CH3CN; iii) NaOCH3, DMF, then tBuPh2SiCl; iv) p-TsOH, H2O/
CH2Cl2; v) 2,6-diisopropylaniline, p-TsOH, 80 8C, toluene; vi) [Bu4N]F,
THF, single crystals from pentane at �30 8C; vii) LDA, toluene.
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derivative (S,S,Sp)-3 with 93% de. The oxygen functionality
was then introduced by subsequent treatment with copper(I)
oxide/acetic acid[12] to yield the corresponding acetoxyferro-
cene carbaldehyde derivative (S,S,Sp)-4. Saponification gen-
erated the free ferrocene alcoholate in situ, which was im-
mediately trapped by tBuPh2SiCl. The O-protected hydroxy-
ferrocene carbaldehyde derivative (Sp)-5 was obtained by
subsequent acid-catalyzed liberation of the free aldehyde
from the cyclic acetal. It was then converted to the corre-
sponding aldimine by treatment with 2,6-diisopropylaniline.
The silyl protective group was subsequently removed by
treatment with tetra-n-butylammonium fluoride to yield the
free “ferrocene–salimine” (Sp)-6


[13] as a dark red crystalline
material in a total yield of 62% over six steps starting from
(S,S)-2. The enantiomeric purity of the material was deter-
mined at the stage of the O-silyl protected hydroxyferrocene
carbaldehyde intermediate (Sp)-5 by HPLC (relative to the
independently synthesized racemic reference material) as
>99.5% ee after two-fold recrystallization from pentane.
Compound (Sp)-6 was characterized by C,H,N elemental


analysis, spectroscopic and X-ray crystal structure analysis.
The compound features a 1H NMR Cp singlet (5H) at d


4.24 (in CDCl3) and an ABC pattern of signals of the pro-
tons of the 1,2-disubstituted ferrocene Cp ring [d 4.54, 4.14,
4.03]. The OH proton NMR signal was observed at d 9.02,
the aldimine CH=N signal at d 8.30 (corresponding
13C NMR resonance at d 168.1). The attached 2,6-diisopro-
pylphenyl substituent features a pair of diastereotopic
-CHMe2 methyl group signals [d 1.22, 1.18 each 6H, 3.07
(CH-septet, 2H)].
The structure and absolute configuration of (Sp)-6 were


confirmed by the X-ray crystal structure analysis (see
Figure 1). The crystal features independent molecules of
(Sp)-6. As expected, the ferrocene core is made up of a h5-
C5H5 ring bonded to iron [with Fe-C21 to C25 distances
being in a uniform range of 2.030(2) to 2.048(2) Q] and the
ortho-disubstituted hydroxy-C5H3-imino ligand. Again, the
Fe to C(Cp) bonds on this side of the ferrocene core are in
a very narrow range (2.031(2) to 2.079(2) Q). The “upper”
Cp ring bears the OH group (O1�C2 1.348(2) Q) and the
carbaldimino substituent (C1�C6 1.444(3), C6�N1
1.275(3) Q). The imino group features the usual E configu-
ration (dihedral angle C1-C6-N1-C7 �178.0(2)8). The imino
nitrogen is oriented toward the adjacent OH group (q C2-
C1-C6-N1 �2.1(3)8) with which it seems to form a weak hy-
drogen bond. The plane of the bulky 2,6-diisopropylphenyl
substituent is oriented close to perpendicular to the mean
hydroxy-Cp-carbaldimino plane [angle between the mean
O1-C2-C1-C6-N1 vs. C7 to C12 planes: 103.88].
Treatment of the neutral “ferrocene–salimine” system


[(Sp)-6] with 0.5 molar equiv of zirconium tetrachloride in
dichloromethane (RT, overnight) gave a deep blue solution
from which the 2:1 complex (Sp,Sp)-8 was isolated as a deep
blue solid material in >90% yield. Complex 8 shows a C2-
symmetric structure in solution, as indicated by the observed
single set of resonances for the pairs of unsubstituted Cp
rings [d 4.58, 10H] and disubstituted C3H5 units [d 5.67,


4.77, 4.33, each 2H]. Upon lowering the temperature to
218 K, the rotation of the 2,6-diisopropylphenyl substituent
around the N�C bond is hindered, so that we monitor two
CHMe2


1H NMR septets and a total of four methyl
1H NMR doublets of the two corresponding pairs of isopro-
pyl methyl groups. Yet, the overall C2 symmetry is retained,
so that we assume formation of a pseudo-octahedral struc-
ture with a trans-arrangement of the NH tautomers of a pair
of “ferrocene–salimine” ligands, which was previously ob-
served for a related bis(salicylaldimine)TiCl4 complex.


[4] The
NH resonance is observed at d 12.1 ppm and is strongly cou-
pled to the carbaldimine hydrogen (3JHH=15.8 Hz).
The free hydroxyferrocene (Sp)-6 was deprotonated by


treatment with LDA to yield the corresponding lithium salt
(Sp)-7 (Scheme 2). The reaction of this lithiated reagent with
0.5 molar equiv of ZrCl4 (RT, toluene, overnight) proceeded
with precipitation of lithium chloride to yield the pseudo-oc-
tahedral (bis-chelate-ligand)ZrCl2 complex (Sp,Sp)-9. Treat-
ment of the zwitterionic species 8 with two equivalents of
LDA also led to a clean formation of chelate complex 9
with liberation of diisopropylamine in solution, although we
did not isolate complex 9 in pure form via this route.
Pink-coloured single crystals of complex 9 were obtained


by slow (one week) recrystallization from toluene at �30 8C.
The structure is characterized by a cis-ZrCl2 unit (Zr�Cl1
2.447(2), Zr�Cl2 2.454(2) Q, angle Cl1-Zr-Cl2: 88.80(5)8).
The imino nitrogens are oriented trans to each other in the
pseudo-octahedral geometry (Zr�N1A 2.384(3), Zr�N1B
2.381(3) Q, angle N1A-Zr-N1B 174.33(12)8) and their re-
maining chelate oxygen atoms are consequently bonded cis
to each other at the central zirconium atom (Zr�O1A
1.994(3), Zr�O1B 1.992(3) Q, angle O1A-Zr-O1B
93.14(14)8). The resulting six-membered chelate rings are
planar (deviation of Zr from for example, the O1A-C1A-
C2A-C6A-N1A plane: �0.044 Q).
The combination of a pair of chiral (Sp)-configured che-


late ligands at the ZrCl2 unit in the observed cis-O,trans-N-
fashion can give rise to two optically active diastereoiso-
mers. In this case we have found only the (Sp,Sp,L)-9 isomer
in the crystal (see Figure 2 and Scheme 3).


Figure 1. Projection of the molecular structure of the parent (Sp)-6 “fer-
rocene–salimine” ligand system.
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We dissolved this crystalline material at low temperature
(<233 K) in CD2Cl2 and monitored the NMR spectra of the
pure (Sp,Sp,L)-9 isomer in solution. The system is C2-sym-
metric and gives rise to a single set of NMR signals for its
pair of symmetry-equivalent chelate ligands [e.g., 1H: d 8.29


(-CH=N-Ar), 4.43 (Cp), 4.48/4.34/4.30 (h5-C5H3)]. When the
solution was warmed to temperatures >243 K, rapid rear-
rangement and equilibration with a second C2-symmetric
isomer was observed. We tentatively assigned the structure
to the corresponding trans-N,cis-O-(Sp,Sp,D)-9 diastereoiso-
mer. It is characterized again by a single set of NMR signals
of the pair of symmetry-equivalent “ferrocene–salimine”
chelate ligands, but distinctly different from the other
isomer [for example, 1H: d 8.35 (-CH=N-Ar), 4.52 (Cp),
4.74/4.41/4.40 (h5-C5H3)]. The activation energy of the
(Sp,Sp,L)-9 to (Sp,Sp,D)-9 rearrangement was determined as
DG¼6 (248 K)=18.2�0.2 kcalmol�1.[14] The equilibrium ratio
is 1:1.1 in CD2Cl2 at 298 K.
We also tested compounds 8 and 9 as precursors for the


generation of homogeneous Ziegler–Natta olefin polymeri-
zation catalysts. For this purpose the mixture of the
(Sp,Sp,L)- and (Sp,Sp,D)-9 isomers was activated by treatment
with a large excess of methylalumoxane (MAO) in toluene.
The ethylene polymerization activity of the generated cata-
lysts was rather low at room temperature (see Table 1), but
it increased markedly with polymerization temperature. At
the highest temperature employed here (125 8C) the catalyst
seems to be stable and moderately active.


We note that the catalyst systems that we alternatively
generated from the zwitterionic precursor (Sp,Sp)-8 featured
an almost identical ethylene polymerization behaviour
which indicates that in both cases similar active catalysts
were generated from these different precursors.
We conclude that “ferrocene–salimines”, the planarly


chiral three-dimensional relatives of the ubiquitous salicylal-
dimine-type ligands can be readily obtained in high yield
and highly enantiomerically enriched [that is, (Sp)-6 or (Sp)-
7] by means of the short synthesis described in this article.
They can be used for the preparation of octahedrally chiral
bis(“ferrocene–salimine”)ZrCl2 complexes that undergo a
well defined L/D isomerization reaction at temperatures a
little below RT, and these systems give thermally robust eth-
ylene polymerization catalysts upon treatment with MAO.
These first results in this series may open promising new cat-
alytic applications in the future using variations of this not
frequently employed ligand family[15] derived from an
organoACHTUNGTRENNUNGmetallic backbone.


Scheme 2.


Figure 2. A view of the molecular structure of the bis(“ferrocene–salimi-
nato”)ZrCl2 complex (Sp,Sp,L)-9 in the crystal.


Scheme 3.


Table 1. Selected ethylene polymerization results using the 8/MAO and
9/MAO catalyst systems.[a]


Compound T [8C] PE [g] Activity[b] M.p. [8C]


8 20 0.2 9 134
8 80 0.7 37 138
8 100 1.6 81 136
8 125 2.2 109 131
9 20 0.2 11 138
9 80 0.8 39 141
9 100 1.5 76 137
9 125 2.1 106 134


[a] 5 mmol of [Zr], Al:Zr=2000, 5 min catalyst preactivation, 2 bar
ethene, 2 h reaction time. [b] g PE·mmol [Zr]�1·bar (ethene)�1·h�1.
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Cobalt-Catalyzed Regioselective Synthesis of Indenamine from o-
Iodobenzaldimine and Alkyne: Intriguing Difference to the Nickel-Catalyzed
Reaction


Chuan-Che Liu, Rajendra Prasad Korivi, and Chien-Hong Cheng*[a]


Indene derivatives[1,2] are known to show various pharma-
cological properties, such as enzyme inhibitors,[1a] reuptake
blocking,[1b] biogenic transporters,[1c] and anti-arrhythmic ac-
tivity.[1d] In addition, they have also found applications in
material science as discotic liquid crystals,[1e] coating materi-
als for steel,[1f] conducting polymers,[1g] ligands for metallo-
cene complexes,[1h,i] and so forth. Indenamine derivatives
were recently synthesized by reacting chloroindan[1c] with
the desired amines and by nucleophilic addition into nitrile
derivatives,[3a] whereas indenones were prepared by oxida-
tion of the corresponding indene derivatives[3b] and by cata-
lytic intramolecular isomerization–aldolization[3c] of allyl al-
cohol with aldehyde. In this paper, we report a new conven-
ient method for the regioselective synthesis of indenamine
from the corresponding o-halobenzaldehyde, amine, and
alkyne in the presence of zinc powder catalyzed by cobalt
complexes. Moreover, these compounds can be conveniently
converted to the corresponding substituted indenone deriva-
tives.
Recently, we and other groups had found methods for the


synthesis of isoquinoline derivatives[4] from 2-iodobenzaldi-
mines (1) and alkynes catalyzed by nickel[4a] and palladium
complexes, respectively.[4b–f] Our interests in the cobalt-cata-
lyzed reactions[5] and the recent observation of activation of
arylhalides by cobalt complexes[5] have prompted us to in-
vestigate the use of cobalt complexes for the reaction of N-
tert-butyl-2-iodobenzaldimine (1a) with alkyne. To our sur-
prise, when we treated 1a with 4-octyne in the presence of
[CoCl2ACHTUNGTRENNUNG(dppe)] and zinc powder in acetonitrile, the corre-
sponding indenamine (5a ; Scheme 1, R1=R2=nPr) was ob-
tained in 78% yield. This is in sharp contrast to the nick-


el-[4a] and palladium-catalyzed[4b–f] reactions that gave the
corresponding isoquinoline derivative as product. The struc-
ture of the indenamine was established based on its 1H,
13C NMR, and MS spectral data.
To simplify the reaction, we observed that by using the


corresponding o-iodobenzaldehyde and amine to replace 1a,
the same indenamine product can be obtained. Thus, o-iodo-
benzaldehyde (2a), p-toluidine (3a), and 4-octyne under-
went three-component reaction in the presence of [CoCl2-
ACHTUNGTRENNUNG(dppe)] in an acetonitrile and THF mixture (optimization
studies are given in the Supporting Information) to afford
indenamine 5b in essentially quantitative yield (entry1,
Table 1). In a similar manner, diphenylacetylene (4b) af-
forded product 5c in 78% yield. The three-component reac-
tions of unsymmetrical alkynes with 2a and 3a were careful-
ly studied by using the same catalyst system. Terminal
alkyne 4c gave a single regioisomer 5d with the propyl
group adjacent to the amino group in 82% yield (entry 3).
For disubstituted unsymmetrical alkyne 4d, two regioisom-
ers 5e (R1=Ph, R2=Et) and 5e3 (R1=Et, R2=Ph) in 60
and 36% yields, respectively, were observed. The applica-
tion of alkynes with electron-withdrawing substituents 4e–g
in the cyclization reaction with 2a and 3a gave highly regio-
selective indene–enamine derivatives 6a–c in moderate
yields (entries 5–7, Table 1). It is worth noting that product
6 arises from a double-bond migration of the corresponding
product 5. Always, the electron-withdrawing ester or keto
groups of alkynes are adjacent to the amine group. The re-


[a] C.-C. Liu, Dr. R. P. Korivi, Prof. Dr. C.-H. Cheng
Department of Chemistry, National Tsing Hua University
Hsinchu, 30043 (Taiwan)
Fax: (+886)35724698
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801457.


Scheme 1. Nickel- and cobalt-catalyzed cyclization of N-tert-butyl-2-iodo-
benzaldimine with alkyne.
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gioselectivity is opposite to the nickel-catalyzed annulation
of tert-butyl-2-iodobenzaldimines with these alkynes to give
the corresponding isoquinolines. The yields of products 6a–c
were greatly improved, when Hacac (Hacac=penta-2,4-
dione) was added to the catalytic solutions. The regiochem-
istry of these products was determined based on their NOE
data. In addition, the structure of compound 6c was further
confirmed by the X-ray crystallographic analyses. The reac-
tions of TMS-substituted alkynes 4h and 4 i gave indena-
mine derivatives 5 f and 5g with excellent regioselectivity
and yields. These yields were measured by the 1H NMR in-
tegration method with mesitylene as the internal standard in
the crude mixtures. These compounds are difficult to obtain
in pure form from a silica gel column due to decomposition.
The crude mixture was used for the removal of the TMS
functionality (vide infra).
The scope of amine used for the present cobalt-catalyzed


three-component reaction was carefully studied. The reac-
tions of 2a and 4a with various aromatic amines, 3b–g, pro-
ceed smoothly to give products 5h–m, respectively, in good
to excellent yields (entries 1–6, Table 2). 1-Napthylamine af-


forded the corresponding indenamine derivative 5h in
nearly quantitative yield, while sterically bulky 2,4,6-trime-
thylaniline provided 5 i in 73% yield. Other substituted ani-
lines with electron-donating (3d,e) and electron-withdraw-
ing substituents (3 f,g) all gave the corresponding indena-
mines, 5 j–m, in excellent yields. However, the reaction with
8-aminoquinoline 3h as the amine substrate failed to pro-
ceed to provide the expected product 5n. Possibly, the che-
lation of both nitrogen atoms in 3h inhibits the reactivity of
the catalyst. For benzylamine (3 i), the three-component re-
action afforded indenamine 5o in 68% yield, but n-butyla-
mine failed to give the expected indenamine. It appears that
other unknown products were produced and further investi-
gation is necessary to unravel the reaction of n-butylamine
with 2a and 4a. The cyclization reaction can be applied to
various substituted 2-iodoaldehydes 2. Treatment of benzox-
yl-substituted o-iodobenzaldehyde 2b with 3a and 4a and of
2c with 3a and 4 f afforded the expected indenamines 5q
and indene-enamine 6d in 89 and 78% yields, respectively.


Similarly, the reaction of 2-iodopiperonal (2d) with alkynes
4 f and 4a gave the corresponding indene-enamine 6e and
indenamine 5r in 79 and 68% yields, respectively. Even 2-
bromo-5,6-(methylenedioxy)benzaldehyde (2e) gave indena-
mine derivative 5s in 73% yield. Finally, the reaction of 2-
iodo(4,5-dimethoxy)benzaldehyde (2 f) with 4a also resulted
in the corresponding indenamine 5 t in 86% yield.
The indenamines prepared by the present three-compo-


nent reaction can be readily converted to the corresponding
indenimines (Scheme 2). Thus, the indenamines 5b, 5c, 5 f,
and 5g and indene-enamine 6b gave the corresponding
imine derivatives 7a–e upon treatment with TBAF (tetrabu-
tylammonium fluoride) in THF at 40 8C. The isolated yields
of these imine derivatives after flash chromatography were
essentially quantitative. The dehydrogenation of indena-
mines in the presence of TBAF is interesting, as this is a
mild and convenient procedure, but the mechanism for the
dehydrogenation is not yet clear.[5f] The structure of com-
pound 7b was confirmed by X-ray crystallographic data (see
the Supporting Information). It is interesting to note that
compound 5g underwent both desilylation and dehydrogen-
ation to give indenimine 7d upon treatment with TBAF.
These indenimines can be used for the preparation of substi-


Table 1. Results of cobalt-catalyzed three-component reaction of o-iodo-
benzaldehyde, p-toluidine and alkynes.


Entry[a] Alkyne Product Yield[b]


1 4a : R1=R2= (CH2)2CH3 5b 99
2 4b : R1=R2=Ph 5c 78
3 4c : R1= (CH2)2CH3; R


2=H 5d 82
4 4d : R1=Ph; R2=Et 5e+5e’ 60+36
5 4e : R1=CO2Me; R2=C6H13 6a 73 (85)[c]


6 4 f : R1=CO2Et; R
2=Ph 6b 64 (93)[c]


7 4g : R1=COMe; R2=Ph 6c 45 (90)[c]


8 4h : R1=Me; R2=TMS 5 f 95
9 4 i : R1=Ph; R2=TMS 5g 82


[a] All reactions were carried out under one nitrogen atmosphere using
aldehyde 2 (0.30 mmol), amine 3 (0.30 mmol), alkyne 4 (0.60 mmol),
[CoCl2ACHTUNGTRENNUNG(dppe)] (0.0210 mmol) and Zn (0.60 mmol) at 100 8C for 12 h. [b]
Isolated yields. [c] Additional Hacac (penta-2,4-dione, 0.021 mmol) was
added to the catalyst solution for the yield in the parenthesis.


Table 2. Synthesis of indenamines using various amine derivatives and o-
iodobenzaldehyde.[a]


Entry 2 R3-NH2 4 5 Yield


1 2a 3b : 1-napthylamine 4a 5h 99
2 2a 3c : 2,4,6-(Me)3C6H2NH2 4a 5 i 73
3 2a 3d : 4-OMeC6H4NH2 4a 5 j 94
4 2a 3e : 3,4,5-(OMe)3C6H2NH2 4a 5k 92
5 2a 3 f : 3,5-(F)2C6H3NH2 4a 5 l 98
6 2a 3g : 4-CF3C6H4NH2 4a 5m 97
7 2a 3h : 8-aminoquinoline 4a 5n 0
8 2a 3 i : Bn-NH2 4a 5o 68
9 2a 3j : nBuNH2 4a 5p 0


[a] The same reaction reaction conditions were used as those in Table 1.
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tuted indenones. Thus, acid hydrolysis of 7b and 7e gave in-
denones 8b and 8e in 96 and 92% yields, respectively.
It is known that ester-substituted indenone derivatives are


useful as agonists for peroxisome proliferator-activated re-
ceptor g (PPARg)[3b,6a] . One of these indenone derivatives, 9
(Scheme 2), can be prepared by the present oxidation
method from indene-enamine 6d in 95% yield. Previously
these substrates were prepared by oxidizing the correspond-
ing indene derivatives with SeO2 in dioxane.[3b] Other bio-
logically active 2,3-disubstituted indenone derivatives were
also described in literature.[3c.6b]


A proposed mechanism for the present cobalt-catalyzed
three component cyclization reaction was shown in
Scheme 3. Chelation-assisted oxidative addition of 2-iodo-


benzaldimine 1 to CoI, which is formed from the reduction
of CoIII by zinc, gives a five-membered ring cobaltacycle A.
Regioselective insertion of alkyne into C�Co bond of inter-
mediate A yields a seven-membered[7] azacobaltacycle B.
Subsequent intramolecular nucleophilic addition of the al-
kenyl group to C=N bond in B results in intermediate C.
Upon hydrolysis, indenamine 5 and CoIII species were pro-
duced. The reduction of CoIII by zinc generates the CoI


needed for the next catalytic cycle. Generally, the alkyne in-
sertion takes place in such a way that the electron-deficient
carbon atom is near the metal.[8] Alternatively, intermediate


C can be reduced by Zn to give CoI and an intermediate
similar to C, but with the CoIII replaced by ZnII. During
workup, this intermediate undergoes hydrolysis to give in-
denamine 5.
It is worth noting that both cobalt and nickel complexes


can catalyze the cyclization reaction of 2-iodobenzaldimine
1 with alkyne 4, but the products, as shown in Scheme 4, are


different. These two reactions are likely all through a five-
membered azametalacycle A followed by insertion of
alkyne into A to give B. For the cobalt-catalyzed reaction,
intramolecular nucleophilic attack of the carbon anion at
the imine carbon in B occurs to give finally the indenamine
product. On the other hand, for the nickel-catalyzed reac-
tion, reductive elimination probably takes place to afford an
isoquinolinium salt and then the isoquinoline product. The
observed different pathways are likely due to the difference
of oxidation states of the two metals in intermediate B. One
is CoIII, while the other is NiII. We think that in the cobalt-
catalyzed reaction, the CoIII center in intermediate B
(Scheme 3) is higher in Lewis acidity compared with NiII.
The high acidity of CoIII greatly activates the imine group
and enhances the intramolecular nucleophilic attack.
Surprisingly, the regiochemistry for the cobalt-catalyzed


indenamine and nickel-catalyzed isoquinoline formation is
opposite to each other when alkynes with an electron-with-
drawing group, such as COOR and COR, were used
(Scheme 4). The observation may be explained based on the
alkyne insertion into the M�C and M�N bonds in the five-
membered metalacycle intermediate. In the cobalt-catalyzed
reaction, the insertion of alkyne is all into the Co�carbon
bond by Michael addition. Thus, the electron-withdrawing
group is adjacent to the amine group of the indenamine
product. However, for the nickel-catalyzed reaction, the
alkyne insertion has two types. For normal alkynes such as
TMSC�CPh, the alkyne is inserted into the nickel–carbon


Scheme 2. Synthesis of indenimine derivatives and indenones from the
corresponding amine and TBAF.


Scheme 3. Proposed mechanism for the Co-catalyzed formation of inden-
amines.


Scheme 4. Pathways for Ni- and Co-catalyzed insertion of alkynes.
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bond of intermediate A to give intermediate Bn1. For elec-
tron-withdrawing alkynes, the insertion is into the nickel–ni-
trogen bond of the five-membered nickelacycle by Michael
addition (see intermediate Bn2). As a result, for normal al-
kynes, both cobalt and nickel catalyst give the same regio-
chemistry, but for alkynes with an electron-withdrawing
group, the two catalysts provides opposite regiochemistry
for the products.
In conclusion, we have demonstrated a new methodology


for the synthesis of substituted indenamines, indenimines,
and indenones by a cobalt-catalyzed three-component reac-
tion. The reaction is highly regioselective and many func-
tionalized indenamine derivatives can be prepared. The in-
teresting difference of products, regiochemistry, and mecha-
nisms from those of the previous nickel-catalyzed o-halo-
benzaldimines and alkynes that gave isoquinoline products
arises from the different natural properties of five-mem-
bered azametalcycles of cobalt and nickel.


Experimental Section


Procedure for the synthesis of 5a : A screw-cap seal tube initially fitted
with septum containing 1a (0.070 g, 0.30 mmol) was evacuated and
purged with nitrogen gas three times. Then 4-octyne (0.066 g, 60 mmol),
a mixture of freshly distilled CH3CN and THF (2.0 mL, 1:1 by volume)
were added to the system by syringe. The septum was removed and
[CoCl2ACHTUNGTRENNUNG(dppe)] (0.012 g, 0.0210 mmol) and zinc (0.040 g, 0.60 mmol) were
added to the system and the tube was quickly sealed with a screw cap.
The resultant reaction mixture was stirred at 100 8C for 12 h. After com-
pletion of reaction, the mixture was cooled, diluted with dichlorometh-
ACHTUNGTRENNUNGane, filtered through a small silica-gel pad, and then concentrated. Sepa-
ration on a silica gel column using hexane/EtOAc as eluent gave pure in-
denamine derivative 5a in 78% yield. 1H NMR (CDCl3, 500 MHz): d=


0.97–1.01 (m, 6H), 1.30 (s, 9H), 1.42–1.50 (m, 1H), 1.52–1.63 (m, 3H),
2.36–2.45 (m, 4H), 4.23 (s, 1H), 7.12 (t, J=7.0 Hz, 1H), 7.16 (d, J=


7.5 Hz, 1H), 7.23 (t, J=7.0 Hz, 1H), 7.48 ppm (d, J=7.0 Hz, 1H);
13C NMR (CDCl3, 125 MHz): d =14.4, 14.5, 22.0, 23.6, 27.6, 27.7, 30.9,
50.7, 60.7, 118.5, 123.0, 124.3, 127.0, 136.0, 145.1, 147.2, 148.5 ppm;
HRMS (EI+): m/z calcd for C19H29N: 271.2300; found: 271.2300; IR
(KBr): ñ=1226, 1465, 1604, 1704, 2869, 2931, 2954, 3355 cm�1.
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Synthesis of Nanocrystalline MFI-Zeolites with Intracrystal Mesopores and
Their Application in Fine ACHTUNGTRENNUNGChemical Synthesis Involving Large Molecules


Rajendra Srivastava, Nobuhiro Iwasa, Shin-ichiro Fujita, and Masahiko Arai *[a]


Heterogeneous catalysts are widely used in petroleum re-
finery industries and for the production of fine chemicals.
However, challenges remain to maximize their efficiency.
Microporous crystalline aluminosilicate, zeolites, are widely
used as shape-selective catalysts, ion-exchange materials and
adsorbents for organic compounds.[1] Their superior perfor-
mance can often be attributed to the existence of a well-de-
fined system of micropores (size below 2 nm in diameter)
with uniform shape and size, typically of molecular dimen-
sions. However, for some applications, the presence of such
micropores alone can also result in an unacceptably slow
diffusion of reactants and products to and from the active
sites located inside the zeolite crystals.[2] To overcome this
diffusion limitation, researchers have pursued several differ-
ent preparative strategies. One approach is to increase the
pore size of the zeolite. The mesoporous structure is very
promising for reactions involving large molecular species,
owing to the possibility of overcoming the diffusion limita-
tion in crystalline microporous zeolites (0.4–1.5 nm in pore
diameter). The most common and successful approach so
far is to introduce an additional system of mesopores (sizes
between 2 and 50 nm) into each individual zeolite crystal.[3–7]


This is typically done by suitable post-treatments such as
steaming[3] and chemical etching routes.[4] Mesopores can be
introduced directly into the zeolite crystals, without a parti-
ally destructive post-treatment, simply by conducting the
crystallization in the presence of mesoporous carbon and
using carbon nanotubes as a hard template.[5] The carbon
particles are encapsulated by the zeolite crystals during
growth. After complete crystallization, the carbon template
is easily removed by combustion to produce highly mesopo-


rous zeolite single crystals that combine most of the desira-
ble catalytic properties of zeolites and mesoporous molecu-
lar sieves. The direct synthesis of a zeolite with tunable mes-
oporosity by using organosilane surfactants as a mesopore
director has very recently been reported.[6] The resultant
zeolites are highly mesoporous, and the mesopore walls
show the characteristics of a fully crystalline zeolite frame-
work. The mesopore diameters are tunable by the chain
length of the surfactants used. This MFI-zeolite with a mes-
oporous/microporous hierarchical structure shows a remark-
ably improved resistance to the deactivation of catalytic ac-
tivities in various reactions.[7] In addition, the hierarchical
MFI-zeolite exhibits very high catalytic activity in the syn-
thesis of large molecules for which conventional zeolite ma-
terials are inactive and conventional mesoporous materials
are less active. Another approach to improve the catalytic
activity is to minimize the size of the zeolite crystals and
thereby shorten the diffusion path.[8]


The present study is based on the second approach in
which the size of zeolite nanocrystals is reduced to 20 nm by
adding alkyltriethoxysilane into the conventional zeolite
synthesis gel. Crystal size of MFI-zeolite was effectively con-
trolled by the addition of alkyltriethoxysilanes (alkyl=
methyl, propyl and octyl) into a hydrothermal synthesis mix-
ture of conventional MFI-zeolite. The materials obtained ex-
hibit remarkably enhanced catalytic activities in several or-
ganic reactions involving large molecules. Here, we have
shown that the alkyltriethoxysilanes mediated synthesis
method can be effectively used to control the size of the
zeolite crystals, particle morphology, and mesoporosity.
First, a conventional MFI was hydrothermally prepared at


443 K by using tetraethylorthosilicate (TEOS) and tetrapro-
pylammonium hydroxide (TPAOH) (gel composition
TEOS/Al2O3/Na2O/TPAOH/H2O: 100:2.5:3.3:25:2500).
Later, different zeolite samples were prepared with alkyl-
triethoxysilane (ATES) using different gel compositions
(TEOS/ATES/Al2O3/Na2O/TPAOH/H2O:
100�x :x :2.5:3.3:25:2500, x=0�15). The product was desig-
nated by MFI-xATES according to the number of moles (x)
of the alkyltriethoxysilane used. All the synthesized zeolites
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had the MFI structure with high phase purity, as confirmed
by XRD patterns of Figure 1 (and Figure S1 in the Support-
ing Information). Zeolite particles with capsule-like crystal


morphology were obtained when synthesis was performed
without any additive under the present conditions (Figur-
es 2a and 3a,b). The sample prepared with ATES has spheri-
cal/egg-shaped nanocrytalline morphology (Figure 2 and 3).
The amount of ATES was found to have a high impact on
the quality of the samples, as shown by scanning electron
microscopy (SEM) analysis (Figure 2). No improvement in
crystal morphology was observed when the sample (MFI-
2.5PrTES) was prepared using 2.5 mol% propyltriethoxysi-
lane (PrTES) with respect to TEOS (Figure 2 b). When the
amount of PrTES was increased to 5.0 mol%, then spherical
macroporous zeolite particles (MFI-5PrTES) of about
300 nm diameter were observed (Figure 2c). At 10 mol%
loading of PrTES, the zeolite particles (MFI-10PrTES) ex-
hibit a round/egg shape with a nanoscale jagged surface.
The SEM and transmission electron microscopy (TEM)
images show that the round/egg shape particles were built
with an assembly of tiny crystallites about 20 nm in diameter
or less (Figure 2d, e and 3c,d). However, on further increase
in PrTES concentration to 15 mol%, we did not obtain any
MFI-zeolite (MFI-15PrTES) (Figure 2 f), as confirmed by
XRD (Figure S1 in the Supporting Information). We have
also studied the influence of hydrophobicity of ATES by
varying the alkyl chain length in ATES used in the synthesis.
If the synthesis was performed with 10 mol% methyltrie-
thoxysilane (MeTES), the product (MFI-10MeTES) showed
quite uniform, spherical particles that also looked like as-
sembled by nanosize crystallites similar to the sample MFI-
10PrTES. As seen in Figure 2(g), the primary building
blocks (crystallites) were somewhat bigger in MFI-


Figure 1. XRD patterns of conventional MFI and MFI samples synthe-
sized using alkyltriethoxysilanes.


Figure 2. SEM images of conventional MFI and MFI prepared with alkyl-
triethoxysilanes: a) conventional MFI, b) MFI-2.5PrTES, c) MFI-5PrTES,
d,e) MFI-10PrTES, f) MFI-15PrTES, g) MFI-10MeTES, and h) MFI-
10OcTES.


Figure 3. TEM images of a,b) conventional MFI and c,d) MFI-10PrTES.
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10MeTES than in MFI-10PrTES. The TEM image of MFI-
10PrTES clearly showed a nanocrystal-mesopore alternating
framework structure (Figure 3c,d). If the sample (MFI-
10OcTES) was prepared with 10 mol% octyltriethoxysilane,
the size of the crystal decreased, but no morphological
changes were observed (Figure 2 h).
The N2-adsoption results reveal that external surface area


and pore volume increase proportionally with the concentra-
tion of ATES (Table 1). The N2-adsoption isotherm for
MFI-10PrTES showed a typical type-IV isotherm similar to
the mesoporous silica materials (Figure 4). The major differ-


ence of this isotherm from that of conventional MFI is a dis-
tinct increase of N2 adsorption in the region 0.4<P/Po<0.9,
which is interpreted as capillary condensation in mesopore
void spaces. The mesopores show a pore size distribution in
the range of 3–8 nm. As evidenced from the SEM and TEM
images, the mesopores correspond to the void space be-
tween nanosized crystal domains inside a zeolite particle.


27Al and 29Si MAS NMR results show that all the samples
contain only tetrahedral aluminium sites and most of the Si
is in SiACHTUNGTRENNUNG(0Al) environment. Si ACHTUNGTRENNUNG(1Al) species were also detect-
ed in some quantity in each sample (Figure S2 and S3 in the


Supporting Information). The temperature-programmed de-
sorption (TPD) of NH3 was measured to characterize the
acidity of the MFI samples. The results obtained are given
in Figure S4 and Table S1 of the Supporting Information.
A previous study based on biominerallization processes[9]


and some successful synthesis works[10] suggest that organic
molecules that have a strong interaction with the growing
crystal surface can effectively modulate the crystallization
process of inorganic materials. Therefore, we have chosen
some commercially available alkyltriethoxysilane molecules
to enhance the interaction with growing zeolite crystals. The


idea behind choosing such al-
kyltriethoxysilane molecules is
that it contains a hydrolysable
alkoxysilyl moiety. It is expect-
ed that it could strongly inter-
act with growing crystal do-
mains through the formation
of covalent bonds with other
SiO2 and Al2O3 sources using
the alkoxysilyl moiety. The
present SEM, TEM and N2-ad-
sorption studies show that the
zeolite samples prepared with
PrTES and MeTES have a


spherical/egg-shape morphology, which is built with nano-
sized zeolite crystals and that mesopores are present in the
void space between nanocrystals inside the zeolite particle.
Such a nanocrystal-mesopore alternating-framework struc-
ture is not likely to be formed if the distribution of the or-
ganic groups is homogeneous throughout the entire zeolite
particle. Therefore, it may be proposed that the mesopo-
rous-zeolite crystallization was mediated by the nanoscale
segregation of organic-rich and organic-lean domains on the
growing zeolite particles. The alkylalkoxysilanes contain
only three hydrolyzable moieties (with one hydrophobic
alkyl group), which is disadvantageous for the formation of
extended tetrahedral SiO2 linkages. Consequently, the zeo-
lite growth might be significantly retarded at the organic
and inorganic interfaces, resulting in the formation of nano-
crystal-mesopore alternating frameworks. The surface area
of the obtained samples follows the order MFI-10PrTES>
MFI-10MeTES>MFI-10OcTES. This clearly indicates that
moderate length alkyl-chain-containing organosilanes have a
strong interaction with the growing crystals and, hence, ef-
fectively modulate the zeolite crystallization to form high
surface area nanosized zeolite nanocrystals. The long-alkyl-
chain hydrophobic ATES (octyltriethoxysilane) was found
to be less effective, as it may be segregated from the alumi-
nosilicate domain and unable to modulate the crystallization
process by participating in crystal growth.
The catalytic activities of the zeolite samples prepared


with ATES were compared with the conventional MFI-zeo-
lite. Test reactions used included alkylation, condensation
and protection reactions (Scheme 1). Using these reactions
several synthetic intermediates such as flavanone/chal-
cone,[11] 7-hydroxy-4-methylcoumarin[12] and diphenyl meth-


Table 1. Textural characteristics of MFI and MFI prepared with alkyltriethoxysilane.


Sample Si/Al[a] Total surface
area [m2g�1]


External surface
area [m2g�1][b]


Micropore volume
ACHTUNGTRENNUNG[ccg�1][b]


Total pore
volume [ccg�1]


MFI 24.0 304 53 0.124 0.211
MFI-2.5PrTES – 318 62 0.130 0.219
MFI-5PrTES – 387 127 0.132 0.295
MFI-10PrTES 26.3 526 262 0.120 0.427
MFI-10MeTES 29.2 486 171 0.125 0.343
MFI-10OcTES 33.4 388 125 0.134 0.254


[a] Si/Al ratio was obtained by ICP analysis; [b] calculated by t-plot method.


Figure 4. N2 isotherms of conventional MFI and MFI prepared with alkyl-
triethoxysilanes (inset: pore size distribution of the corresponding sam-
ples).
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ane[13] can be synthesized, which have important relevance
in chemical industries. The synthesis of 7-hydroxy-4-methyl-
coumarin takes place by means of the Pechmann reaction.
The reaction proceeds through trans-esterification and intra-
molecular hydroxyalkylation, followed by dehydration. The
synthesis of flavanone occurs through the reaction between
2’-hydroxyacetophenone and benzaldehyde. The first step
yields 2’-hydroxychalcone through Claisen–Schmidt conden-
sation. Flavanone is obtained by intramolecular cyclisation
of the 2’-hydroxychalcone. The reaction results obtained are
summarized in Table 2. For the reactions (1)–(3) (Scheme 1)
involving large molecules, the zeolite samples synthesized
with ATES were found to be highly active compared to con-
ventional MFI-zeolite. In these reactions, the MFI-10PrTES
sample was significantly more active than the other catalysts
(Table 2). The total amount of acid sites characterized by
the TPD of NH3 did not correlate with the catalytic activity
and so some particular acid sites should be labeled working
active sites, and would depend on the reactions examined.
At present we do not know the details of the acidity of


those active sites and the distribution of them in the meso-
pores and micropores. However, it may be reasonable to
assume that one of important factors responsible for the dif-
ferences in the catalytic activity (Table 2) is improved mass
transport, owing to the presence of intracrystal mesopores.
To confirm this aspect, the catalytic activity was examined
for protection reaction (Entry 4, Table 2) involving reactants
with small molecular dimensions (i.e. , methanol and cyclo-
hexanone). In this case, the catalytic activity was found to
be very similar for all the catalysts investigated in this study
(Table 2). The high catalytic activity of MFI-10PrTES in all
the cases may be a result of the formation of smaller zeolite
crystallites and the presence of intracrystal mesopores be-
tween them, which will shorten the diffusion path and exhib-
it facile diffusion of product molecules.
In summary, the present study proposes a new method of


controlling the nano-crystal size and mesoporosity, by the
simple addition of alkyl-alkoxysilanes into conventional zeo-
lite-synthesis composition. The resultant zeolite products
have intracrystal mesoporosity and can exhibit significantly
enhanced catalytic activities for the synthesis of large mole-
cules that cannot enter zeolite micropores. Propyltriethoxy-
silane is more effective for the generation of mesoporosity
than methyltriethoxysilane and octyltriethoxysilane. It is
proposed that the mesoporosity could be generated accord-
ing to the nanoscale alternation of optimum hydrophobic,
organic-rich domains and less hydrophobic inorganic do-
mains, during the crystal growth. Further studies are in prog-
ress in our laboratory.


Experimental Section


In a typical synthesis of MFI-zeolite, alkylalkoxysilane (ATES, A=


propyl, methyl or octyl, purchased from Aldrich) was mixed with tetra-
propylammonium hydroxide (20% TPAOH aq. solution, TCI, Japan) and
sodium aluminate solution. The initial mixture was stirred for 15 min at
298 K, until it became a clear solution. Tetraethylorthosilicate (TEOS,
Aldrich) was added into the solution and stirring was continued for 6 h.
The molar composition of the gel mixture was TEOS/ATES/Al2O3/Na2O/
TPAOH/H2O, 100�x :x :2.5:3.3:25:2500 (x=2.5–15). This mixture was
transferred to a Teflon-lined autoclave and hydrothermally heated at
443 K for 3 d under static conditions. The final product was filtered,
washed with deionised water, and dried at 373 K. The organic template


and additives were removed by calci-
nations at 823 K for 4 h under flowing
air. The product was designated by
MFI-xPrTES according to the
number of moles (x) of the alkyltrie-
thoxysilane. For catalytic applications,
the calcined materials were ex-
changed with NH4


+ three times using
1 molar NH4NO3 solution. Then, the
NH4


+ exchanged-zeolite was calcined
again at 823 K to obtain the protonic
form of the zeolite.


X-ray diffraction (XRD) patterns of
the solid samples prepared were re-
corded in the 2q range of 5–708 with
a scan speed of 28min�1 by using a
Rigaku X-ray diffractometer using
CuKa radiation (l=0.1542 nm, 40 kV,


Scheme 1. Catalytic reactions investigated in this study.


Table 2. Catalytic applications of conventional MFI and MFI samples synthesized using different alkyltrie-
thoxysilanes.


Reactions MFI MFI-10MeTES MFI-10PrTES MFI-10OcTES


(1) benzyl chloride conversion [%] 1.6 12.7 33.9 5.2
mono-alkylated/di-alkylated product 99:1 92:8 89:11 ACHTUNGTRENNUNG(94:6


(2) 7-hydroxy-4-methylcoumarin [%] 8.5 27.8 50.7 18.6
(3) 2’-hydroxyacetophenone conversion [%] 7.5 16.5 23.8 12.7


flavanone/chalcone selectivity 65:35 65:35 63:37 63:37
(4) 1,1-dimethoxycyclohexane yield [%] 50.2 57.8 53.7 53.2


Reaction conditions : Methyl substituted diphenylmethane synthesis: toluene (50 mmol); benzyl chloride
(5 mmol); catalysts (100 mg); temperature (413 K), runtime (2 h). 7-Hydroxy-4-methylcoumarin synthesis: re-
sorcinol (5 mmol); ethylacetoactetate (7.5 mmol); catalyst (100 mg); temperature (423 K); runtime (4 h). Fla-
vonone/chalcone synthesis: 2’-hydroxyacetophenone (7 mmol); benzaldehyde (7 mmol); catalyst (100 mg);
temperature (423 K); runtime (8 h); Protection reaction: cyclohexanone (5 mmol); methanol (50 mmol); cata-
lyst (50 mg); temperature (298 K); runtime (2 h).
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20 mA) and a proportional counter detector. Nitrogen adsorption meas-
urements at 77 K were performed by using a NOVA 1000 series Quan-
tachrome Instruments volumetric adsorption analyzer. The samples were
out-gassed at 573 K for 4 h before the adsorption measurement. The spe-
cific surface area was determined by the BET method using the data
points of P/P0 in the range of about 0.05–0.3. The pore size distribution
was estimated by using the Barret–Joyner–Halenda (BJH) model. Scan-
ning electron microscopy (SEM) images were obtained by means of a
ACHTUNGTRENNUNGHitachi S-4300 F instrument. Small amount of sample was mounted on
carbon tape and then coated with evaporated gold prior to imaging.
Transmission electron microscopy (TEM) images were obtained by
means of a Hitachi H-800 instrument with a working voltage of 200 kV.
The calcined sample was dispersed in ethanol, mounted on a Cu grid,
dried, and used for TEM measurement. Solid-state NMR experiments
were performed by using a Bruker DSX300 spectrometer with a frequen-
cy of 59.63 MHz, a recycling delay of 600 s, and a radiation frequency in-
tensity of 62.5 kHz. Temperature-programmed desorption (TPD) experi-
ments were conducted by using a TPD-1-AT instrument (BEL Japan). In
a typical experiment, 250 mg of sample was placed in a U-shaped, flow-
through, quartz sample tube. Before the TPD experiments, the catalyst
was pretreated in He (50 cm3min�1) at 823 K for 1 h. After cooling down
to 373 K, ammonia (partial pressure 100 Torr) was adsorbed on the sam-
ples for 1 h. The sample was subsequently flushed by He stream
(50 cm3min�1) at 373 K for 1 h to remove physisorbed ammonia. The
TPD experiments were carried out in the range of 373–873 K at a heating
rate of 10 Kmin�1. The ammonia concentration in the effluent was moni-
tored by using a gold-plated, filament thermal conductivity detector.


All the catalytic reactions were performed in a Teflon-lined steel auto-
clave. In a typical alkylation reaction, toluene (50 mmol), benzyl chloride
(5 mmol) and catalyst (100 mg) were mixed and the reaction was con-
ducted at 413 K for 2 h. The reaction mixture was analyzed by gas chro-
matography. In a typical Claisen–Schmidt condensation reaction for the
synthesis of flavonone/chalcone, 2’-hydroxy acetophenone (7 mmol), benz-
aldehyde (7 mmol) and catalyst (pre-activated at 423 K, 100 mg under
vacuum) were mixed and the reaction was conducted at 423 K for 8 h.
The products were dissolved by adding a small amount of acetone to the
reaction mixture and were analyzed by gas chromatography. In the syn-
thesis of 7-hydroxy-4-methyl-coumarin, resorcinol (5 mmol), ethylaceto-
ACHTUNGTRENNUNGacetate (7.5 mmol), and catalyst (pre-activated at 423 K, 100 mg) were
mixed and the reaction was conducted at 423 K for 4 h. The products
were dissolved by adding a small amount of acetone to the reaction mix-
ture and were analyzed by gas chromatography. In the protection reac-
tion, cyclohexanone (0.98 g, 10 mmol) and methanol (3.2 g, 100 mmol)
were charged with catalyst (0.1 g) in a 25 mL round bottom flask. The re-
action was carried out at 298 K for 2 h under magnetic stirring. Products
were identified by using a GC-MS (Shimadzu GCMS-QP5050) and au-
thentic samples obtained from Aldrich. Quantitative determinations were
based on the measured response factors of the reactants and products.
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A New Class of Hydroxo-Bridged Heptacopper(II) Clusters with an
Acentrosymmetric Corner-Sharing Double-Cubane Framework Supported by
d-Penicillaminedisulfides


Asako Igashira-Kamiyama,[a] Junji Fujioka,[a] Seiichi Mitsunaga,[a] Motohiro Nakano,[b]


Tatsuya Kawamoto,[c] and Takumi Konno*[a]


Transition-metal clusters with a cubane-like framework
have received increasing attention because of their attrac-
tive physicochemical properties and biological relevance to
metalloenzymes.[1,2] In particular, considerable research ef-
forts have been devoted to the design and creation of poly-
copper(II) clusters with a Cu4X4 cubane framework, which
show ferromagnetic or antiferromagnetic behavior depen-
ACHTUNGTRENNUNGding on CuII···CuII distances and relative orientations of the
Jahn–Teller axes of CuII ions.[3–5] To date, a number of tetra-
copper(II) single-cubane clusters have been prepared and
their magnetostructural correlation has been extensively in-
vestigated by means of both experimental and theoretical
methods.[3] On the other hand, examples of heptacopper(II)
clusters featuring a corner-sharing double-cubane structure
are limited in number, and only three structural types of
compounds with an oxygen-bridged heptacopper(II) double-
cubane framework have been reported so far.[4] In these
compounds, an inner CuII atom that connects two cubanes is
commonly situated in an axially elongated octahedral envi-
ronment and lies on an intramolecular inversion center (i).
For corner-sharing double-cubane clusters, another type of
structure that does not possess an inversion center is also
possible (Figure 1). However, this type of cluster without i
has not been prepared for any oxygen-bridged metal com-


pounds, presumably owing to an unfavorable trigonal-pris-
matic coordination geometry required for a central metal in
this structure.[6] Thus, it is a great challenge to create hepta-
copper(II) double-cubane clusters without i, which are ex-
pected to exhibit intriguing physicochemical properties dif-
ferent from that found in related double-cubane clusters
with i.


In the course of studying the reactivity of thiolate ligands
bound to a cobaltACHTUNGTRENNUNG(III) center toward various transition
metal ions,[7] we noticed that the reactions of [Co(d-pen-
N,O,S)2]


� (d-H2pen=d-penicillamine) with copper(II) salts
afford blue copper(II) compounds that do not contain CoIII


ions, contrary to our expectation for the formation of some
sulfur-bridged CoIIICuII species. Here we report that the cop-
per(II) compounds obtained from the reactions of [Co(d-
pen-N,O,S)2]


� with CuX2 (X=Cl, Br) have a novel corner-
sharing double-cubane heptacopper(II) structure without i,
whereas the reaction with CuSO4 constructs a dicopper(II)
structure (Scheme 1). Remarkably, these structures were
found to contain d-penicillaminedisulfide (d-H2pends) as an
auxiliary ligand that connects two CuII ions, indicative of the
occurrence of a thiolate-to-disulfide oxidation. As far as we
know, such an oxidation of thiolate ligands bound to a
cobalt ACHTUNGTRENNUNG(III) center, followed by the transfer of resulting disul-
fides to copper(II) centers, has not been reported. The mag-
netic behavior of the obtained double-cubane heptacop-
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Figure 1. Two types of corner-sharing double-cubane framework a) with
an inversion center and b) without an inversion center.
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ACHTUNGTRENNUNGper(II) clusters without i, which is different from that of re-
lated heptacopper(II) clusters with i, is also presented.


Treatment of a dark brown aqueous solution of K[Co(d-
pen-N,O,S)2] with 2 molar equivalents of CuCl2, followed by
allowing to stand at room temperature, led to the formation
of blue crystals with a trigonal-pyramidal-like shape (1). X-
ray fluorescence spectrometry indicated that 1 does not con-
tain Co but only Cu as a metal component. The presence of
d-penicillamine-residues bound to a copper(II) center in 1
was confirmed by studies of its solid sample by using infra-
red spectroscopy (ñCO=1636 cm�1), UV/vis spectroscopy (a
broad band, l=697 nm), and circular dichroism (a negative
band at l=557 nm), together with the elemental analysis.[8,9]


The structure of 1 was determined by single-crystal X-ray
crystallography (Figure 2).[8] Complex 1 is a neutral com-
pound consisting of seven CuII, six OH�, and two Cl�, to-
gether with three d-pends with the averaged S�S distance of
2.031(3) I. The inner CuII (Cu1) atom is linked with six
outer CuII atoms (Cu2�Cu7) through m3-OH� ions to con-
struct an oxygen-bridged heptacopper(II) structure. The two
outer CuII


3 trigonal faces are each capped with a terminal
Cl� ion, completing a corner-sharing double-cubane frame-
work of [Cu7ACHTUNGTRENNUNG(m3-OH)6ACHTUNGTRENNUNG(m3-Cl)2]


6+ . Each of three d-pends li-
gands links two outer CuII atoms in a bis(bidentate-N,O) co-
ordination mode so as to wrap the double-cubane core. This
linkage forces the six outer CuII atoms to sit at the vertexes
of a trigonal prism such that the double-cubane core does
not possess an intramolecular inversion center. It is noted
that the two cubanes shared by the inner CuII atom are not
symmetric, as shown by the different Cu···Cu distances
(Cu1�Cu2=2.811(1) I, Cu1�Cu3=3.365(1) I, Cu1�Cu4=


3.271(1) I, Cu1�Cu5=2.862(1) I, Cu1�Cu6=3.103(1) I,
Cu1�Cu7=3.093(1) I). The inner CuII atom is situated in a
distorted trigonal-prismatic coordination environment with
four normal (Cu1�O1=1.939(4) I, Cu1�O2=1.979(4) I,
Cu1�O4=1.969(4) I, Cu1�O5=1.963(4) I) and two cis
elongated (Cu1�O3=2.758(5) I, Cu1�O6=2.354(5) I)
Cu�O bonds.[10] This distortion seems to a result of the
Jahn–Teller effect for the trigonal-prismatic geometry. On
the other hand, each of the outer CuII atoms adopts a
square-pyramidal geometry, coordinated by N and O atoms


from a d-pends ligand (av. Cu�O=1.945(5) I, Cu�N=


1.977(5) I) and two OH� ions (av. Cu�O=1.978(4) I) in
an equatorial plane and a Cl� ion in an apical position (av.
Cu�Cl=2.696(2) I). The vacant sixth coordination site of
each outer CuII atom is covered by a disulfide fragment with
the averaged Cu···S separation of 3.314(2) I.[11]


Similar treatment of K[Co(d-pen-N,O,S)2] with CuBr2


also gave blue trigonal-pyramidal crystals (2), the spectro-
scopic features of which agree with those of 1.[8] X-ray anal-
ysis demonstrated that 2 has a corner-sharing double-cubane
structure in [Cu7ACHTUNGTRENNUNG(m3-OH)6ACHTUNGTRENNUNG(m3-Br)2 ACHTUNGTRENNUNG(d-pends)3] having an
acentrosymmetric [Cu7ACHTUNGTRENNUNG(m3-OH)6ACHTUNGTRENNUNG(m3-Br)2]


6+ framework.[8]


The overall structure of 2 is very similar to that of 1, except
the presence of two Br� ions at the terminal in place of Cl�


ions. If K[Co(d-pen-N,O,S)2] was reacted with CuSO4, in-
stead of CuCl2 or CuBr2, however, deep blue block crystals
(3) were produced. This compound was also obtained by the
reactions with Cu ACHTUNGTRENNUNG(BF4)2, CuACHTUNGTRENNUNG(ClO4)2, or CuACHTUNGTRENNUNG(NO3)2. Whereas
3 shows a ñCO band assigned to COO� groups (ñ =


1615 cm�1), as do 1 and 2, its solid state UV/vis (a broad
band l=631 nm) and CD (a positive band l=614 nm) spec-
tra are significantly different.[8] X-ray analysis revealed that
3 has a dicopper(II) structure in [Cu2ACHTUNGTRENNUNG(d-pends)2ACHTUNGTRENNUNG(H2O)2], in
which two CuII ions are spanned by two d-pends ligands.[12]


These results point out that the construction of the hepta-
copper(II)/dicopper(II) structures is highly dependent on
the presence/absence of halide ions that can cap the termi-
nal CuII


3 faces to complete the double-cubane framework.
Magnetic susceptibility data for 1 and 2 having a double-


cubane framework were recorded in the temperature range
of 2–300 K; the cMT vs. T plots for 1 are shown in
Figure 3.[8] At 300 K, the cMT values for 1 (2.46 cm3Kmol�1)


Scheme 1. The reactions of [Co(d-pen-N,O,S)2]
� with CuX2 (X=Cl, Br)


or CuSO4, which form heptacopper(II) and dicopper(II) structures.


Figure 2. a) A molecular structure of 1 and b) its core structure. Hydro-
gen atoms and a disordered copper atom (Cu1B) are omitted for clarity.
Cl green, Cu brown, C gray, N blue, O red, S yellow.
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and 2 (2.55 cm3Kmol�1) are slightly smaller than the spin-
only value of 2.63 cm3Kmol�1 for the magnetically dilute
seven CuII centers with the g value of 2.0. On lowering the
temperature, the cMT values for each of 1 and 2 continuous-
ly decrease, indicative of an overall antiferromagnetic char-
acter of interaction between CuII centers. Notably, no pla-
teau is observed up to 2 K, and the cMT values at 2 K
(0.56 cm3Kmol�1 for 1 and 0.53 cm3Kmol�1 for 2) are ap-
preciably greater than the value expected for an S= 1=2
ground state (cMT=0.38 cm3Kmol�1). In addition, the field
dependent magnetization studies for 1 and 2 at 2 K com-
monly gave magnetization values greater than the theoreti-
cal values for S= 1=2.


[13] These results obviously imply that
for 1 and 2 the thermal excitation from an S= 1=2 ground
state to a higher spin state takes place even at 2 K. An over-
all antiferromagnetic interaction has also been recognized
for related heptacopper(II) double-cubane clusters, [Cu7-
ACHTUNGTRENNUNG(HpztBu)12ACHTUNGTRENNUNG(m3-X)2ACHTUNGTRENNUNG(m3-OH)6]


6+ (X=Cl, Br, NO3) (HpztBu=5-
tert-butylpyrazole), which possess an inversion center at the
inner CuII atom.[4a,b] However, the cMT values for these hep-
tacopper(II) compounds with i reach a plateau of
0.45 cm3Kmol�1 at 15 K, which is close to the value for an
S= 1=2 ground state (cMT=0.41 cm3Kmol�1 for g=2.1).
Thus, the magnetic structures of 1 and 2 are different from
that of [Cu7 ACHTUNGTRENNUNG(HpztBu)12 ACHTUNGTRENNUNG(m3-X)2ACHTUNGTRENNUNG(m3-OH)6]


6+ , which is ascribed
to the acentrosymmetric arrangement of CuII atoms in the
chiral [Cu7ACHTUNGTRENNUNG(m3-OH)6ACHTUNGTRENNUNG(m3-X)2]


6+ double-cubane framework.[14]


In summary, we have shown that the facile reactions of
the d-penicillaminato cobaltACHTUNGTRENNUNG(III) complex, [Co(d-pen-
N,O,S)2]


� , with CuX2 (X=Cl, Br) afford optically active
heptacopper(II) clusters bearing d-penicillaminedisulfide,
[Cu7ACHTUNGTRENNUNG(m3-OH)6ACHTUNGTRENNUNG(m3-X)2ACHTUNGTRENNUNG(d-pends)3]. It has been reported that
the direct reaction of CuX2 and d-H2pends gives the dicop-
per(II) complex with d-pends (3),[12] whereas the reaction of
CuCl2 and d-H2pen in the presence of base produces the
mixed-valence CuI


8CuII
6 complex with d-pen ([CuI


8CuII
6ACHTUNGTRENNUNG(d-


pen)12Cl]5�).[15] Thus, an intramolecular redox reaction be-
tween CoIII and coordinated thiolate, which is induced by
CuII, led to the formation of a heptacopper(II) species with
disulfide.[16] Note that the resulting d-pends ligand links
outer CuII centers of the heptacopper(II) double-cubane
core, which is a key to the construction of the first example
of an oxygen-bridged corner-sharing double cubane frame-
work without i. Finally, the present results should provide


an insight into the metal-mediated thiolate-disulfide conver-
sion that is an important redox reaction in biological sys-
tems,[17] and also open the way to the creation of novel tran-
sition-metal clusters that exhibit unique structural and mag-
netic properties.


Experimental Section


Experimental details, together with spectroscopic data, are given in the
Supporting Information.
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Introduction


Protein phosphorylation and dephosphorylation is a key reg-
ulating mechanism of biological processes and, therefore, is
a post-translational modification of profound biological im-
portance.[1] Defects in the function or level of the enzymes
carrying out the modification, that is, the kinase/phosphatase
switch, have been implicated as the major cause of several
diseases, including cancer. Comprehensive mapping of the
phosphoproteome is, therefore, an important objective in
today2s proteomics research.[2–5] In this context, it has
proven particularly difficult to obtain a comprehensive view
of proteins phosphorylated at tyrosine (Scheme 1).[4] This is
because the prefractionation techniques used for this pur-
pose commonly lack the selectivity, sensitivity, and robust-
ness required for reproducibly extracting these low-abun-


dant proteins.[2] An urgent need for alternative affinity tech-
niques has therefore emerged.


In this area, molecularly imprinted polymers could play
an important role, thus complementing currently used im-
munological and chemical methods. Molecular imprinting
has resulted in a range of robust polymer-based receptors,
predominantly for small lipophilic target molecules.[6,7] The
technique entails copolymerization of mono- and bifunction-
al monomers in the presence of a template, which is there-
after removed to leave sites that can be reoccupied by the
template or closely related compounds. Regarding biological
receptors, they are distinguished by their robustness and
ease of synthesis, which has led to their assessment in a
range of molecular-recognition-based applications that
target small molecules.


Although molecularly imprinted polymers (MIPs) have
proven their value for the enrichment of low-molecular-
weight analytes, their use in the enrichment of peptide or
protein target molecules has so far met with limited suc-
cess.[8] Epitope imprinting, which uses shorter peptide se-
quences that correspond to the N� or C� termini of the
target, has, in this context, emerged as a promising strat-
egy.[9–11]


Following this approach to the synthesis of phospho-pep-
tide or protein receptors, we reasoned would require the for-
mation of a tight binding site for the phosphorylated side
chain. Binding of this residue should be strong enough to
overcome unfavorable secondary interactions and the site
should be accessible for protein targets. In a first attempt to
meet these requirements, we decided to make use of our re-
cently reported urea-based host monomers[12–14] in combina-
tion with an N,O-protected pTyr template (Scheme 2) and
to probe the recognition properties on a peptide level. We
anticipated that these neutral hydrogen-bond receptors
would provide sufficient binding energy while not suffering
from the charge-dependent sequence bias commonly ob-
served for positively charged chelating receptors.[15]


Abstract: Hyperphosphorylation at ty-
rosine is commonly observed in tumor
proteomes and, hence, specific phos-
phoproteins or phosphopeptides could
serve as markers useful for cancer diag-
nostics and therapeutics. The analysis
of such targets is, however, a challeng-
ing task, because of their commonly
low abundance and the lack of robust
and effective preconcentration tech-
niques. As a robust alternative to the
commonly used immunoaffinity tech-
niques that rely on phosphotyrosine-


ACHTUNGTRENNUNG(pTyr)-specific antibodies, we have de-
veloped an epitope-imprinting strategy
that leads to a synthetic pTyr-selective
imprinted polymer receptor. The bind-
ing site incorporates two monourea li-
gands placed by preorganization
around a pTyr dianion template. The
tight binding site displayed good bind-


ing affinities for the pTyr template, in
the range of that observed for corre-
sponding antibodies, and a clear prefer-
ence for pTyr over phosphoserine
(pSer). In further analogy to the anti-
bodies, the imprinted polymer was ca-
pable of capturing short tyrosine phos-
phorylated peptides in the presence of
an excess of their non-phosphorylated
counterparts or peptides phosphorylat-
ed at serine.
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Experimental Section


Materials : Phosphoroxytrichloride (POCl3), N-methylmorpholine
(NMM), 1-naphthyl dihydrogenphosphate (NP), tetraethylammonium
tetrafluoroborate (TEATFB), trimethylolpropane trimethacrylate
(TRIM), ethylene glycol dimethacrylate (EDMA), triethylamine (TEA),
2,2-diphenyl-1-picrylhydrazyl (DPPH), 1,3-bis(isocyanatemethyl)benzene,
and tetrabutylammonium hydroxide (TBAOH) were Aldrich products
obtained from Sigma-Aldrich (Milwaukee, USA); toluene from Fischer
(ZMrich, Switzerland); 1,2,2,6,6-pentamethylpiperidine, benzoin methyl
ether (BME), and 3-[(methacryloyl)oxypropyl]trimethoxysilane (g-
MAPS) from Fluka (Buchs, Switzerland); N,N-dimethylformamide
(DMF) from Riedel-deHaNn (Seelze, Germany); 2,2’-azobisisobutyroni-
trile (AIBN) from SERVA (Heidelberg, Germany); acetonitrile (MeCN)
and methanol from J.T. Baker (Phillipsburg, NJ, USA); N,N’-azo-bis(2,4-
dimethyl)valeronitrile (ABDV) from Wako Chemicals GmbH (Neuss,
Germany); 2,2,4-trimethylpentane from Merck (Darmstadt, Germany);
4-aminostyrene from Lancaster (UK); THF and dichloromethane from
Acros (Geel, Belgium); and deuterated dimethyl sulfoxide ([D6]DMSO)
from Deuterio GmbH (Kastellaun, Germany).


The analytes Fmoc-pSerOH and Fmoc-pTyrOH (Fmoc= (9-fluorenylme-
thyl)carbamate, pSer=phosphoserine) were purchased from Bachem
GmbH (Weil am Rhein, Germany); the peptide angiotensin and phos-
phoangiotensin from Calbiochem–Merck (Darmstadt, Germany); the
zeta-chain-associated protein kinase 70 kDa (ZAP-70) peptides and ref-
erence peptides Ser-436, pSer-436, Ser-357, pSer-357, and pThr-295 (Ser=


serine, pThr=phosphothreonine) were generous gifts from Prof. Rainer
Bischoff (University of Groningen, Netherlands; ZAP-70) and Priv. Doz.
Dr. Rainer Lehmann (University Hospital TMbingen, Germany), respec-
tively.


EDMA was purified by the following
procedure prior to use: The received
material was washed consecutively
with 10% aqueous NaOH, water,
brine, and water. After drying over
MgSO4, pure dry EDMA was obtained
by distillation under reduced pressure.
All the other reagents were used as re-
ceived. The anhydrous solvents were
stored over the appropriate molecular
sieves. The other solvents were of re-
agent grade or higher. The functional
monomer N-3,5-bis(trifluoromethyl)-
phenyl-N’-4-vinylphenylurea (1) was
synthesized as reported previously.[14]


The substrates Fmoc-TyrOMe, Fmoc-
GluOMe, and Fmoc-LysOMe (Tyr=


tyrosine, Glu=glutamic acid, Lys=


lysine) were synthesized following
standard procedures from the corre-
sponding amino acid methyl esters and
N-fluoren-9-yl methoxycarbonyloxy-
succinimide.


The materials used for the MALDI-
TOF mass-spectrometric analysis were
as follows: Aqueous solutions were
prepared using Milli-Q water filtered
through a 0.2-mm membrane (Milli-
pore). 2,5-Dihydroxybenzoic acid
(DHB), a-cyano-4-hydroxycinnamic
acid (CHCA), and phosphoric acid
were purchased from Sigma-Aldrich
(Milwaukee, USA).


Apparatus and methods : NMR spectra
were recorded using a Bruker Ad-
vance DRX300 spectrometer unless
otherwise stated. Elemental analysis
was performed at the Department of
Organic Chemistry, Johannes Guten-


berg UniversitFt (Mainz) on a Heraeus CHN rapid analyzer (Hanau,
Germany). FT-IR spectroscopy was performed on a NEXUS FT-IR spec-
trometer (Thermo Electron Corporation, Dreieich, Germany). Nitrogen
sorption measurements were performed on a Quantachrome Autosorb
6B automatic adsorption instrument (Quantachrome Corporation, Boyn-
ton Beach, FL). Prior to the measurements, samples (100–150 mg) were
heated at 40–60 8C under high vacuum (10�5 Pa) for at least 12 h. The
specific surface areas S were evaluated by using the BET method, the
specific pore volumes Vp by following the Gurvitch method, and the aver-
age pore diameter Dp by using the Barrett-Joiner-Halenda (BJH) theory
applied to the desorption branch of the isotherm.


Measurement of swelling: NMR tubes were filled during intermittent vi-
brations up to 1 cm with dry polymer particles and weighed. Solvent
(1 mL) was added and the particles allowed to soak in the solvent for
24 h. The particles were then allowed to settle and the bed height of the
swollen particles was measured. The swelling factor was calculated as the
ratio of the bed height of the swollen particles to the bed height of the
dry particles.


1,1’-[1,3-Phenylenebis(methylene)]bis[3-(4-vinylphenyl)urea] (2): 1,3-Bi-
s(isocyanatemethyl)benzene (0.78 mL, 5 mmol) was added to a stirred so-
lution of 4-aminostyrene (1.19 g, 10 mmol) in dry THF (40 mL) at room
temperature and under a flow of nitrogen. The reaction proceeded over-
night after which a white precipitate formed. The precipitate was filtered
and dried under vacuum to afford the desired product as a white amor-
phous powder (yield: 1.49 g, 70%). 1H NMR (300 MHz, [D6]DMSO): d=


4.25 (d, 4H), 5.05 (d, 2H), 5.61 (d, 2H), 6.59 (dd, 4H), 7.1–7.4 (m, 12H),
8.58 ppm (s, 2H); elemental analysis calcd (%) for 2 : C 73.2, H 6.14, N
13.14; found: C 72.3, H 6.0, N 13.0.


Scheme 1. The main motifs formed by post-translational phosphorylation of proteins.


Scheme 2. Prepolymerization complexes formed between monourea monomer 1 and receptor monomer 2 with
Fmoc-pTyrOMe and the procedure for the preparation of the corresponding imprinted polymers. The poro-
gens used were THF for P1 and DMF for P2.
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1-(4-Vinylphenyl)-3-[3,5-bis(trifluromethyl)phenyl]thiourea (3): 3,5-Bis-
(trifluoromethyl)phenylisothiocyanate (3.5 mmol) was added to a stirred
solution of 4-aminostyrene (3.5 mmol) in dry THF (20 mL) under nitro-
gen. The solution was heated to reflux overnight and then the solvent
was evaporated under reduced pressure. The resulting solid residue was
purified by column chromatography (silica gel, CH2Cl2) to give the de-
sired product in 60% yield. 1H NMR (300 MHz, [D6]DMSO): d =5.22 (d,
1H), 5.28 (d, 1H), 6.76 (dd, 1H), 7.51 (s, 4H), 7.77 (m, 1H), 8.34 (s, 2H),
9.47 (s, 1H), 9.56 ppm (s, 1H); 13C NMR (300 MHz, [D6]DMSO): d=


114.21, 117.18, 122.22, 123.7, 124.13, 124.24, 124.94, 126.87, 129.85, 130.17,
130.50, 130.82, 134.37, 136.33, 138.44, 142.04, 179.81 ppm; FAB MS: m/z :
390.0 [M+], 391.0 [M+H]+ ; elemental analysis calcd for C17H12F6N2S: C
52.31, H 3.10, N 7.18, S 8.21; found: C 52.19, H 3.14, N 7.22, S 8.25.


N-(9-Fluorenylmethoxycarbonyl)-O’-phosphonotyrosine methyl ester
(Fmoc-pTyrOMe): The synthesis of Fmoc-pTyrOMe followed a previous-
ly reported procedure starting from Fmoc-TyrOMe.[16] POCl3 (1.34 mL,
14.4 mmol) and NMM (0.95 mL, 8.6 mmol) were added to Fmoc-
TyrOMe (3.00 g, 7.2 mmol) in dry dichloromethane (75 mL). The solution
was stirred for 3 h, whereby the conversion was monitored by TLC
(chloroform/acetone, 19:1). An additional portion of POCl3 (0.5 mL) and
NMM (0.4 mL) were added, and the solution stirred for another 4 h. The
organic phase was washed with 1n HCl (2R) and water (1R) and there-
after evaporated. The residue was taken up in acetone (20 mL), stirred
for 5 min, and evaporated. This procedure was repeated three times. The
product was purified twice by column chromatography (silica gel, chloro-
form/methanol, 9:1, 1% acetic acid) to yield 2.13 g (61.3%). The purity
was estimated by reversed-phase HPLC to be approximately 95% based
on peak areas (column: C-18 Luna, mobile phase: MeCN/water (50:50,
v/v, 1% TEA), UV: l =254 nm). 1H NMR (300 MHz, [D6]DMSO): d=


2.75–3.10 (m, 2H), 3.6 (s, 4H), 4.1–4.3 (m, 4H), 7.0–8.0 ppm (m, 12H);
31P NMR (300 MHz, [D6]DMSO): d=�1.523 ppm (s, PO4


�); FAB MS:
m/z : 496.16 [M�H]� ; elemental analysis calcd (%) for the dihydrated
complex: C 56.3, H 5.29, N 2.63; found: C 56.7, H 5.15, N 2.75.


Bis(tetrabutylammonium) 1-naphtyl phosphate (TBA2NP): A solution of
tetrabutylammonium hydroxide in methanol (1m, 4.46 mL, 2 equiv) was
added to 1-naphtyl phosphate (0.50 g, 2.2 mmol) in dry methanol
(10 mL). The reaction mixture was stirred at room temperature for 2 h.
The solvent was removed under vacuum and the oily residue dried over
P2O5. The bis(tetrabutylammonium) salt of the template Fmoc-pTyrOMe
was synthesized in a similar manner.


Tetrabutylammonium hydrogen-1-naphtyl phosphate (TBAHNP): A so-
lution of tetrabutylammonium hydroxide (1m, 2.2 mL, 1 equiv) in metha-
nol was added to 1-naphthyl phosphate (0.50 g, 2.2 mmol) in dry metha-
nol (10 mL) and the resulting solution was stirred at room temperature
for 2 h. The solvent was removed and the residue dried over P2O5 to give
a light-brown solid.
1H NMR spectroscopic titrations and estimation of the complex stoichio-
metries and association constants : The complex stoichiometry was first
assessed using the Job method of continuous variation. Stock solutions of
the host monomer and guest (2 mm in [D6]DMSO, respectively) were
combined in NMR tubes, thereby resulting in the following molar ratios:
0:10, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 10:0m. NMR spectra were thereafter
recorded and the proton signals, which could be monitored for all the
mixing ratios, were used for the evaluation of the complex stoichiometry.


All 1H NMR spectroscopic titrations were performed in dry deuterated
solvents. The association constants K for the interaction between the
hosts and guests were determined by titrating an increasing amount of
guest (e.g., TBAHNP) into a constant amount of functional monomer
(i.e., 1 or 2). The concentration of the functional monomer was 1 mm and
the amount of added guest was 0, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 4.0, 6.0, and
10.0 equivalents. The complexation induced shifts (CISs) of the host urea
or vinyl protons were followed and titration curves were constructed of
CIS versus guest concentration. The raw titration data were fitted to a
1:1 binding isotherm by nonlinear regression using Microcal Origin 5.0,
from which the association constants were calculated.


Modeling : The workstation used to simulate monomer/template interac-
tions was a Silicon Graphics Octane with the IRIX 6.5 operating system.
The workstation was configured with two 195-MHz reduced instruction


set processors, 2-GB memory, and a 20-GB fixed drive. This system was
used to execute the software packages SYBYL 7.0 (Tripos Inc., St. Louis,
Missouri, USA). The molecular model of monomer/template (dianion)
complexes were minimized by using Tripos Force Fields, Gasteiger—
HMckel charges, and the Powell minimization method and refined with
the molecular mechanics method by applying an energy minimization
with the MAXIMIN2 command. Energy minimization was performed on
the monomer/template complexes to a value of 0.001 kcalmol�1, and
these complexes were then used for calculating the binding energy of
complexation of the template to the monomers by using a computational
docking program FlexiDock. The energy calculations were made based
on a site-point matching score and the resulting energies cannot be equa-
ted with interaction enthalpies.


Polymer preparation


Crushed monoliths : Imprinted polymers P1 and P2 were prepared in the
following manner: The bis(tetrabutylammonium) salt of Fmoc-pTyrOMe
(template; 0.5 mmol), urea monomer (P1: 1 mmol 1; P2 : 0.5 mmol 2),
methacrylamide (4 mmol), and EDMA (20 mmol) were dissolved in THF
for P1 or DMF for P2 (5.6 mL). The initiator ABDV (1% w/w of total
monomer) was added to the solution. The solution was transferred to a
glass ampoule, cooled to 0 8C, and purged with a flow of dry nitrogen for
10 min. The tubes were then flame-sealed while still cooling, and the
polymerization initiated by placing the tubes in a thermostatted water
bath preset at 50 8C. The tubes were broken after 24 h and the polymers
lightly crushed. They were washed thereafter with MeOH/0.1n HCl (1:1,
3R), and extracted in a Soxhlet apparatus with methanol for 24 h. This
process was followed by further crushing and sieving, whereby the frac-
tion of 25–36 mm was used for packing the HPLC columns to evaluate
the binding properties. Nonimprinted polymers (PN1 or PN2) were pre-
pared in the same manner described above, but with the omission of the
template molecule from the prepolymerization solution.


Capillary monolithic supports : Polyimide-coated capillaries of 250 mm i.d.
and 360 mm o.d. were obtained from Polymicro Technologies (Phoenix,
Arizona, USA). These capillaries were pretreated according a procedure
based on our previous study.[17] The capillaries were washed with acetone
and deionized water, flushed for approximately 5 min with 1m aqueous
NaOH, sealed in the filled state, etched by heating in a circulating air
oven at 120 8C for 2 h, and cooled to room temperature. A washing pro-
cedure of deionized water and acetone (15 min each in sequence) was
employed and the final drying took place in a vacuum oven at 60 8C for
at least 1 h. A silanization reaction to introduce methacrylic anchoring
groups onto the surface was carried out by filling the capillary with a
mixture of g-MAPS in DMF (1:1, v/v) containing 0.01% DPPH. The ca-
pillaries were sealed as above and heated at 120 8C for 6 h. Finally, the
capillaries were washed with acetone and dried in a vacuum oven at
60 8C for at least 3 h.


A polymeric capillary core monolith was prepared in situ in a 2-m pre-
treated capillary with a solution of TRIM (40%, w/w) in a mixture of
2,2,4-trimethylpentane/toluene (70:30, w/w) as the porogen[18] and AIBN
(1% with respect to the weight of TRIM) as the initiator for thermal
polymerization, which proceeded for 24 h at 60 8C. This capillary core
monolith was scored and snapped into 70-mm long pieces, which were in-
dividually subjected to intensive cleaning (>30 column volumes) with
methanol on a Shimadzu model LC-10ADVP HPLC pump (Kyoto,
Japan) with the microstepping option running at 10 mLmin�1. The capilla-
ries were ranked by their back pressure as measured by the HPLC
system during the washing step, and only columns that showed a constant
back pressure of 3.7–3.9 MPa were selected for the grafting step. On
each of these capillary core monolith columns, a UV transparent window
was then made by removing 40 mm of the polyimide coating in the cen-
tral part of the column with a scalpel, thus leaving 15 mm on each side to
allow fitting of the column with fittings and sleeves, obtained from Up-
church Scientific (Oak Harbor, WA, USA).


Grafting of the imprinted polymer to capillary monolithic supports : The
prepolymerizaton mixture was prepared as follows: The template Fmoc-
pTyrOMe (�2 mg) was mixed with the strong, non-nucleophilic base
1,2,2,6,6-pentamethylpiperidine[19] (2 equiv) to form the ionized template.
The grafting solution was then prepared by mixing the template (T), urea
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monomer 1, and EDMA in acetonitrile (T/1/EDMA=1:4:40) to make up
a 12% (w/w) monomer solution, and AIBN (1% w/w with respect to the
combined monomer weight) was finally added as the initiator. This solu-
tion was introduced in an empty fused-silica capillary (1 mR250 mm i.d.)
and methanol was propelled by an HPLC pump to force the solution into
each 70-mm column. After 10 column volumes had been pumped through
the column, the column was sealed at both ends by GC septa and photo-
grafting was carried out in a UV Spectrolinker XL-1500 (Spectronics
Corporation, Westbury, NY, USA) at l=365 nm to establish the imprint-
ed polymer layer. The temperature inside the photografting chamber was
kept at (�10�3) 8C, and the light intensity in the polymerization zone
was 3.3 mWcm�2, as determined by an International Light Model IL1400
radiometer with a model XRL140B probe (Newburyport, MA, USA).
After the polymerization was completed, a 1-mm piece was trimmed
from each capillary end, and thereafter the capillaries were individually
flushed by at least 30 column volumes of methanol at 10 mLmin�1. The
back pressure was measured again during the washing step, and columns
that did not show an increase in the back pressure of (0.4�0.1)MPa
were discarded. The nonimprinted reference polymers were prepared in
the same way, but the template complex was omitted from the grafting
mixture.


HPLC evaluation : The 25—36-mm particle-size fraction was sedimented
repeatedly (methanol/water, 80:20) to remove fine particles and then
slurry-packed into HPLC columns (30R4.6 mm i.d. or 50R4.6 mm i.d.)
using the same solvent mixture as the pushing solvent. Subsequent analy-
ses of the polymers were performed using an Agilent HP1050 or HP1100
system equipped with a UV diode-array detector (DAD) and a worksta-
tion. Analyte detection was performed at l =260 and 220 nm, depending
on the analyte, and a flow rate of 0.5 mLmin�1. The retention factor k
was calculated as k= (t�t0/t0), where t is the retention time of the analyte
and t0 is the retention time of the void marker (acetone or sodium ni-
trate).


Micro-LC evaluation : A micro-HPLC system (Shimadzu, Kyoto, Japan)
consisting of an LC-10 ADVP pump and a SPD-10 AVP UV-detector
fitted with a 35-nL cell from LC Packings (Amsterdam, The Netherlands)
was used in the chromatographic evaluation with pure acetonitrile as the
eluent. All the analytes were dissolved in acetonitrile and injected at
room temperature using a microinjector (Upchurch, Oak Harbor, WA,
USA) with a 35-nL external capillary loop and an electric actuator. The
concentration of the injected analytes was set at 20 mgmL�1 (chosen for
the best peak shape, retention properties, and detection) and special care
was taken to keep this value accurate from one sample to another. Data
acquisition was performed using Clarity software (DataApex, Prague,
Czech Republic). All the spectra were recorded for 40 min at a flow rate
of 4 mLmin�1. An equilibration period of 20 min was allowed between
runs to decrease the amount of analyte retained on the column. As a
result of peak asymmetry, the retention parameters were calculated
based on the center of gravity of the peaks. Peak-shape considerations
were used for selecting the concentration of the injected solutions.


Frontal analysis : Frontal analysis was performed using columns (50R
4.6 mm) packed with P1 and PN1 to determine single-component adsorp-
tion isotherms. The concentration steps were assessed by using the stair-
case method with stock solutions of Fmoc-pTyrOMe (0.001 gL�1 and
0.01 gL�1). Ten steps in each series (10% steps) gave 20 experimental
points over a 100-fold concentration range. The step times in each series
were chosen to allow complete equilibration of the mobile phase with
the stationary phase. Before starting the next, higher concentration
series, washing times were typically set to more than three times the
equilibration time because as this procedure was shown experimentally
to afford correct and reproducible breakthrough times. Staircase chroma-
tograms were recorded at l=210 and 265 nm, depending on the analyte
concentration, to allow a sufficient signal-to-noise ratio and ensure a
linear detector response. All frontal chromatograms were evaluated
using the area method[20] as implemented with a Microsoft Excel work-
sheet. The adsorbed amount q* is given in Equation (1), which is adapted
from the step series to staircase:


q*nþ1 ¼ q*n þ ðCnþ1�CnÞFv½teq�ðt0�teaÞ�tep	=½Vc�Fvðt0�teaÞ	 ð1Þ


where C is the analyte concentration in the mobile phase, Fv is the solu-
tion flow rate, teq is the breakthrough time as determined with the area
method, t0 is the measured void time of the column, tea and tep are the
extra column times from the autosampler and pump, respectively, deter-
mined by replacing the column with a zero dead volume connector (tea
was determined by injecting from the autosampler and tep by running a
step gradient with subsequent determination of the breakthrough times),
and Vc is the geometrical volume of the column tube.


Igor Pro v.3.14 (WaveMetrics inc., Lake Oswego, OR, USA) was used
for nonlinear fitting of theoretical isotherms to experimental data, and
best fits were evaluated with the Fisher test.[21] The adsorption isotherm
models evaluated were Langmuir [Eq. (2)], bi-Langmuir [Eq. (3)], and
Freundlich [Eq. (4)] where q* is the concentration in the stationary phase
at equilibrium with concentration C and C is the concentration in the
mobile phase.


q* ¼ qsbC=ð1þ bCÞ ð2Þ


q* ¼ qs1b1C=ð1þ b1CÞ þ qs2b2C=ð1þ b2CÞ ð3Þ


q* ¼ aCm ð4Þ


The Langmuir models [Eqs. (2) and (3)] assume that one [Eq. (2)] or two
[Eq. (3)] distinguishable classes of sites are present on the surface, each
with saturation capacity qs and binding constant b. The Freundlich iso-
therm [Eq. (4)], on the other hand, assumes sites to have a Gaussian dis-
tribution of binding strengths. Herein, the width of the Gaussian distribu-
tion describes the degree of heterogeneity through the index m.


Solid-phase extraction : Solid-phase extraction (SPE) experiments were
performed off-line by using HPLC columns (30R4.6 mm i.d.) packed
with P1 and PN1 and manual fraction collection at the detector outlet.
The hardware consisted of an Agilent HP 1050 system equipped with a
binary pump, a diode-array UV detector, and workstation. Analyte de-
tection was performed at l=260 and 220 nm, depending on the analyte,
and a flow rate of 0.5 mLmin�1. The SPE experiments comprised a 2-h
conditioning step using the loading solvent A, a loading step also using
the loading solvent A, and an elution step using a stronger eluent B. The
loading consisted of injecting single peptides or a peptide mixture
(10 mL) and passing the load solvent through the column for a given
time. Either one or two fractions were collected in the load and elution
steps. After each run, the columns were regenerated by continuous wash-
ing with MeOH (single peptide runs) or MeOH with 0.1% trifluoroacetic
acid (TFA; peptide mixture runs) for at least 2 h. The single-peptide
standards were prepared by diluting a peptide stock solution (100 mL,
1 mgmL�1 in Millipore water) to 1 mL with mobile phase A. The model
peptide mixtures comprised either all of the nine peptides shown in
Table 6 dissolved in water or a limited set of them. The non-pTyr contain-
ing peptides were present at a concentration of 11 mgmL�1, whereas the
pTyr peptides (pAng and pZAP-70) were present at a concentration of
11 or 0.11 mgmL�1.


MALDI-TOF mass spectrometry : Mass-spectrometric analysis of the
fractions collected during the SPE experiments was performed using a
MALDI reflector time-of-flight mass spectrometer (Autoflex II mass
spectrometer, Brucker-Daltonics GmbH, Bremen, Germany) equipped
with a Scout-384 source unless otherwise stated. Ions were generated by
irradiation of analyte/matrix deposits by nitrogen laser at l =337 nm and
analyzed with an accelerating voltage of 25 kV in the reflector mode and
in the positive-ion mode. Data collection, in terms of the scanning condi-
tions and the number of scans, was performed identically for all samples
unless otherwise noted. The spectra were collected by accumulating
1000 laser shots, the scanning was performed by using the RP Pepmixt
Par method, and the mass spectra were analyzed with flex Control soft-
ware (Brucker Daltonic FLEXControl).


The sample preparation prior to the MALDI experiments shown in
Table 7 was as follows: Aliquots (0.5 mL) of the collected load and elute
fractions were evaporated to dryness in a vacuum oven at room tempera-
ture. The residue was dissolved in phosphoric acid in MeOH (1.3%,
100 mL). The matrix solution was prepared by dissolving DHB (40 mg) in
MeCN/water (1:1, v/v; 1 mL). The matrix solution (1 mL) and the concen-
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trated SPE aliquots (1 mL) were then deposited together on the target
plate by using the RP Pepmixt Par method.


Slight modifications to this procedure were introduced for the samples in
given in Figures S22 and S23 in the Supporting Information. In Figure
S22, the matrix solution was prepared by dissolving DHB (20 mg) in
water (1 mL), whereas in Figure S23, the matrix solution was prepared
by dissolving DHB (25 mg) in MeCN/water (1:1, v/v; 1 mL) containing
1% phosphoric acid. In Figure S23, 1-mL aliquots were collected and the
residue was directly dissolved in the DHB matrix solution (20 mL) and a
1-mL aliquot of this matrix solution was then deposited onto the target
plate.


In Figure 10, the collected fractions were directly used for MALDI analy-
sis. Saturated matrix solutions of DHB and CHCA in MeCN/water (1:1,
v/v) were prepared and used for phosphorylated and non-phosphorylated
peptides, respectively. The matrix solution (1 mL) and aliquots (1 mL) of
the collected fractions were subsequently deposited together onto the
target plate. The MALDI analysis was in this case performed on a Voy-
ager-DE (Applied Biosystem) instrument and by using the 1—2-k reflec-
tor method.


Results and Discussion


Monomer/template complex formation : 1,3-Disubstituted
ureas have long been exploited as neutral hosts for complex-
ing oxyanion guests.[22,23] They establish cyclic hydrogen
bonds that act as a twofold donor for the acceptor (carbox-
ylate, phosphate, or sulfonate ions). The affinity for the
guest increases with the acidity of the urea protons (donor
ability) and the basicity of the oxyanion (acceptor ability),
but is also related to the ability of the host to self-associate
(poor acceptor ability) and, hence, its solubility.[24] Common-
ly, thioureas are used in the host design because they are
more acidic and more soluble than ureas and, thus, form
stronger hydrogen bonds with a given acceptor.[23] We previ-
ously found that the polymerizable 1,3-diaryl urea 1 dis-
played a binding constant of approximately K=8800m


�1 to-
wards tetrabutylammonium benzoate in DMSO,[14] which is
in agreement with other reported diarylurea receptors.[23]


The monomers could be used to imprint carboxylates, thus
resulting in polymers that recognize the guest with high af-
finity and selectivity in water-rich media.[13]


As a first step in our evaluation of hosts to complex the
phosphate species, we decided to compare this host mono-
mer with the supposedly more potent thiourea analogue 3.


Monomer 3 was synthesized analogously to the urea ana-
logue in one step by adding aminostyrene to 3,5-bis(trifluor-
ophenyl)thiocyanate. Tetrabutylammonium hydrogen-1-
naphthyl phosphate (TBAHNP) and bis(tetrabutylammoni-
um) 1-naphtyl phosphate (TBA2NP) were chosen as mono-
and dianionic guests, respectively, thus mimicking the phe-
nylphosphate substituent of the template Fmoc-pTyrOMe.
The receptor monomer solutions (1 mm in [D6]DMSO) were
titrated with a standard solution of the anion guest in up to
tenfold molar excess. Table 1 shows CISs of key protons, the
corresponding binding constants (K), and the complex stoi-
chiometries determined by the Job method of continuous
variation[25] or obtained from other sources.


The titration was accompanied by pronounced downfield
shifts of the urea protons together with significant shifts for


all the remaining protons (see Figures S3–S7 in the Support-
ing Information). The signals, which could be monitored
throughout the titration, were used to calculate the free and
bound concentrations and if possible the association con-
stants from the resulting binding curve obtained through
nonlinear regression.


Considering first the relative complex stabilities involving
monoureas 1 and 3, the monotetrabutylammonium salt (i.e. ,
TBAHNP) was used as a monoanionic guest to uniquely
promote the formation of 1:1 complexes. After confirmation
of the 1:1 stoichiometry from the Job plots, the 1:1 binding
model was used to determine the respective association con-
stants. Surprisingly, the oxourea monomer formed the most
stable complexes (K=2675m


�1), which were more than two-
fold stronger than the corresponding thiourea complexes
(K=1089m


�1). This behavior obviously contrasts with most
previous findings on thiourea/oxyanion complexes but
agrees with a recent report by Roussel et al.[26] These au-
thors attributed the effect to a preference of the diaryl-
thiourea species for an E,Z conformation in contrast to the
preference of the oxyurea for a Z,Z conformation.


We then went on to assess the urea receptor monomer 2,
an analogue of receptors that were used previously as phos-
phate receptors.[27] As 2 was designed to complex the dia-


Table 1. Association constants, stoichiometries and CIC for complexes
formed between urea host monomers and naphthyl phosphate (NP)
guests in [D6]DMSO.


Host
monomer


Guest Proton K
R10�3 [m�1][a]


Complex
ACHTUNGTRENNUNG(H/G)


CIS[a]


ACHTUNGTRENNUNG[ppm]


1 TBAHNP NH (7,10) 2.7�0.3 1:1 3.31
1 TBA2NP CH (13) >10[b] 2:1 �0.14
2 TBA2NP CH (30,32)


NH (13,16)
>10[b]


n.d.
1:1 �0.20


3.43
3 TBAHNP NH (7,10) 1.1�0.1 1:1 1.53
3 TBA2NP CH (13) >10[b] 2:1 �0.23


[a] Average binding constants K and complexation induced shifts (CIS)
based on the shift values of the resonance signals indicated. [b] A low es-
timate that represents the inverse of the lowest concentration of free
ligand, resuling in host saturation; the two binding sites of the divalent
NP was assumed to interact identically and independently with the urea
host monomer 1.
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nion in a 1:1 stoichiometry, we tested its ability to complex
TBA2NP. Because of difficulties in removing the residual
methanol from TBA2NP, the urea protons could not be
clearly distinguished throughout the titration, although the
maximum shifts (i.e., CIS) were in agreement with reported
values for similar hosts.[23] The vinyl protons, however, lev-
eled off at a 1:1 host/guest stoichiometry (Figure 1) and the
very low free concentrations allowed only a minimum value
of K to be estimated as 10000m


�1.


Probing the interactions between the monoureas and the
phosphate dianion in contrast showed the vinyl protons to
level off at a 2:1 host/guest stoichiometry. Although in this
case as well, only a minimum value of K could be estimated,
the steepness of the CIS curves indicate that the complexes
are stronger in this case with the complex involving oxourea
analogue 1 appearing somewhat more stable than that of
the thiourea derivative 3, the latter displaying a somewhat
shallower curve.[28]


We were still puzzled about the strong complexation ten-
dency of the monoureas, especially with respect to the bis-
urea receptor monomer. In spite of the presumed ability of
the bis-urea to donate four converging hydrogen bonds to
the phosphate dianion guest, it displayed weaker complexes.
Further insight into the origin of these differences was ob-
tained by molecular modeling.


Molecular modeling of the host–guest complexes was per-
formed using the genetic algorithm-based FlexiDock pro-
gram for docking ligands into receptor active sites. This pro-
gram works on a receptor–ligand pair in which the receptor
backbone atoms are fixed in space, but the ligand is mobile
(rotation/translation can be applied). The modeling gave
minimum-energy complex geometries and their relative in-
teraction energies with the latter lacking physical meaning
being used for ranking purposes only. The lowest-energy
complex for Fmoc-pTyrOMe and 1 (Figure 2A), with an in-
teraction energy of �544 kcalmol�1, features the bis(trifluor-
omethyl)phenyl substituents of both urea ligands pointing in
the same direction, thus allowing four strong hydrogen
bonds to develop, and the styryl substituent of one of the li-


gands placed at p-stacking distance from the tyrosine phenyl
group. This arrangement should result in a tight cavity com-
plementary to the phenylphosphate group of pTyr. Con-
versely, the corresponding complex with 2 (Figure 2B) is
poorly defined, thus resulting in an interaction energy of
only �252 kcalmol�1. The orientation prevents the engage-
ment of all the urea protons in hydrogen bonding with the
phosphate group. Although the computational approach has
arguable limitations, the relative interaction energies of the
two complexes are interestingly in agreement with both the
titration data (see above) and the affinities exhibited by the
corresponding imprinted polymers (see below).


Polymer preparation : Having established the potency of the
urea monomers 1 and 2 to complex phosphates, we turned
our attention to the polymer preparation. Polymers P1 and
P2 were prepared using monomers 1 and 2 in 2:1 and 1:1
stoichiometric ratios, respectively, to the template Fmoc-
pTyr-OMe (Scheme 2). Nonimprinted polymers PN1 and
PN2 were prepared identically to the imprinted polymers
but with the template omitted. Methacrylamide was added
as a supplementary monomer to provide additional hydro-


Figure 1. CIS of (H2C=) (solid symbols), and (=CH�) (open symbols) of
1 (diamonds) and 2 (squares) as a function of the total concentration C
of the guest TBA2NP in [D6]DMSO. The dashed lines indicate the guest
concentrations that correspond to 2:1 (left line) and 1:1 (right line) host/
guest stoichiometries.


Figure 2. Ball-and-stick models of the minimum-energy complexes
formed between urea monomers 1 (A) and 2 (B) with Fmoc-pTyrOMe.
A) The interaction energy for the complex was �544 kcalmol�1; the hy-
drogen-bond lengths for the phosphate–urea interactions were 1.915 and
2.250 V (top monomer) and 1.916 and 1.925 V (bottom monomer); the
shortest carbon–carbon distance between the pTyr phenyl ring and the
phenyl ring of the bottom monomer was 3.440 V. B) The interaction
energy for the complex was �252 kcalmol�1; only one single intermolecu-
lar hydrogen bond was indicated with a length of 2.651 V.
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gen-bond stabilization[13] and EDMA as a crosslinking mo-
nomer with THF or DMF as the solvents for P1 and P2, re-
spectively. The choice of solvent was guided by the solubility
of the urea/template complex in the monomer mixture. Con-
ventional azo-initiated thermal polymerization at 50 8C sub-
sequently afforded the imprinted and nonimprinted poly-
mers. The polymers were crushed and sieved to a 25—36-
mm particle-size fraction and subjected to template removal
by washing with acidic methanol, followed by extraction
with methanol in a Soxhlet apparatus. On the basis of the el-
emental analysis of the remaining phosphorous atoms in the
polymers, more than 95% of the template was removed by
this treatment.


To investigate whether the imprinted and control poly-
mers were otherwise comparable in terms of morphology
and composition, the polymers were characterized by using
elemental analysis, X-ray photoelectron spectroscopy (XPS),
IR spectroscopy, cross-polarization/magic-angle-spinning
(CP-MAS) 13C NMR spectroscopy, and nitrogen sorption
analysis (see the Supporting Information). Only the nitrogen
sorption technique, which shows the porous properties of
the materials, and associated swelling tests gave evidence
toward the differences between the imprinted and nonim-
printed polymers (Table 2). Thus, all the polymers except P1
exhibited mesoporous morphology with surface areas larger
than 200 m2g�1 and average pore diameters of roughly 4 nm.
This finding contrasted with P1, which showed a lower sur-
face area and pore volume, but on the other hand exhibited
a higher swelling factor than the other materials.


Morphological differences induced by the template mole-
cules are frequently reported for studies on imprinting but
these differences may go in different directions, that is, re-
sulting in polymers with either higher or lower surface
areas.[29–31] This behavior is particularly true in noncovalent
imprinting, in which the template may exert a complex
effect that influences the solvation of the growing chains
and reactivity ratios. Moreover, crosslinking levels may be
influenced by divalent templates capable of complexing two
monomersin different opolymer chains. Given the 2:1 stoi-
chiometry of the urea/template complex, the latter effect is
a plausible cause of morphological differences but not in the


order observed herein. However, if the template acts as a
solvating agent for the growing chains, the phase separation
would be delayed, which in turn would lead to a polymer
with a more gel-like morphology.[32] This latter explanation
would be in better agreement with the observed differences
between the polymers (Table 2).


Chromatographic characterization : Imprinting effects were
assessed by chromatography by using the crushed polymer
monoliths as the stationary phase. Our first goal was to in-
vestigate how well the polymers discriminated the template
from other amino acid derivatives that contained side chains
with an expected affinity for the urea motif.


Thus, Fmoc amino acid methyl esters were injected onto
the columns in an acetonitrile-rich mobile phase buffered
with triethylamine (Figure 3). Basic conditions were used to


promote deprotonation of the template and other analytes,
thus allowing more stable quadruple hydrogen bonds to de-
velop.[14] Figure 3 shows that P1 and P2 exhibited a strong
affinity for the template Fmoc-pTyrOMe, but that the other
amino acids were only weakly retained. Polymers PN1 and
PN2, on the other hand, exhibited no affinity for any of the
analytes under these conditions. Polymer P1 exhibited stron-
ger template retentitivity than P2, and this difference was
magnified when assessing the polymers in a competitive
phosphate-buffered mobile phase. Here, only P1 retained
the template, whereas breakthrough was seen on P2 (see
Figure S16 in the Supporting Information). The fact that P1
still retains the template to a significant extent reflects the
tight complex formed between 1 and Fmoc-pTyrOMe (see
above). This result also corroborates the relative stabilities
of the complexes obtained from the NMR spectroscopic ti-
trations (Table 1) and the modeling results (Figure 2), with
reservation for the somewhat more competitive solvent used
when preparing P2.


Table 2. Physical properties of Fmoc-pTyrOMe imprinted and nonim-
printed polymers.[a]


Polymer S
ACHTUNGTRENNUNG[m2g]


Vp


ACHTUNGTRENNUNG[mLg�1]
Dp


[nm]
Swelling
ACHTUNGTRENNUNG[mLmL�1]


P1 70 0.076 5.3 1.9
PN1 247 0.24 4.3 1.2
P2 208 0.22 3.8 1.8
PN2 342 0.66 3.8 1.9


[a] The Brunauer–Emmett–Teller (BET) specific surface area S, specific
pore volume Vp, and average pore diameter Dp were calculated from the
nitrogen adsorption isotherms, whereas the swelling in mLmL�1 was de-
termined by soaking 1 mL of a packed bed of polymer particles in
MeCN/water 90:10 (v/v) +1% TEA) as described in the Experimental
Section.


Figure 3. Chromatographic characterization of the imprinted polymers
using amino acid derivatives as test solutes. Retention factors for the
amino acid analytes on columns packed with the imprinted and nonim-
printed control polymers. The mobile phase for P1 and PN1 was: MeCN/
water 90:10 (v/v) 1% triethylamine), whereas for P2 and PN2 it was:
MeCN/water 93:7 (v/v) 1% triethylamine.
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Micro-liquid chromatography : Micro-liquid chromatography
(micro-LC) using capillary-column formats is an attractive
technique for separation problems that require low sample
loads and mass-spectrometric interfacing.[5] These needs
apply in the proteomics area in which sample volumes are
strongly limited but the demand for detection sensitivity and
selectivity is high. To shrink the imprinted polymers to
match the micro-LC format, we used our recently reported
technique based on grafting imprinted polymer layers onto
flow-through poly ACHTUNGTRENNUNG(TRIM) monoliths with unreacted surface
double bonds as anchor points.[33] Thus, imprinted and non-
imprinted capillaries were prepared and subsequently as-
sessed in the micro-LC mode. Figure 4 shows the elution
profiles obtained after separate injections of the amino acid
analytes with an acetonitrile-rich mobile phase modified
with a cationic ion-pair reagent (IPR).


The high affinity and selectivity displayed by the imprint-
ed polymer was also confirmed by using this format, and
strong eluents were required to elute the pTyr analytes. This
procedure resulted in clearly eluting peaks only for runs in-
volving pTyr analytes on P1, with the notable absence of an
elution peak for pSer. Thus, whereas the polymer fully re-
tains the pTyr derivative, most of the pSer analogue breaks
through within 10 minutes. In contrast to the imprinted ca-
pillary, the control capillary was incapable of retaining any
of the analytes. Another encouraging point was the ob-
served robustness of the phases and their preparation, which
is reflected in the almost identical retention factors mea-
sured for multiple runs on several independently prepared
imprinted capillaries (see Figure S17 in the Supporting In-
formation).


Mobile-phase dependence : To investigate whether the reten-
tion behavior prevailed in water-rich mobile phases, the re-
tention of the phosphorylated analytes was measured in
mobile phases with different water contents (Figure 5). Plot-


ting the retention factor versus the water content resulted in
the typical bell-shaped curves observed for several imprint-
ed polymer systems. This result is explained by a change in
the retention mode from an electrostatically driven mode in
water-poor systems to a desolvation (hydrophobic) retention
mode at higher water contents. It can be seen that both ef-
fects contain a strong selective contribution. Thus, both
pTyr-containing analytes are strongly retained at both low
and high water contents, whereas pSer is only retained in
the water-poor system. However, the addition of an IPR to
the water-poor mobile phase reveals a selectivity for pTyr
over pSer in this system too (Table 3).


Considering that the IPR had essentially no effect on the
retention on the nonimprinted control polymer, this interest-
ing behavior suggests that the IPR facilitates the access to
or cobinds with the template in the imprinted sites. The re-
sults shown in Figure 6 support this hypothesis. Thus, where-
as the addition of the template identical tetrabutylammoni-
um IPR causes a strong increase in retention of Fmoc-pTyr-
OMe, a more modest effect was observed upon the addition
of the less complementary tetraethylammonium IPR
(Figure 6, inset). Thus, the polymers exhibit a memory effect
not only for the hydrogen-bonded ligand but also for the
bulky countercation (Scheme 3).


Other mobile-phase compositions also resulted in strong
imprinting effects (see the Supporting Information). For in-
stance, a water-rich mobile phase (80% water) gave stron-


Figure 4. Micro-LC of amino acid analytes using poly ACHTUNGTRENNUNG(TRIM) capillaries
coated with Fmoc-pTyrOMe imprinted and nonimprinted (inset) poly-
mers. Mobile-phase A: MeCN/water 90:10 (v/v) 120 ppm tetraethylam-
monium tetrafluoroborate for 10 min; mobile-phase B: MeOH for
15 min; mobile-phase A for 10 min. Arrows indicate elution of pTyr ana-
lytes.


Figure 5. Retention factors in micro-LC for the amino acid analytes
Fmoc-pTyrOMe (solid circles), Fmoc-pTyrOH (open squares), and
Fmoc-pSerOH (solid triangles) on an imprinted polymer capillary as a
function of the water content in acetonitrile/water mobile-phase mixtures.
A retention factor of >50 implies that no peaks were observed within
the 30-min runtime. Conditions: flow-rate=5 mLmin�1, column dimen-
sion=4 cmR320 mm i.d.; injections=100 mgL�1 in a 180-nL loop. The
column was regenerated with MeOH between each run.
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ger imprinting effects when buffered at high pH, thus again
providing stronger quadruple hydrogen-bond formation.
The retention effects observed under acidic conditions in


the presence of 0.1% TFA as a modifier may be less expect-
ed. However, the pH value of 0.1% TFA (aqueous) is 1.9,
which is slightly higher than the pKa of a phosphate mono-
ester (pKa=1.1).[3] With a charge of almost �1, the phos-
phate analytes are still expected to interact strongly with the
imprinted receptor. This expectation was supported by Flexi-
Dock modeling of the phosphate monoanion bound to the
receptor optimized for binding the dianion. The binding en-
ergies (ca. 250 kcalmol�1) were similar to those obtained for
the dianion binding to the bis ACHTUNGTRENNUNG(urea) receptor.


Frontal analysis : The binding-energy distribution of the
polymers was obtained from single-component adsorption
isotherms determined by staircase frontal analysis.[34] Thus,
the isotherms of Fmoc-pTyrOMe on P1 and PN1 (Figure 7)
were obtained by using the three different mobile phases
that produced the zonal elution profiles shown in Figure 6
and Figure S18 in the Supporting Information.


Table 3. Retention factors for phosphorylated amino acid analytes on a
Fmoc-pTyrOMe imprinted capillary as a function of the ion pair reagent
concentration in MeCN/water: 80/20 (v/v).[a]


ACHTUNGTRENNUNG[TEATFB]
ACHTUNGTRENNUNG[mgL�1]


k
(Fmoc-pTyrOMe)


k
(Fmoc-pTyrOH)


k
(Fmoc-pSerOH)


0 5.3 0.11 0.07
0.25 18 0.19 0.09


50 no elution[b] 0.50 –
100 no elution[b] 0.99 0.11


215[c] no elution[b] 3.05 0.11


[a] Conditions: flow-rate=5 mLmin�1, column=4 cm imprinted polymer
capillary column (320 mm i.d.), injection: 100 mgL�1 of indicated solutes
in a 180-nL loop; conditioning was performed with MeOH between each
run. [b] No peak observed within 30 min. [c] Equal to 1 mm.


Figure 6. Elution profiles of Fmoc-pTyrOMe on P1 as a function of the
IPR concentration. Tetrabutylammonium hydroxide (TBAOH) was
added to the mobile phase consisting of MeCN and sodium carbonate
buffer (10 mm, pH 9.8) in a ratio of 50:50 (v/v) to reach the final concen-
trations indicated. Inset: the same experiment but with tetraethylammo-
nium tetrafluoroborate (TEATFB) as the IPR. Conditions: column=50R
4.6 mm, DAD l=260, 210 nm, flow-rate=0.5 mLmin�1, injection=5 mL
of 0.2 mm stock solutions in acetonitrile.


Scheme 3. A possible binding site resulting from ternary complex im-
printing.


Figure 7. Adsorption isotherms obtained by frontal analysis chromatogra-
phy of Fmoc-pTyrOMe on P1 (filled symbols) and PN1 (open symbols)
using mobile phase A: MeCN/(sodium carbonate buffer (0.01m),
TBAOH (0.01m), pH 9.8) 50:50 (v/v) (squares); B: MeCN/(sodium car-
bonate buffer (0.01m), pH 9.8) 20:80 (v/v) (circles); C: MeCN/water
50:50 (v/v) 0.1% TFA (triangles). A and B show all isotherms within two
different concentration intervals. C=concentration in the mobile phase,
q=concentration in the stationary phase.
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The isotherms of P1 exhibited clear curvature in the low-
concentration range, whereas an almost linear increase in
the adsorbed amount q with solute concentration C was ob-
served at higher loads. The isotherms of PN1 appeared
linear throughout the concentration range investigated with
slopes that appeared highest when using the basic mobile
phase B, followed by the acidic mobile phase C and the
IPR-modified mobile phase A. This finding reflects a de-
crease in the nonspecific contribution to binding in the same
order. Interestingly, the slopes of the same portions of the
P1 isotherms showed a different order.


Here, mobile phase A gave the highest slope, followed by
B, and finally C, the latter difference becoming particularly
apparent in the low-concentration interval. By using the
IPR-modified mobile phase A, the end result is, thus, a
strong imprint-related capacity increase. This finding again
suggests that both template components used in the imprint-
ing step are required for efficient access to the imprinted
sites (Scheme 3).


The isotherms were subsequently fitted to mono-Lang-
muir, bi-Langmuir, and Freundlich isotherm models[35] and
resulted in the isotherm parameters given in Table 4 and
Table 5. All the isotherms obtained from PN1 were fitted
with the mono-Langmuir isotherm model, but the weak cur-
vature strongly decreases the accuracy of the derived param-
eters. This behavior is not the case for P1, which showed
good fits to both the Freundlich and bi-Langmuir models
depending on the mobile phase used. The parameters de-
rived from the bi-Langmuir fittings are given in Table 4
from which we discern one class of high-energy binding sites
with binding constants of 105–106m


�1, which are 10–
100 times less abundant than lower affinity sites in the K=


104m
�1 range. It can further be noted that the choice of the


mobile phase influences the relative abundance of these
sites more than their associated binding constants, which
agrees with the above observations.


The Fisher values in Table 5 reflect which of the models
provides the best fit to a particular isotherm, a higher
number, thus indicating a better fit. For instance, the iso-
therm obtained by using the acidic mobile phase C shows a
stronger adherence to a Freundlich model. This behavior


contrasts with the isotherm obtained by using the IPR
mobile phase A, in which a much higher Fisher value (i.e.,
64000) was obtained from the bi-Langmuir fitting. This find-
ing may indicate that the IPR-modified phase decreases the
binding-site heterogeneity of the MIPs, at least in the low-
sample-load regime that is probed here.


In view of the high binding constant (K=7.6R105m
�1) ob-


tained using a water-rich mobile phase (80% water), a com-
parison of the affinities with those observed for antibodies
elicited to react with pTyr seems justified.[36] The latter ex-
hibited binding affinities under optimal conditions that
amounted to K=106–107m


�1, thus leading to the conclusion
that our synthetic receptors bind pTyr almost as strongly as
their biological counterparts, albeit under different condi-
tions.


Phosphopeptide recognition : Crucial to the utility of the re-
ported imprinting strategy would be the extent to which
these pTyr-selective sites would cross-react with peptides
containing this epitope. This behavior is far from evident
given the size of the template and the lack of pore-system
control in conjunction with the formation of the imprinted
sites. An answer to this question was provided by the use of
a small set of test peptides available in the mono- and non-
phosphorylated forms and including Tyr, Ser, and Thr as
phosphorylation sites (Table 6).


We first investigated the retention of the stable neuropep-
tide angiotensin II (Ang), containing an internal tyrosine
residue present in both the non-phosphorylated (Ang) and
monophosphorylated (pAng) forms. To better understand
the retention mechanism of these peptides, they were inject-
ed onto P1 and PN1 using a series of TFA-modified binary
acetonitrile/water mobile-phase mixtures. The acidic modifi-
er TFA was anticipated to act as an anionic IPR, thus pro-
viding effective solubilization of the peptides[37] without dis-
rupting the phosphate binding-site interactions (see above).
The sometimes strong retention of the peptides (see
Figure 9 and Figures S19–S20 in the Supporting Informa-
tion) and their weak UV chromophores precluded accurate
measurement of the retention times; therefore, we decided
instead to record the portion of total peptide injected that
eluted with minor retention within the first 10 min after in-


Table 4. Parameters derived from fitting of the frontal analysis binding
isotherms with Langmuir models.[a]


Polymer Mobile
phase[b]


qs1
[mm]


K1


ACHTUNGTRENNUNG[m�1]
qs2
[mm]


K2


ACHTUNGTRENNUNG[m�1]


P1 A 1.4 8.0R103 0.05 2.5R105


PN1 A [c] [c] –
P1 B 0.5 15R103 0.03 7.6R105


PN1 B 0.8 8.0R103 –
P1 C 0.8 9.0R103 0.007 8.7R105


PN1 C 0.6 5.5R103 –


[a] The isotherms were fitted with the bi-Langmuir (P1) or mono-Lang-
muir (PN1) adsorption models. [b] A: MeCN/(sodium carbonate
(10 mm)+TBAOH (10 mm), pH 9.8) 50:50 (v/v); B: MeCN/(sodium car-
bonate (10 mm), pH 9.8) 20:80 (v/v); C: MeCN/water 50:50 (v/v)+0.1%
TFA. [c] No fitting possible as a result of very low curvature of the iso-
therm.


Table 5. Fisher values and Freundlich heterogeneity indices of the frontal
analysis binding isotherms.[a]


Polymer Mobile Fisher value Heterogeneity
phase[b] Freundlich Langmuir index


P1 A 2100 64000 0.79
PN1 A 16000 14000 1.00
P1 B 7000 22000 0.64
PN1 B 5000 23000 0.93
P1 C 15000 10800 0.84
PN1 C 4900 8800 0.94


[a] The isotherms were fitted with the bi-Langmuir (P1) or mono-Lang-
muir (PN1) adsorption models. [b] A: MeCN/(sodium carbonate
(10 mm)+TBAOH (10 mm), pH 9.8) 50:50 (v/v); B: MeCN/(sodium car-
bonate (10 mm), pH 9.8) 20:80 (v/v); C: MeCN/water 50:50 (v/v)+0.1%
TFA.
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jection (Figure 8A). To avoid carrying over effects from the
strong retention, the columns were regenerated after each
run by methanol.[38] A strong phosphopeptide preference
was evident, as seen in the large difference in the percent-
age of eluted peptide on comparing the two peptide forms.
Ang was poorly retained on both P1 and PN1, except in
water-rich mobile phases (>80% water), in which hydro-
phobic nonspecific binding becomes prevalent. pAng also
breaks through completely, but only on PN1 and with the ex-
ception for water-poor mobile phases, in which some reten-
tion is observed. Polymer P1 retains the phosphorylated
peptide selectively and mainly in water-poor and water-rich
mobile phases. An example is shown in Figure 9 of these P1


and PN1 systems using a mobile
phase containing 80% water.
Whereas pAng appears almost
quantitatively retained on P1, it
breaks through on PN1. Mean-
while, Ang breaks through
completely on all columns.


The results were supported
by MALDI-TOF mass-spectro-


metric analysis of fractions collected prior to and after the
switch from mobile phase A to the eluting mobile phase B
(Figure 10). Here, we chose to focus on the water-poor
mobile phase A (MeCN/water, 95:5), thus showing low non-
specific hydrophobic binding and high pAng selectivity. The
Ang peptides exhibited minimal fragmentation in the
MALDI experiment and appeared as peaks, thereby agree-
ing with the molecular mass of the parent peptide. This pro-
cedure allows rough estimates of the peptide contents in
each fraction from the relative peak intensities to be made.
As can be seen in Figure 10, the MALDI-TOF mass-spec-
trometric results support the UV detection results shown in
Figure 8A. Thus, Ang is recovered from mobile phase A on
both columns, whereas pAng is selectively retained on P1.
This fraction can be recovered by using a somewhat stronger
eluent (MeOH+0.1% TFA), but the lower intensity of the
corresponding elution peak would suggest the recovery to
be incomplete. However, because MALDI can, at the most,
give estimates of the relative peptide abundances, conclu-
sions concerning the mass balance would be premature.


Having established the selectivity of P1 for a phosphory-
lated versus a nonphosphorylated peptide, we turned to in-


Table 6. Tyr and Ser-containing model peptides used to probe the phosphoselectivity of the polymers.[a]


Peptide Non-phosphorylated m/z Phosphorylated m/z


ZAP-70 ALGADDSYYTAR 1303 ALGADDSpYYTAR 1383
Ang DRVYIHPF 1047 DRVpYIHPF 1127
Ser-436 CDFRSFRSVT 1305 CDFRpSFRSVT 1385
Ser-357 AHRHRGSARLHPPLNHS 1944 AHRHRGpSARLHPPLNHS 2025
pThr-295 – SQVGLpTRRSRTE 1471


[a] The phosphorylated peptides are indicated by the letter p; for example, pAng=phosphorylated angioten-
sin.


Figure 8. Results from SPE experiments of peptide analytes on P1 and
PN1. Effect of the MeCN/water ratio (+0.1% TFA) on the breakthrough
portion (based on peak area) of A) Ang (squares) and p-Ang (circles)
and B) Ser-436 (squares) and pSer-436 (circles) on P1 (open symbols)
and PN1 (solid symbols) within the first 10 minutes of elution. The pep-
tides (10 mL) were injected as 0.1 mgmL�1 solutions in the mobile phase.


Figure 9. Elution profiles of Ang and pAng injected on P1 and PN1 with
MeCN/water 20:80 (v/v) 0.1% TFA as mobile phase A. Reconditioning
was performed using MeOH (+0.1% TFA) as mobile phase B. Method:
0–30 min 100% A; 30–40 min 100% B. Injection: 10 mL of peptide
(0.1 mgmL�1) in mobile phase A; flow-rate=0.5 mLmin�1, l=260 nm.
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vestigate whether the receptors could discriminate between
pTyr- and pSer-containing peptides. For this purpose, we
performed measurements on the breakthrough fractions of
the Ser-containing reference peptides Ser-436 and pSer-436
in analogy to the experiment performed on Ang and pAng.
The results shown in Figure 8B contrast with the results ob-
tained for the pTyr peptide Ang because no evidence for a
phosphate-related selectivity was seen. Thus, Ser-436 and
pSer-436 behave in a seemingly identical manner on both P1
and PN1, thus generally resulting in somewhat lower recov-
eries at both high and low aqueous contents relative to the
Ang results.


Although encouraging, the results discussed so far are
based on separate injections of the peptide analytes and
may not reflect the ability of the polymer to enrich phos-
phorylated peptides from peptide mixtures. We, therefore,
performed SPE experiments that used two model peptide
mixtures comprising pTyr and non-pTyr peptides present in
weight ratios of 1:1 and 1:100, respectively (Table 7). Direct
MALDI-TOF mass-spectrometric analysis of the load and
elute fractions was performed to demonstrate the presence


or absence of the peptides and to provide a rough measure
of their abundance. Unfortunately, distinct peaks were dis-
played only for Ang and pAng, whereas the resolution and
sensitivity was insufficient to clearly identify the remaining
peptides. For instance, the masses of ZAP-70 and Ser-436
and their phosphorylated counterparts were within the in-
strument resolution, thus precluding their separate identifi-
cation. On the other hand, Ser-357, pSer-357, and pThr-295
appeared with very low signal intensities and could not be
identified in a reliable way.[39] To partly circumvent these
problems, additional SPE experiments were performed on
model peptide mixtures of decreased complexity (see Fig-
ures S22 and S23 in the Supporting Information).


Collectively, the SPE results revealed a preferential reten-
tion of pTyr-containing peptides at both spiking levels. Thus,
whereas the non-phosphorylated peptides or those phos-
phorylated at Ser are recovered mainly in the load fractions,
the pTyr peptides pAng and pZAP-70 are selectively re-
tained by P1.


Conclusion


The results show that combinations of binding motifs from
host–guest chemistry with conventional imprinting may be
very rewarding. Thus, the stable complexes formed between
the diarylurea host monomers and quaternary ammonium
phosphate salts result in exceptionally tight binding sites
when imprinted. With binding constants for the amino acid
template exceeding K=107m


�1 in a aqueous-rich solvent
(80% water), the pTyr-imprinted polymers compare favora-
bly to pTyr antibodies, which display upper affinities in the
K=106–107m


�1 range.[36] The nature of the binding site could
be deduced from NMR spectroscopic titrations and molecu-
lar-modeling experiments. These data all suggested the for-
mation of tight complexes between two diarylurea mono-
mers and one phosphate group through quadruple hydrogen
bonding possibly aided by a p–p interaction between one of
the monomer ligands and the tyrosine phenyl group.


The sites exhibit sufficient binding energy to bind shorter
peptides containing phosphorylated tyrosine, whereby the
templating induces clear pTyr selectivity. The ability of these


sites to discriminate between
pSer- and pTyr-containing
shorter peptides, along with the
apparently small charge-depen-
dent sequence bias, seems
promising for future applica-
tions of the polymers as robust
and generic pTyr-selective SPE
phases. The approach also ap-
pears suited for the design of
sequence specific phases, for in-
stance, targeting disease bio-
markers or for more advanced
peptide fractionation.


Figure 10. MALDI-TOF MS analysis of fractions collected with a 10-min
interval after separate injection of Ang or pAng on P1 or PN1 using the
loading mobile phase A (Load) and after switching to an eluting mobile
phase B (Elute). Load (A): MeCN/water 95:5 (v/v) 0.1% TFA; elute
(B): MeOH+0.1% TFA. The relative peak intensities were calculated
with reference to the total peak intensity of the mass spectra. SPE
method: 0–10 min 100% A; 10–20 min 100% B. Injection: 10 mL of pep-
tide (0.1 mgmL�1) in the load mobile phase A. Flow rate: 0.5 mLmin�1.


Table 7. Peak intensities of peptides identified by MALDI-TOF mass spectrometric analysis of fractions col-
lected during SPE experiments performed using P1 or PN1.


[a]


P1 PN1
pY/non-pY Peptide[b] Load 1 Load 2 Elute 1 Elute 2 Load 1 Load 2 Elute 1 Elute 2


1:1
Ang 2325 0 0 0 1751 0 0 0
p Ang 893 121 36 1018 5525 317 81 0
Ser-436/ZAP-70[c] 1118 0 0 0 1009 0 0 0


1:100
Ang 1632 0 0 0 919 0 0 0
p Ang 66 31 38 25 55 63 0 0
Ser-436/ZAP-70[c] 1065 0 0 0 512 0 0 0


[a] The fractions were collected at 5-min intervals after injection (10 mL) of a model peptide mixture on P1 or
PN1 using a loading mobile phase A (Load) and afterward switching to an eluting mobile phase B (Elute).
Mobile phase: 1–10 min: A=MeCN/water 95:5 (v/v) 0.1% TFA; 10–20 min: B=MeOH (0.1% TFA). [b] The
peptide mixture consisted of nine peptides each at a concentration of 11 mgmL�1 (pY/non-pY=1:1) or all at
11 mgmL�1 except for pAng and pZAP-70, which were present at a concentration of 0.11 mgmL�1 in water
(pY/non-pY=1:100). [c] Nonresolved peak assigned to Ser-436 and ZAP-70.
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Introduction


Lipopolysaccharide (LPS) is a key component of the outer
membrane of Gram-negative bacteria.[1] The mortality of
many infectious diseases is closely related to the amount of
circulating LPS endotoxins found in patient sera.[2]


LPS is an amphipathic molecule that can be decomposed
into three main substructures: lipid A, the oligosaccharide
core and the O-antigen. The oligosaccharide core can be di-
vided into two parts: the inner core is formed of at least one
molecule of 3-deoxy-a-d-manno-oct-2-ulopyranosonic acid
(Kdo) and two molecules of l-glycero-a-d-manno-heptopyr-
anose (heptose), and the outer core is composed of hexoses.
Lipid A and one Kdo is the minimal structure for maintain-
ing cell viability. Gram-negative bacteria that lack heptose
display the deep-rough phenotype[3] and show a reduction in
outer membrane protein content, an increased sensitivity to-
wards detergents or hydrophobic antibiotics, and are much
more susceptible to phagocytosis by macrophages.[4] There-
fore, the heptosyltransferases implied in LPS biosynthesis
represent attractive targets, the inhibition of which could at-
tenuate the virulence of diverse bacterial strains.


In a more general perspective, the discovery of glycosyl-
transferase (GT) inhibitors[5] as well as the understanding of
their intimate mechanism still represent challenging
tasks.[6,7] To date, one of the most general class of GT inhibi-
tors is the family of NDP-2-fluoro-sugars (NDP=nucleoside
diphosphate), which are analogues of the donor substrates
(NDP-sugars).[7–10] NDP-2-fluoro-sugars generally display
low micromolar inhibition levels in the range of the Km of


Abstract: Heptosides are found in im-
portant bacterial glycolipids such as lip-
opolysaccharide (LPS), the biosynthe-
sis of which is targeted for the develop-
ment of novel antibacterial agents. This
work describes the synthesis of a fluori-
nated analogue of ADP-l-glycero-b-d-
manno-heptopyranose, the donor sub-
strate of the heptosyl transferase
WaaC, which catalyzes the incorpora-
tion of this carbohydrate into LPS.
Synthetically, the key step for the prep-
aration of ADP-2F-heptose is the


ACHTUNGTRENNUNGsimultaneous and stereoselective instal-
lation of both the fluorine atom at C-2
and the phosphoryl group at C-1
through a selectfluor-mediated (select-
fluor=1-chloromethyl-4-fluorodiazonia-
bicycloACHTUNGTRENNUNG[2.2.2]octane bis ACHTUNGTRENNUNG(triflate)) elec-
trophilic addition/nucleophilic substitu-
tion involving a heptosylglycal. There-


fore, we detail in this article 1) the ste-
reoselective preparation of the key in-
termediates heptosylglycals, 2) the de-
velopment of a new fluorophos-
phorylation procedure allowing an ex-
cellent b-gluco stereoselectivity with
“all-equatorial” glycals, 3) the synthesis
of the target ADP-2F-heptose, and 4)
some comments on the contacts ob-
served between the fluorine atom of
the final molecule and the protein in
the crystallographic structure of hepto-
syltransferase WaaC.
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GTHs donor substrates.[7] Interestingly, they are also valuable
tools for co-crystallisation experiments with GTs, since they
are both competitive inhibitors and very close analogues of
their substrates. To date, the structures of six GTs in com-
plex with NDP-2F-sugars have been resolved.[11,12] It is
worth noting that the co-crystallization of glycosyltransferas-
es with NDP-sugar analogues revealed substrate-induced
conformational changes of the protein. These results are ex-
tremely important, since they provide the binding mode and
the conformation of the donor within the catalytic pocket,
which can facilitate the design of inhibitors and the under-
standing of the mechanism.


For Gram-negative bacteria, the donor substrate of hepto-
syltransferases is ADP-l-glycero-b-d-manno-heptose 1, the


anomeric configuration of which has been recently demon-
strated by Kosma et al.[13] To obtain a low-micromolar inhib-
itor that will be used to develop and calibrate a high-
throughput inhibition assay against WaaC, the first heptosyl
transferase of LPS biosynthesis, we designed and synthe-
sized molecule 2, the fluorinated analogue of the bacterial
heptosyltransferases donor substrate. Moreover, we have re-
cently reported the crystallographic structure of heptosyl-
transferase WaaC in complex with 2.[12]


Synthetically, the key step for the preparation of 2 is the
simultaneous and stereoselective installation of both fluo-
rine atom at C-2 and the phosphoryl group at C-1 through a
selectfluor-mediated (selectfluor=1-chloromethyl-4-
fluorodiazoniabicyclo ACHTUNGTRENNUNG[2.2.2]octane bis ACHTUNGTRENNUNG(triflate)) electrophilic
addition/nucleophilic substitution involving a heptosylgly-
cal.[14] Therefore, we detail in this article 1) the stereoselec-
tive preparation of the key intermediates heptosylglycals, 2)
the development of a new fluorophosphorylation procedure
allowing an excellent b-gluco stereoselectivity with “all-
equatorial” glycals, 3) the synthesis of the target ADP-2F-
heptose 2, and 4) some comments on the contacts observed
between the fluorine atom of 2 and the protein in the crys-
tallographic structure of heptosyltransferase WaaC in com-
plex with 2.


Results and Discussion


Synthesis of l-heptosylglycals : Due to their involvement in
the LPS biosynthesis, several synthetic procedures for 6-d-
and 6-l-glycero-mannosylheptoses have been developed


mainly using stereoselective Grignard additions or osmium
dihydroxylation.[15] In contrast, the synthesis of glucosylhep-
toses has been much less investigated.[16,17] Thus, we first ex-
plored the stereoselective preparation of l-glycero-d-gluco-
heptoses from a key olefin intermediate 4 derived from d-
glucose. Alcohol 3 was prepared in 80% yield from com-
mercial methyl a-d-gluco-pyranoside by installation of tri-
ACHTUNGTRENNUNGisopropylsilyl (TIPS) group at O-6 position, followed by a


per-O-benzylation and a desilylation (Scheme 1). Swern oxi-
dation of 3 afforded an intermediate aldehyde that was im-
mediately subjected to a Wittig reaction to afford the olefin
4 in 72% yield. Treatment of olefin 4 with OsO4 (2.5 mol%)
and N-methylmorpholine-N-oxide (NMO) at room tempera-
ture furnished diol 5 in 92% yield as a 9:1 mixture of two
diastereomers. Asymetric dihydroxylations were also tested
but without success: both ADmix-a and ADmix-b[18] gave
poorer yields and lower diastereoselectivities than OsO4.
The separation of the epimeric diols 5 being difficult, the
mixture was O-peracetylated then separated by standard
silica gel chromatography to afford gluco-heptoses 6d and
6l.


Assignment of the stereochemistry at C-6 : The stereochem-
istry at C-6 of each diastereomer was determined by com-
parison with analytical data of related gluco-heptosides
found in the literature.[17] Strengthening this stereochemical
assignment by standard X-ray crystallography was unfortu-
nately unsuccessful, since all attempts to obtain monocrys-
tals of heptoses 6d and 6l, or even intermediates 7 to 15,
failed. To our delight, we finally obtained suitable mono-
crystals of final-ADP-2F-heptose 2 in complex with the hep-
tosyl-transferase WaaC (Figure 1), thus demonstrating the l


Scheme 1. Reagents and conditions: a) TIPSCl, Im, DMF, RT; BnBr,
NaH, DMF, RT; TBAF, THF RT, 80% for 3 steps; b) (COCl)2, DMSO,
NEt3, CH2Cl2, �78 8C!0 8C; Ph3CH3P


+ , Br�, nBuLi, THF, 0 8C!RT,
72% for two steps; c) OsO4, NMO, acetone, H2O, 0 8C!RT, 92%; d)
Ac2O, Py, RT, quant; e) mCPBA, CH2Cl2, 0 8C!RT, 87%; f) CsOAc,
[18]crown-6, DMF, 100 8C; Ac2O, Py, RT, 84% for 2 steps.
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configuration of 2, and therefore the stereochemistry of all
intermediate molecules 6 to 15.[12]


Optimization of the l selectivity : Thus, the 9:1 d diastereo-
selectivity of the dihydroxylation of 5 follows KishiHs
rules.[19] To obtain a better l diastereoselectivity, olefin 4
was subjected to mCPBA to afford epoxides 7 in 87% yield
as an inseparable 2.3:1 mixture. Nucleophilic opening of 7
with cesium acetate in presence of acetic anhydride yielded
6 with a 1:2.3 diastereoselectivity in favor of the l diastereo-
isomer.


To improve the overall yield in l-glycero-heptose 6l, we
then developed an epimerization procedure of diol 5
(Scheme 2). The mixture of diols 5 was first selectively pro-
tected as a silylated ether 8 in 91% yield, which was treated
with trifluoromethanesulfonic anhydride followed by a SN2
substitution with cesium acetate to afford pure silyl acetate
9l in 64% isolated yield. The two diastereoisomers 9l and
9d were independently transformed into 6l and 6d by a
simple desilylation followed by
an acetylation to demonstrate
their stereochemistry at C-6.


Synthesis of heptosylglycals :
One-pot deprotection of all
protective groups and O-pera-
cetylation of 9l (or 6l) with
acetic anhydride and sulfuric
acid in chloroform gave the O-
peracetylated heptopyranose 10
in 82% yield (Scheme 3). Thus,
a series of l-heptosylglycals 11–
13 could be efficiently prepared
by using a known zinc-mediated
glycal formation,[20] followed by
protective group manipulations.


Diastereoselective fluorophosphorylation of l-heptosyl gly-
cals : The procedure developed by Wong et al. was followed
for the first attempts of fluorophosphorylations of glycals 11
to 13 (Scheme 4 and Table 1, entries 1–3).[14] Although the
products could be detected in each case (by 31P and
19F NMR spectroscopy), they could not be isolated in pure
form due to unexpected side reactions. Even performed in a
stepwise fashion (selectfluor addition then substitution by
dibenzyl phosphate),[14] these conditions seemed too harsh
for heptosylglycals 11 to 13. The complex NMR spectra of
the crude reaction mixtures strongly suggested the forma-
tion of several diastereomers contaminated by fluorinated
side products. In addition, the fluorophosphorylations of
“all-equatorial” glycals usually suffer from low-to-moderate
diastereoselectivities at both C-2 and anomeric positions
(see discussion below): four diastereomers are therefore ex-
pected, thus complicating both the interpretation of NMR


Figure 1. Structure of heptoside 2 in the active site of heptosyl transferase
WaaC demonstrating the l configuration at C-6 (red: oxygen; blue: nitro-
gen; light blue: fluorine). The contacts between the fluorine atom and
the protein (imidazole ring of His266 and peptidic backbone) are also
represented.


Scheme 2. Reagents and conditions: a) TBDMSCl, DMAP, Py, CH2Cl2,
0 8C!RT, 91%; b) Tf2O, Py, CH2Cl2, �40 8C!RT; CsOAc, 18-crown-6,
PhMe, ultrasonication, 64%.


Scheme 3. Reagents and conditions: a) H2SO4, Ac2O, CHCl3, 0 8C!RT,
82%; b) HBr, AcOH, Ac2O, CH2Cl2, RT; Zn, CuSO4, AcONa, AcOH,
H2O, RT, 91% for 2 steps; c) Na, MeOH, RT; PivCl, DMAP, Py, RT,
82% for 2 steps; d) Na, MeOH, RT; TBDMSCl, Im, DMF, 0 8C!RT,
95% for 2 steps.


Scheme 4. Fluorophosphorylation of glycals (see Table 1).
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data and the purification step. Given these unexpected diffi-
culties we decided to modify and optimize the fluorophos-
phorylation experimental procedure.


When glycals bear an axial or a pseudo-axial group, the
addition of selectfluor is highly diastereoselective: the mech-
anism of selectfluor attack upon the glycal in the first step
occurs through a syn-addition, from the opposite face of the
axial group, for steric reasons.[9,21] For glycals bearing only
equatorial groups, mixtures of epimers at C-2 are always
formed (manno-configured when the F is axial, gluco- when
equatorial).[8,21,22] The diastereoselectivity also depends on
the protective group pattern of the glycal: increasing the
steric hindrance of the protective groups should influence
the gluco/manno selectivity. This is the reason why we ex-
plored the fluorophosphorylation of heptosylglycals bearing
pivaloyl (Piv, 12) and tert-butyldimethylsilyl groups (TBS,
13).


Heptosylglycals belong to the family of “all-equatorial”
glycals for which the control of the manno/gluco and the a/b
selectivities remains a problem. We reasoned that better
yields and diastereoselectivities should be obtained if the re-
action could be performed at lower temperature. The fluo-
rophosphorylation of glycals re-
quires a stepwise procedure in
which the fluorination is first
conducted at room tempera-
ture, the dialkylphosphate is
then added and heated at 90 8C
(entry 4). To optimize a new
procedure, we selected known
d-glucals 16–18 bearing pivalo-
yl, tert-butyldimethylsilyl
(TBS), and benzyl protective
groups, respectively (Scheme 4).
The results are summarized in
Table 1. When the per-pivaloat-
ed d-glucal 16 was engaged in


the reaction in the presence of 2,6-di-tert-butylpyridine
(entry 5), the temperature could be lowered to 60 8C result-
ing in a significant improvement of the b-gluco selectivity
compared to standard conditions (entry 4), with comparable
yields.


We anticipated that the temperature of the phosphoryla-
tion step could be further lowered if the nucleophilicity of
the phosphate was increased. Therefore, we employed the
sodium salt of dibenzyl phosphate in presence of [15]crown-
5 ether (15C5) and decreased the temperature of the reac-
tion. With this new procedure (entry 6), we could observe
that, starting from the same glucal 16, the yield and the ste-
reoselectivity were both improved at 60 8C. Lowering the
temperature to 45 8C (entry 7) yielded an optimized b-gluco/
a-manno 9:1 selectivity. Surprisingly, when benzylated
glucal 18[23] was used under the same conditions (entry 8),
the same global yield in fluorophosphates was obtained, but
the four diastereomers were generated. These stereoisomers
could not be separated, but their relative configurations
could be assessed by 1H and 19F NMR analysis. On the other
hand, silylated glucal 17 yielded the b-gluco-fluorophos-
phate 20b as a single diastereomer in 66% isolated yield
(entry 9). To our knowledge, this level of diastereoselectivity
is the highest reported to date in the literature for “all-equa-
torial” glycals. In this last case, the starting glucal 17 was to-
tally consumed. Inspection of 31P and 19F NMR spectra of
the crude reaction mixture clearly indicated that the inter-
mediate adduct between selectfluor and glycal 17 (such as
22 or 23, Scheme 5) was still present when the reaction was
stopped. From this methodological study, it can be conclud-
ed that using sterically demanding protective groups on all-
equatorial glycals and performing the phosphorylation step
at moderate temperatures give rise to good to excellent b-
gluco selectivities. In all the cases (Table 1 entries 4–9), in-
cluding the less selective ones (entries 4 and 8), the 1,2-trans
products (b-gluco or a-manno) are always produced in sig-
nificantly higher ratio than the 1,2-cis products (a-gluco and
b-manno). As illustrated in Scheme 5, the b-stereoselectivity
may be rationalized by invoking 1) a syn-addition of select-
fluor from the a-face, as demonstrated by Wong et al. ,[14]


yielding intermediate adducts 22 (in a 1C4 conformation)
and/or 23 (in a 4C1 conformation), and 2) a nucleophilic sub-


Table 1. Fluorophosphorylation of glycals (see Scheme 4).[a]


Glycal Phosphoryl-
ating agent


T
[8C][b]


t
[h]


Yield
[%][c]


Products
a:b:c:d[d]


1 11 ACHTUNGTRENNUNG(BnO)2PO2H 90 2 –[e] –[e]


2 12 ACHTUNGTRENNUNG(BnO)2PO2H 90 2 –[e] –[e]


3 13 ACHTUNGTRENNUNG(BnO)2PO2H 90 2 –[e] –[e]


4 16 ACHTUNGTRENNUNG(BnO)2PO2H 90 1.5 40 19 0:3:2:0
5 16 ACHTUNGTRENNUNG(BnO)2PO2H, DTBP[f] 60 12 45 19 0:4:1:0
6 16 ACHTUNGTRENNUNG(BnO)2PO2Na[g] 60 12 61 19 0:6:1:0
7 16 ACHTUNGTRENNUNG(BnO)2PO2Na[g] 45 36 63 19 0:9:1:0
8 18 ACHTUNGTRENNUNG(BnO)2PO2Na[g] 45 120 65 21 2:7:10:1
9 17 ACHTUNGTRENNUNG(BnO)2PO2Na[g] 45 48 66 20 0:1:0:0


10 12 ACHTUNGTRENNUNG(BnO)2PO2Na[g] 60 16 58 14 0:93:7:0
11 13 ACHTUNGTRENNUNG(BnO)2PO2Na[g] 45 48 51 15 6:94:0:0


[a] Selectfluor and glycal were reacted first at room temperature; the
phosphorylating reagent was then added after disappearance of the
glycal and heated. [b] Temperature of the phosphorylation step. [c] Isolat-
ed yield. [d] Assessed by 1H, 19F and 31P NMR spectroscopy a: a-gluco b:
b-gluco c: a-manno d: b-manno. [e] Complex mixtures of non-separable
products and side products. [f] 2,6-Di-tbutylpyridine. [g] In presence of
[15]crown-5.


Scheme 5. Rationalization of the b-gluco stereoselectivity of the fluorophosphorylation.
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stitution by the phosphate, implying an inversion of the
anomeric configuration.


Given the high b-selectivity of this new procedure, we
were confident that we could efficiently complete the syn-
thesis of our target molecule 2. After optimization of the re-
action temperatures with starting heptosylglycals 12 and 13
(entries 10 and 11), we obtained results that nicely corrobo-
rate the glucal series. The pivaloylated and the silylated gly-
cals gave an excellent b-gluco selectivity. The yields are
moderate, but consistent with the literature data for this
ACHTUNGTRENNUNGreaction.


Completion of the synthesis of 2 : Although the most reason-
able deprotection sequence consists of deprotecting the car-
bohydrate first and then the phosphate by hydrogenoly-
sis,[7,24] a reverse sequence gave far better results
(Scheme 6). After screening various nucleophiles (MeLi,


LiAlH4, diisobutylaluminum hydride (DIBAL), NaOH) for
the deprotection of the four pivaloates of 14, tetrabutyl-
ACHTUNGTRENNUNGammonium hydroxide was found to be the only one that
could achieve cleanly this deprotection. Surprisingly, the tet-
rabutyl ammonium fluoride (TBAF) deprotection of 15b
was troublesome, especially if performed before the hydro-
genolysis. After optimization of the conditions, we could
obtain the fully deprotected fluorophosphate 25 in pure
form in quantitative and 55% yields from 14 and 15b, re-
spectively. Target molecule 2 was obtained in 56% yield by
using the tetrazole-catalyzed morpholidate coupling proce-
dure.[25]


Analysis of the contacts between the fluorine atom and the
protein : It should be noted that final molecule 2 is a gluco-
heptoside, whereas the natural substrate of bacterial hepto-
syltransferase WaaC, molecule 1, is a manno-heptoside.
Nevertheless, due to the electron-withdrawing character of
the fluorine atom, ADP-2F-heptose 2 displayed competitive
inhibition against WaaC with an IC50 of 30 mmol.[12] Gratify-
ingly, the structure of WaaC in complex with 2 was obtained
and allowed the analysis of the interactions between the
transferase and its substrate. To our surprise, the equatorial
fluorine of the pyranose contacts the side chain of His266
and the amide group of Gly263/Thr262 peptidic bond. The
lengths and angles of the C�F bond and the neighboring
protein residues are summarized in Table 2. We were first


surprised by the short distance between the F atom and the
carbonyl group of the peptidic backbone, which is signifi-
cantly lower than the sum of the van der Waals radii of C
and F atoms.


On the one hand, the implication of hydrogen bonds be-
tween organofluorines and proteins has been the subject of
controversies.[26] In this structure, a hydrogen bond with the
C-H of Thr262 cannot be reasonably invoked. On the other
hand, unexpected attractive interactions between organo-
fluorines and the carbon atom of carbonyl groups have been
clearly evidenced in the recent literature.[27–29] This type of
interaction was discovered by Diederich, MPller, and collab-
orators after analyzing the X-ray crystal structure of throm-
bin in complex with a fluorinated inhibitor, followed by a
database mining of the Cambridge Structural Database.
Moreover, their attractive character has been shown by
NMR spectroscopy and measurement of free enthalpies.[28,30]


As illustrated in Table 2, the contact observed between
ADP-2-fluoro-heptose 2 and WaaC nicely corresponds to
what has been evidenced as orthogonal multipolar interac-
tions:[27] a short F···C=O distance, an orthogonal position of
the fluorine atom above the pseudotrigonal axis of the car-
bonyl group and a C�F/C=O torsional angle between 100
and 1408.


Given these geometrical data, this C-F···C=O interaction
is not fortuitous and contributes to the binding of inhibitor 2
into the catalytic pocket of WaaC. At this stage, it is difficult
to discuss whether this interaction slightly modifies the posi-
tioning of the heptose moiety compared to the natural sub-
strate 1, since all attempts to cocrystallize 1 and WaaC
failed.[12]


Conclusion


In a general perspective, this work contributes to the grow-
ing field of the synthesis of biologically relevant fluorinated
molecules. A survey of the recent literature data highlights
1) the need for developing new efficient and stereoselective
fluorination methodologies,[31] and 2) the very broad range
of applications exploiting fluorinated molecules, going from
drug design[29,32] to supramolecular chemistry. Fluorinated
carbohydrates themselves have found many applications
from mechanistic enzymology[7,10,33] to positron emission to-
mography (PET).[34] The work detailed in this study required
both the development of a b-stereoselective fluorophosphor-
ylation methodology and the synthesis of a challenging


Scheme 6. Reagents and conditions: a) H2, Pd/C; TBAOH, H2O, RT,
quant; b) H2, Pd/C; TBAF, THF, 55% for 2 steps; c) AMP-morpholidate,
1H-tetrazole, Py, RT (56%).


Table 2. Structural characteristics of the contacts between the fluorine
atom of 2 and heptosyltransferase WaaC.


Distances [R] Angles [8]


F···N (His 266) 3.25
F···O (Thr262) 3.40 C-F···CWaaC 122.5
F···C=O (Thr262) 2.95 F···C=O 100.6
F···Ca-C=O (Thr262) 3.23 torsional angle


C-F···C=O
126.4


F···H-Ca-C=O (Thr262) 2.67
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NDP-sugar analogue of an important intermediate of the
LPS biosynthesis. To the best of our knowledge, this mole-
cule is the best inhibitor of heptosyl transferase reported to
date[35] and its co-crystallization with the target bacterial
enzyme will allow us to rationally design a new generation
of inhibitors of the LPS biosynthetic pathway.


Experimental Section


General techniques : All reactions were carried out under an argon
ACHTUNGTRENNUNGatmosphere. Yields refer to chromatographically and spectroscopically
ACHTUNGTRENNUNGhomogeneous materials. Tetrahydrofuran, diethyl ether, and toluene were
freshly dried over sodium benzophenone, dichloromethane over P2O5,
and acetonitrile and nitromethane over CaH2. Reagents were purchased
at the highest commercial quality from Sigma-Aldrich or Acros, and used
without further purification. All reactions were monitored by thin-layer
chromatography (TLC) carried out on Merck aluminum roll silica gel 60-
F254 using UV light and ethanoic phosphomolybdic acid or ethanoic sulfu-
ric acid for visualization. 1H, 13C, 19F, and 31P NMR spectra were recorded
with a Bruker AC-250 and AMX-400 spectrometer. All compounds were
characterized by 1H, 13C, 19F, and 31P NMR as well as by 1H–1H correla-
tion experiment. The following abbreviations were used to describe the
multiplicities: s= singlet, d=doublet, t= triplet, m=multiplet, br=broad,
br s=broad singlet. Merck silica gel (60, particle size 0.040–0.063 mm)
was employed for flash column chromatography using cyclohexane-ethyl
acetate as eluting solvents. Size-exclusion chromatography was per-
formed with a Pharmacia Biotech Skta FPLC apparatus on Sephadex
G15 column (2.5T60 cm), and the fractions containing adenine deriva-
tives were detected by UV light. Purifications of nucleotide sugars were
realized by semipreparative HPLC using a Waters Delta prep 4000 chro-
matography system equipped with a NovaPack C18 column (eluent: tri-
ACHTUNGTRENNUNGethylammonium acetate 50 mm, pH 6.8).


Methyl 2,3,4-tri-O-benzyl-d/l-glycero-a-d-gluco-heptopyranoside (5):
OsO4 (2.5% in tBuOH, 1.82 mL) was added to a solution of olefin 4[36]


(2.18 g, 4.72 mmol) and NMO (1.27 g, 9.44 mmol) in acetone (25 mL)
and water (3 mL). After 13 h at room temperature, the reaction mixture
was poured into aq. Na2S2O3 (5%, 20 mL) and stirred for 30 min. The
aqueous phase was extracted three times with dichloromethane. The
combined organic layers were washed with a saturated aqueous solution
of NaHCO3 then brine, dried over MgSO4, and concentrated in vacuo.
The residue was purified by silica gel chromatography (cyclohexane/ethyl
acetate 3:1) to give diol 5 as a colorless syrup (2.15 g, 92%, diastereo-
meric mixture d/l=9:1). This molecule has been previously described in
the literature.[16]


Methyl 6,7-di-O-acetyl-2,3,4-tri-O-benzyl-d-glycero-a-d-gluco-heptopyra-
noside (6d) and methyl 6,7-di-O-acetyl-2,3,4-tri-O-benzyl-l-glycero-a-d-
gluco-heptopyranoside (6l)


Peracetylation procedure : Acetic anhydride (3 equiv) and a catalytic
amount of DMAP was added to a solution of diol 5 (950 mg, 1.92 mmol)
in anhydrous pyridine (9.0 mL). After stirring overnight at room temper-
ature, the reaction mixture was poured into ice water and extracted with
dichloromethane. The combined organic layers were washed with 1n aq.
HCl, satd aq. NaHCO3, and brine, dried over MgSO4, filtered, and con-
centrated in vacuo. The residue was subjected to chromatography on a
silica gel column (cyclohexane/ethyl acetate=5:1) to afforded a mixture
of diacetates 6d and 6l (ratio 9:1) as a colorless syrup (quantitative).


From methyl 6,7-anhydro-2,3,4-tri-O-benzyl-d/l-glycero-d-gluco-hepto-
pyranoside (7): A solution of epoxide 7 (1.24 g, 2.60 mmol), cesium ace-
tate (2.49 g, 13.0 mmol), and [18]crown-6 (3.44 g, 13.0 mmol) in DMF
(20 mL) was stirred vigorously at 100 8C for 3 h. The reaction mixture
was poured into brine, and the organic layer was extracted with ethyl
acetate. The organic layer was dried over MgSO4, filtered, and concen-
trated in vacuo. The residue was dissolved into pyridine (15 mL), and the
mixture was added acetic anhydride (10 mL). After stirring at room tem-
perature for 13 h, the reaction mixture was poured into ice water and ex-


tracted with dichloromethane. The combined organic layers were washed
with 1n aq. HCl, satd aq. NaHCO3, and brine, dried over MgSO4, fil-
tered, and concentrated in vacuo. The residue was subjected to chroma-
tography on a silica gel column (cyclohexane/ethyl acetate=5:1) to
afford a mixture of diacetates 6d and 6l (ratio 3:7) as a colorless syrup
(1,26 g, 84%).


Data for 6d : 1H NMR (400 MHz, CDCl3, 25 8C): d =7.40 (m, 15H;
ArH), 5.51 (ddd, J5,6 =2.2 J6,7a =3.1 J6,7b =8.4 Hz, 1H; H-6), 4.68–5.08 (m,
6H; ArCH2), 4.59 (d, J1,2 =3.6 Hz, 1H; H-1), 4.28 (dd, J6,7a =3.1 J7a,7b =


12.1 Hz, 1H; H-7a), 4.15 (dd, J6,7b =8.4 J7a,7b =12.1 Hz, 1H; H-7b),4.03 (t,
J2,3 = J3,4 =9.4 Hz, 1H; H-3), 3.86 (dd, J5,6 =2.2 J4,5 =10.3 Hz, 1H; H-5),
3.53 (t, J3,4 9.4 Hz, J4,5 9.8 Hz, 1H; H-4), 3.51 (dd, J1,2 =3.6 Hz, J2,3 =


9.4 Hz, 1H; H-2), 3.42 (s, 3H; OMe), 2.08 (s, 3H; Ac), 2.05 ppm (s, 3H;
Ac); 13C NMR (101 MHz, CDCl3, 25 8C): d =170.6, 169.9, 138.5, 138.0,
137.8, 128.4, 128.3, 128.2, 128.0T2, 127.9, 127.7, 127.6, 97.7, 82.1, 79.7,
77.7, 75.8, 74.7, 73.4, 70.5, 70.3, 62.5, 55.1, 20.9, 20.8 ppm; MS ACHTUNGTRENNUNG(DCI): m/z :
596 [M+NH4]


+ .


Data for 6l : 1H NMR (400 MHz, CDCl3, 25 8C): d=7.40 (m, 15H; ArH),
5.51 (ddd, J5,6 =2.0 HzJ6,7a =7.3 J6,7b =6.3 Hz, 1H; H-6), 4.68–5.08 (m,
6H; ArCH2), 4.70 (d, J1,2 =3.0 Hz, 1H; H-1), 4.31 (dd, J6,7a =7.3 J7a,7b =


11.1 Hz, 1H; H-7a), 4.26 (dd, J6,7b =6.3 J7a,7b =11.1 Hz, 1H; H-7b), 4.08 (t,
J2,3 = J3,4 =9.7 Hz, 1H; H-3), 3.90 (dd, J4,5 =10.3 HzJ5,6 =2.0 Hz, 1H; H-5),
3.59 (dd, J1,2 =3.4 Hz, J2,3 =9.7 Hz, 1H; H-2), 3.46 (dd, J3,4 =10.0 HzJ4,5 =


10.3 Hz, 1H; H-4), 3.39 (s, 3H; OMe), 2.16 (s, 3H; Ac), 2.08 ppm (s, 3H;
Ac); 13C NMR (101 MHz, CDCl3, 25 8C): d =170.4, 170.0, 138.3, 137.8,
137.5, 128.5, 128.48, 128.41, 128.37, 128.1, 128.0, 127.9, 127.8, 98.1, 82.1,
79.5, 76.7, 75.9, 75.3, 73.4, 68.4, 68.0, 62.1, 55.3, 20.9, 20.7 ppm; MSACHTUNGTRENNUNG(DCI):
m/z : 596 [M+NH4]


+ .


Methyl 6,7-anhydro-2,3,4-tri-O-benzyl-d/l-glycero-d-gluco-heptopyrano-
side (7): mCPBA (7.53 g, 30.6 mmol) was added to a solution of olefin 4
(4.69 g, 10.2 mmol) in dichloromethane (10 mL) at 0 8C. The reaction
mixture was then stirred for 12 h at room temperature. After addition of
potassium carbonate, the solution was poured into water and extracted
by dichloromethane three times. The combined organic layers were
washed with saturated aqueous solution of NaHCO3 and brine, dried
over MgSO4, and concentrated in vacuo. The residue was purified by
silica gel chromatography (cyclohexane/ethyl acetate 3:1 then 1:1) to give
epoxide 7 (7:3 diastereomeric mixture) as a colorless syrup (4.21 g,
8.8 mmol, 87%). 1H NMR (400 MHz, CDCl3, 25 8C): d=7.60–7.35 (m,
15H; ArH), 4.68–5.04 (m, ArCH2L,D), 4.61 (d, J1,2 =3.6 Hz, 0.7H; H-1L),
4.58 (d, J1,2 =3.6 Hz, 0.3H; H-1D), 4.01–4.07 (m, H-3L,D), 3.72 (dd, J =4.0,
9.9 Hz, 0.3H; H-5D), 3.45–3.58 (m, H-2L,D, H-4L, H-5L), 3.47 (dd, J4,5 =


8.9 Hz J4,3 =9.6 Hz, 0.3H; H-4D), 3.40 (s, 3H; OMeL), 3.39 (s, 3H;
OMeD), 3.16 (m, H-6L,D), 2.81 and 2.87 (ABX, J6,7a =2.8 Hz, J6,7b =


4.3 HzHz, J7a,7b =5.4 Hz, 1.4H; H-7L), 2.67–2.75 ppm (ABX, J6,7a =2.7 Hz,
J6,7b =4.0 HzJ7a,7b =5.4 Hz, 0.3H; H-7D); 13C NMR (101 MHz, CDCl3,
25 8C): d =138.7, 138.1, 138.0, 137.8, 133.4, 130.1, 130.0, 128.4, 128.3,
128.2, 128.0, 127.9, 127.7, 127.6, 98.1 (l), 97.8 (d), 81.9 (l), 81.8 (d), 80.3
(d), 79.9 (d), 79.7 (l), 79.5 (l), 75.9 (l), 75.5 (d), 75.0 (d), 73.5 (l), 70.3
(l), 68.7 (d), 55.5 (l), 55.3 (d), 52.1 (d), 51.6 (l), 44.5 (l), 43.9 ppm (d);
MS (DCI-NH3): m/z : 494 [M+NH4]


+ ; HRMS calcd for C29H36O6N
[M+NH4]


+ : 494.2543; found: 494.2549.


Methyl 6-O-acetyl-2,3,4-tri-O-benzyl-7-O-tert-butyldimethylsilyl-l-glyc-
ero-a-d-gluco-heptopyranoside (9l): TBDMSCl (94 mg, 0.607 mmol) was
gradually added to a solution of diol 5 (200 mg, 0.404 mmol), DMAP
(4.9 mg, 0.040 mmol), and triethylamine (165 mL, 1.21 mmol) in pyridine
(35 mL) at 0 8C. After stirring 13 h at room temperature, the reaction
mixture was poured into saturated aqueous solution of NaHCO3 and the
aqueous phase was extracted by dichloromethane. The combined organic
layers were washed with saturated aqueous solution of NaHCO3 then
brine, dried over MgSO4, and concentrated in vacuo. The residue was pu-
rified by silica gel chromatography (cyclohexane/ethyl acetate 5:1) to fur-
nish intermediate silyl ether 8[37] as a colorless syrup (224 mg, 91%). Tri-
fluoromethanesulfonic anhydride (188 mL, 1.15 mmol) was added drop-
wise to a solution of silyl ether 8 (234 mg, 0.384 mmol) in pyridine
(10 mL) at �40 8C, then the reaction mixture was allowed to warm to
0 8C and stirred for 1 h. After concentration in vacuo, the residue was
subjected to chromatography on silica gel (cyclohexane/ethyl acetate
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5:1), and all the fractions were successively concentrated and dried in
vacuo. The resulting triflate was dissolved into anhydrous toluene
(10 mL), and cesium acetate (223 mg, 1.16 mmol) and 18-crown-6
(305 mg, 1.16 mmol) were added. The reaction mixture was sonicated for
6 h at room temperature, and diluted into ethyl acetate. The organic
layer was washed with brine, dried over MgSO4, and concentrated in
vacuo. The residue was purified by silica gel chromatography (cyclohex-
ane/ethyl acetate 8:1) to give acetate 9l as a colorless syrup (160 mg,
64%): [a]D23 =�4.0 (c =0.5 in CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C):
d=7.40 (m, 15H; ArH), 5.43 (t, J5,6 = J6,7 =7.1 Hz, 1H; H-6), 4.71–5.09
(m, 5H; ArCH2), 4.74 (d, J1,2 =3.6 Hz, 1H; H-1), 4.54 (d, J=10 Hz, 1H;
CH2-Ar), 4.11 (t, J2,3 =J3,4 =9.2 Hz, 1H; H-3), 4.04 (brd, J4,5 =10.1 Hz,
1H; H-5), 3.80 (m, 2H; H-7), 3.62 (dd, J1,2 =3.5 Hz, J2,3 =9.7 Hz, 1H; H-
2), 3.49 (dd, J3,4 =9.6 Hz, J4,5 =10 Hz, 1H; H-4), 3.46 (s, 3H; OMe), 2.15
(s, 3H; Ac), 0.94 (s, 9H; SitBu), 0.11 and 0.13 ppm (sT2, 6H; SiMe);
13C NMR (101 MHz, CDCl3, 25 8C): d =170.0, 138.5, 138.0, 137.8, 128.4,
128.3, 128.2, 128.0T2, 127.9, 127.7, 127.6, 97.9, 82.3, 79.6, 76.9, 75.8, 75.1,
73.1, 70.7, 67.2, 60.0, 55.1, 25.7, 20.9, 18.0, �5.4, �5.6 ppm; MS ACHTUNGTRENNUNG(DCI):
m/z : 668 [M+NH4]


+ ; HRMS calcd for C37H54O8NSi [M+NH4]
+ :


668.3619; found: 668.3628.


1,2,3,4,6,7-Hexa-O-acetyl-l-glycero-d-gluco-heptopyranose (10): Conc.
H2SO4 (2.93 mL) was added dropwise to a solution of silyl ether 9l


(3.91 g, 5.99 mmol) and acetic anhydride (7.53 mL) in chloroform
(4.89 mL) at 0 8C. The reaction mixture was allowed to warm to room
temperature and stirred for 12 h. After addition of potassium carbonate,
the solution was poured into water and extracted by dichloromethane
three times. The combined organic layers were washed with saturated
aqueous solution of NaHCO3 then brine, dried over MgSO4, and concen-
trated in vacuo. The residue was purified by silica gel chromatography
(cyclohexane/ethyl acetate 3:1 then 1:1) to give acetate 10 as a colorless
syrup (2.27 g, 82%, a/b=88:12): 1H NMR (400 MHz, CDCl3, 25 8C): d=


6.34 (d, J1,2 =3.8 Hz, 1 H; H-1a), 5.66 (d, J1,2 =8.3 Hz, 0.14 H; H-1b), 5.46
(d, J2,3 =J3,4 =10.0 Hz, 1 H; H-3a), 5.25 (ddd, J5,6 =2.1 Hz, J6,7 =5.2,
7.2 Hz, 1 H; H-6a), 5.12 (dd, J1,2 =3.6 Hz, J2,3 =9.1 Hz, 1 H; H-2a), 5.10
(t, J3,4 =J4,5 =9.8 Hz, 1 H; H-4a), 4.27 (dd, J6,7 =5.0 Hz, Jgem =11.7 Hz,
1 H; H-7a), 4.19 (dd, J4,5 =10.2 Hz, J5,6 =2.1 Hz, 1 H; H-5a), 4.15 (dd,
J6,7 =7.6 Hz, Jgem =11.7 Hz, 1 H; H-7a), 2.02–2.19 ppm (m, 20 H;
COCH3);


13C NMR (101 MHz, CDCl3, 25 8C): d=170.4, 170.2, 170.1,
169.6, 169.3, 168.5, 92.0 (C-1b), 88.7 (C-1a), 70.0, 69.9, 69.0, 66.9, 66.5,
62.1, 20.7, 20.6T3, 20.4, 20.3 ppm; MS ACHTUNGTRENNUNG(DCI): m/z : 480 [M+NH4]


+ ;
HRMS calcd for C19H30O13N [M+NH4]


+ : 480.1717; found: 480.1711.


1,5-Anhydro-2-deoxy-3,4,6,7-tetra-O-acetyl-l-galacto-hept-1-enitol (11):
HBr-AcOH (9.68 mL, 56.3 mmol) was added to a solution of heptose 10
(2.17 g, 4.69 mmol), acetic anhydride (1.32 mL), and acetic acid
(1.12 mL) in dichloromethane (4 mL), and the reaction mixture was
stirred for 12 h at room temperature. The reaction was quenched by addi-
tion of sodium acetate (4.61 g, 56.3 mmol). The suspension was trans-
ferred into a suspension of CuSO4 (186 mg, 1.17 mmol), zinc powder
(11.7 g, 178 mmol), and sodium acetate (8.78 g, 113 mmol) in water
(9.2 mL) and acetic acid (13.8 mL). The mixture was vigorously stirred
for 4 h at room temperature then filtered through a pad of Celite, which
was washed with ethyl acetate and water. The organic layer of the filtrate
was washed with saturated aqueous solution of NaHCO3 then brine,
dried over MgSO4, and concentrated in vacuo. The residue was purified
by silica gel chromatography (cyclohexane/ethyl acetate 3:1) to furnish
glycal 11 as a colorless syrup (1.47 g, 91%): [a]D23 =�13.8 (c =0.5 in
CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C): d=6.44 (dd, J1,2 =6.2 Hz,
J1,3 =1.6 Hz, 1H; H-1), 5.48 (ddd, J1,3 =1.8 Hz, J2,3 =2.4 Hz, J3,4 =7.2 Hz,
1H; H-3), 5.38 (m, 1H; H-6), 5.25 (dd, J3,4 =7.3 Hz, J4,5 =9.9 Hz, 1H; H-
4), 4.79 (dd, J1,2 =6.2 Hz, J2,3 =2.4 Hz, 1H; H-2), 4.35 (dd, J6,7 =4.8 Hz,
Jgem =11.7 Hz, 1H; H-7a), 4.19 (m, 2H; H-5, H-7b), 2.03–2.09 ppm (4s,
12H; COCH3);


13C NMR (101 MHz, CDCl3, 25 8C): d =170.6, 170.4,
170.2, 169.6, 145.5, 100.0, 74.6, 69.4, 66.6, 66.1, 62.3, 20.9, 20.6 ppm; MS-
ACHTUNGTRENNUNG(DCI): m/z : 362 [M+NH4]


+ ; elemental analysis calcd (%) for C15H20O9:
C 52.32, H 5.85; found: C 52.32, H 5.84.


1,5-Anhydro-2-deoxy-3,4,6,7-tetra-O-pivaloyl-l-galacto-hept-1-enitol
(12): Sodium (10 mg) was added to a suspension of acetate 11 (488 mg,
1.42 mmol) in MeOH (5 mL), and the reaction mixture was stirred for


2 h. The solution was concentrated in vacuo, and the residue was dis-
solved in pyridine (20 mL). Pivaloyl chloride (2.10 mL, 17.0 mmol) was
added dropwise to this solution at 0 8C, and the mixture was allowed to
warm to room temperature. After 12 h at room temperature under
argon, cold saturated aq. NaHCO3 was added, and the mixture was ex-
tracted twice with dichloromethane. The combined organic layers were
washed with brine, dried over MgSO4, and concentrated in vacuo. The
residue was purified by silica gel chromatography (hexane/ethyl acetate
10:1) to afford pivaloate 12 as a white powder (598 mg, 82%): [a]D23 =


�17.6 (c=0.5 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C): d =6.46 (d,


J1,2 =6.0 Hz, J1,3 =1.4 Hz, 1H; H-1), 5.44 (ddd, J1,3 =1.6 Hz, J2,3 =2.3 Hz,
J3,4 =7.0 Hz, 1H; H-3), 5.40 (ddd, J5,6 =2.9 Hz, J6,7 =4.3, 7.4 Hz, 1H; H-
6), 5.28 (dd, J3,4 =7.0 Hz, J4,5 =9.5 Hz, 1H; H-4), 4.79 (dd, J1,2 =6.0 Hz,
J2,3 =2.5 Hz, 1H; H-2), 4.38 (dd, J6,7 =4.4 Hz, Jgem =11.7 Hz, 1H; H-7),
4.23 (dd, J4,5 =9.6 Hz, J5,6 =2.9 Hz, 1H;H-5), 4.20 (dd, J6,7 =7.4 Hz, Jgem =


11.6 Hz, 1H; H-7), 1.26, 1.20, 1.19 and 1.18 ppm (4s, 36H; tBu);
13C NMR (101 MHz, CDCl3, 25 8C): d =178.0, 177.9, 177.0, 176.2, 145.5,
99.9, 75.2, 69.2, 66.2, 65.5, 62.9, 38.7T2, 27.1, 27.0T2, 26.9 ppm; MS-
ACHTUNGTRENNUNG(DCI): m/z : 530 [M+NH4]


+ ; HRMS calcd for C27H48O9N [M+NH4]
+ :


530.3329; found: 530.3336; elemental analysis calcd (%) for C27H44O9: C
63.26, H 8.65; found: C 63.13, H 8.81.


1,5-Anhydro-2-deoxy-3,4,6,7-tetra-O-tert-butyldimethylsilyl-l-galacto-
hept-1-enitol (13): Sodium (10 mg) was added to a suspension of acetate
11 (894 mg, 2.6 mmol) in MeOH (5 mL), and the reaction mixture was
stirred for 2 h. The solution was concentrated in vacuo, and the residue
was dissolved in anhydrous N,N-dimethylformamide (20 mL). imidazole
(2.83 g, 41.6 mmol) then TBDMSCl (4.70 g, 31.1 mmol) was added to this
suspension at 0 8C. After stirring 12 h at room temperature, the solution
was poured into brine and the aqueous phase was extracted by ethyl ace-
tate three times. The combined organic layers were washed with saturat-
ed aqueous solution of NaHCO3 then brine, dried over MgSO4, and con-
centrated in vacuo. Purification of the residue by silica gel chromatogra-
phy (cyclohexane/ethyl acetate 3:1 then 1:1) gave glycal 13 as a white
powder (1.56 g, 2,47 mmol, 95%). [a]D23 =�21.1 (c=0.5 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C): d=6.37 (d, J1,2 =6.4 Hz, 1H; H-1),
4.75 (ddd, J1,2 =6.4 Hz, J =1.6, 5.0 Hz, 1H; H-2), 4.22 (m, 2H; H-5 and
H-6), 4.03 (dd, J=1.8, 4.0 Hz, 1H; H-4), 3.71 and 3.96 (2dd, J6,7b =


2.0 Hz, J6,7a =2.1 Hz, Jgem =8.6 Hz, 2H; H-7), 3.87 (m, 1H; H-3), 0.94 (s,
18H; SitBu), 0.91 (s, 9H; SitBu), 0.90 (s, 9H; SitBu), 0.06–0.14 ppm (7s,
24H; SiMe); 13C NMR (101 MHz, CDCl3, 25 8C): d=143.4, 100.5, 79.4,
69.4, 69.3, 66.4, 65.9, 26.9, 26.2, 26.0, 25.8, 25.78, 18.6, 18.2, 18.0, 17.9,
�4.3, �4.4T3, �4.6T2, �5.1, �5.5 ppm; MS ACHTUNGTRENNUNG(DCI): m/z : 650 [M+NH4]


+ ;
HRMS calcd for C31H68O5Si4Na [M+Na]+ : 655.4041; found: 655.4057; el-
emental analysis calcd (%) for C31H68O5Si4: C 58.80, H 10.82; found: C
58.77, H 10.97.


2-Deoxy-1-O-dibenzylphosphoryl-2-fluoro-3,4,6,7-tetra-O-pivaloyl-l-glyc-
ero-b-d-gluco-heptopyranose (14): A mixture of pivaloate 12 (543 mg,
1.06 mmol) and MS 4 R (200 mg) in anhydrous nitromethane (15 mL)
was stirred for 2 h at room temperature under argon atmosphere. Select-
fluor-(TfO)2 (761 mg, 1.59 mmol) was added very quickly at 0 8C, and the
reaction mixture was allowed to warm to room temperature. After 12 h
of stirring, sodium dibenzylphosphate (955 mg, 3.18 mmol) and
[15]crown-5 (700 mg, 3.18 mmol) was added with flowing argon gas, and
the mixture was heated to 60 8C and stirred for 16 h. The suspension was
filtered through a pad of Celite, and the pad was washed with dichloro-
methane. The filtrate was concentrated in vacuo, and the residue was
subjected to chromatography on silica gel (hexane/ethyl acetate 5:1) to
give fluorophosphate 14 (497 mg, 58%) as a colorless syrup. [a]D23 =�1.7
(c=0.5 in CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C): d=7.38 (m, 10H;
ArH), 5.43 (ddd, J1,2 =7.7 Hz, J1,F =2.8 Hz, 1H; H-1), 5.38 (dt, J2,3 = J3,4 =


9.3 Hz, J3,F =13.3 Hz, 1H; H-3), 5.26 (ddd, J5,6 =1.9 Hz, J6,7 =4.6, 8.0 Hz,
1H; H-6), 5.06–5.18 (m, 4H; ArCH2), 5.11 (t, J3,4 =J4,5 =9.8 Hz, 1H; H-
4), 4.45 (ddd, J1,2 =7.8 Hz, J2,3 =9.0 Hz, J2,F =50.6 Hz, 1 H; H-2), 4.28 (dd,
J6,7 =4.7 Hz, Jgem =11.7 Hz, 1H; H-7), 4.04 (dd, J6,7 =8.1 Hz, Jgem =


11.6 Hz, 2 H; H-7), 3.91 (dd, J4.5 =10.1 Hz, J5,6 =2.0 Hz, 1H; H-5), 1.18–
1.25 ppm (4s, 12H; tBu); 13C NMR (101 MHz, CDCl3, 25 8C): d=177.7,
177.0, 176.7, 176.0, 135.2 (d), 135.1 (d), 128.6T2, 128.0, 127.9, 96.2 (dd,
J1,F =4.9 Hz, J1,P =24.3 Hz), 89.6 (dd, J2,F =193 Hz, J1,P =9.0 Hz), 73.6,
72.0 (d, J3,F =19 Hz)„ 69.7? (d), 69.6(d), 65.8, 65.6 (d, J4,F =7 Hz), 62.7,
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38.8, 38.74, 38.65, 38.6, 30.1, 27.1, 26.95, 26.92, 26.85 ppm; 19F NMR
(235 MHz, D2O, 25 8C): d=�199.2 ppm (dd, J2,F =51.7 Hz, J3,F =14.1 Hz);
31P NMR (101 MHz, D2O, 25 8C): d=�2.93 ppm (s); MS ACHTUNGTRENNUNG(DCI): m/z : 826
[M+NH4]


+ ; HRMS calcd for C41H59O13FP [M+H]+ : 809.3677; found:
809.3682.


2-Deoxy-1-O-dibenzylphosphoryl-2-fluoro-3,4,6,7-tetra-O-tert-butyldime-
thylsilyl-l-glycero-b-d-gluco-heptopyranose (15b) and 2-deoxy-1-O-di-
benzylphosphoryl-2-fluoro-3,4,6,7-tetra-O-tert-butyldimethylsilyl-l-glyc-
ero-a-d-gluco-heptopyranose (15a): The procedure described for the
preparation of 14 was applied to glycal 13 (342 mg, 0.540 mmol). The
final residue was subjected to chromatography on silica gel (toluene then
cyclohexane/ethyl acetate 10:1) to give fluorophosphates 15b (256 mg,
51%) and 15a (15 mg, 3%) as colorless syrups.


Data for 15b : [a]D23 =++2.6 (c =0.5 in CHCl3);
1H NMR (400 MHz,


CDCl3, 25 8C): d=7.37 (m, 10H; ArH), 5.41 (td, J1,2 =J1,P =7.7 Hz, J1,F =


3.2 Hz, 1H; H-1), 5.01–5.17 (m, 4H; ArCH2), 4.21 (td, J1,2 =J2,3 =7.7 Hz,
J2,F =50.7 Hz, 1H; H-2), 4.06 (ddd, J5,6 =1.6 Hz, J6,7 =5.5, 7.4 Hz, 1H; H-
6), 3.95 (td, J2,3 =7.7 Hz, J3,4 =8.0 Hz, J3,F =16.0 Hz, 1H; H-3), 3.89 (t,
J3,4 = J4,5 =8.0 Hz, 1H; H-4), 3.72 (dd, J6,7 =7.7 Hz, Jgem =9.7 Hz, 1H; H-
7), 3.59 (m, 2H; H-5, H-7), 0.96 (s, 9H; SitBu), 0.92 (s, 9H; SitBu), 0.91
(s, 9H; SitBu), 0.90 (s, 9H; SitBu), 0.04–0.19 ppm (7s, 24H; SiMe);
13C NMR (101 MHz, CDCl3): d =135.6, 135.5, 128.5, 128.4T2, 127.9,
127.8, 96.4? (dd, J1,F =4.8 Hz, J1,P =26.2 Hz), 92.5 (dd, J2,F =189 Hz, J1,P =


8 Hz), 77.1 (d, J3,F =17 Hz), 76.7, 72.0 (d, J4,F =7 Hz), 71.3, 69.4 (d),
69.3(d), 26.2, 26.0, 25.91, 25.89, 18.6, 18.3, 18.27, 18.1, �2.5, �3.2, �3.3,
�3.35, �3.4, �3.5, �3.7, �4.0 ppm; 19F NMR (235 MHz, CDCl3, 25 8C):
d=191.5 ppm (dd, J2,F =50.0 Hz, J3,F =14.0 Hz); 31P NMR (101 MHz,
CDCl3, 25 8C): d=�2.79 ppm (s); MS ACHTUNGTRENNUNG(DCI): m/z : 946 [M+NH4]


+ ;
HRMS calcd for C45H86O9NFSi4P [M+NH4]


+ : 946.5101; found: 946.5095.


Data for 15a : [a]D22 =++16.2 (c =0.43 in CHCl3);
1H NMR (400 MHz,


CDCl3, 25 8C): d=7.37 (m, 10H; ArH), 5.94 (dd, J1,2 =2.7 Hz, J1,P =


7.0 Hz, 1H; H-1), 5.04–5.17 (m, 4H; ArCH2), 4.25 (dddd, J1,2 =2.4 Hz,
J2,3 =9.1 Hz, J2,F =47.8 Hz, J2,P =3.3 Hz, 1H; H-2), 4.18 (m, 1H; H-3),
4.09 (t, J6,7 =6.5 Hz, 1H; H-6), 3.86 (s, 1H; H-5), 3.82 (t, J3,4 =J4,5 =


10.0 Hz, 1H; H-4), 3.61 (d, J6,7 =6.5 Hz, 2H; H-7), 0.90–0.96 (4 s, 36H;
SitBu), 0.04–0.19 ppm (7s, 24H; SiMe). 13C NMR (101 MHz, CDCl3,
25 8C): d =135.6, 128.5, 128.4T2, 127.9, 127.8, 94.8 (dd, J1,F =5.2 Hz, J1,P =


24.2 Hz), 89.5 (dd, J2,F =191 Hz, J1,P =6.7 Hz), 73.7, 73.6 (d, J3,F =17 Hz),
71.7, 71.5 (d, J4,F =7 Hz), 69.3, 69.2, 64.31, 26.3, 26.2, 26.0, 25.9, 18.6, 18.5,
18.3, 18.2, �2.5, �2.7, �2.8, �3.3, �3.4, �3.8, �5.4, �5.5 ppm; 19F NMR
(235 MHz, CDCl3, 25 8C): d=�193.9 ppm (dd, J2,F =44.7 Hz, J3,F =


14.0 Hz); 31P NMR (101 MHz, CDCl3, 25 8C): d=�2.64 ppm (s). MS-
ACHTUNGTRENNUNG(DCI): m/z : 946 [M+NH4]


+ ; HRMS calcd for C45H83O9FSi4P [M+H]+ :
929.4836; found: 929.4844.


Dibenzyl(2-deoxy-2-fluoro-3,4,6-tri-O-pivaloyl-b-d-gluco-pyranosyl)phos-
phate (19b) and dibenzyl(2-deoxy-2-fluoro-3,4,6-tri-O-pivaloyl-a-d-
manno-pyranosyl)phosphate (19c): A solution of tri-pivaloyl-d-glucal
16[14] (1 g, 2.50 mmol) in nitromethane (35 mL) was stirred with 4 R mo-
lecular sieves (2 g) under argon during 15 minutes. Selectfluor (1.8 g,
3.70 mmol) was added at 0 8C and the reaction mixture was stirred for
20 h at ambient temperature. [15]Crown-5 (1.5 mL, 7.50 mmol) and di-
benzylphosphate (sodium salt, 2.25 g, 7.50 mmol) were then added and
the resulting solution was warmed to 45 8C for 36 h. The mixture was di-
luted with EtOAc (200 mL), filtered, and concentrated under low pres-
sure. The residue was finally purified by flash chromatography (hexane/
EtOAc, 3:1, 3:2) to yield 19b (990 mg, 57%) and 19c (110 mg, 6%) as
white solids.


Data for 19b : White solid, m.p. 176 8C; [a]D20 =++238 (c =1.0 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.42–7.30 (m, 10H; C6H5), 5.48
(td, J1,2 =J1,P =7.6 Hz, J1,F =3.0 Hz, 1H; H-1), 5.43 (ddd, J3,F =13.7 Hz,
J3,4 =9.4 Hz, J2,3 =9.1 Hz, 1H; H-3), 5.20–5.08 (m, 5H; OCH2Ph, H-4),
4.47 (ddd, J2,F =50.8 Hz, J1,2 =7.6 Hz, J2,3 =9.1 Hz, 1H; H-2), 4.25 (dd,
J5,6a =2.0 Hz, J6a,6b =13.0 Hz, 1H; H-6a), 4.11 (dd, J5,6b =5.0 Hz, 1H; H-
6b), 3.90 (ddd, J4,5 =10.0 Hz, J5,6a =2.0 Hz, J5,6b =5.0 Hz, 1H; H-5), 1.22 (s,
9H; CH3), 1.21 (s, 9H; CH3), 1.20 ppm (s, 9H; CH3);


13C NMR
(100 MHz, CDCl3, 25 8C): d=177.8, 177.0, 176.4 (CO), 135.3, 135.2
(Cipso), 128.6–127.5 (m, C6H5), 95.9 (dd, JP1 =23.7 Hz, JF,1 =4.8 Hz, C-1),
89.7 (dd, JF,2 =191 Hz, JP,2 =9.0 Hz, C-2), 73.2 (C-5) ; 71.8 (d, JF,3 =


19.4 Hz, C-3), 69.62 (d, J =5.7 Hz, CH2Ph), 69.54 (d, J=5.5 Hz, CH2Ph),
66.6 (d, JF,4 =7.4 Hz, C-4), 61.17 (C-6), 38.80, 38.76 (C ACHTUNGTRENNUNG(CH3)3), 27.02,
26.98 ppm (CACHTUNGTRENNUNG(CH3)3);


31P NMR (101 MHz, CDCl3, 25 8C): d=�2.83 ppm
(d, JP,1 =7.6 Hz); 19F NMR (235 MHz, CDCl3, 25 8C); d=�201.20 ppm
(ddd, JF,2 =50.8 Hz, JF,3 =13.7 Hz, JF,1 =3.0 Hz); MS-CI: m/z (%): 712
(100) [M+NH4]


+ ; elemental analysis calcd (%) for C35H48FO11P (%): C
60.51, H 6.96; found: C 60.37, H 7.14.


Data for 19c : White solid, m.p. 78 8C; [a]D20 =++788 (c=0.8 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.42–7.30 (m, 10H; C6H5), 5.76
(td, J1,2 =1.9 Hz, J1,P =J1,F =5.2 Hz, 1H; H-1), 5.50 (dd, J3,4 =10.1 Hz,
J4,5 =10.1 Hz, 1 H; H-4), 5.16 (ddd, J3,4 =10.3 Hz, J3,F =28.5 Hz, J2,3 =


2.5 Hz, 1H; H-3), 5.15–5.08 (m, 4H; OCH2Ph), 4.54 (ddd, J2,3 =J1,2 =


2.2 Hz, J2,F =49.0 Hz, 1H; H-2), 4.08–3.96 (m, 3H; H5, H-6), 1.23 (s, 9H;
CH3), 1.22 (s, 9H; CH3), 1.18 ppm (s, 9H; CH3);


13C NMR (100 MHz,
CDCl3, 25 8C): d=177.9, 177.4, 176.1 (CO), 135.2, 135.17 (Cipso), 128.84–
127.94 (m, C6H5), 94.50 (dd, JP,1 =31.7 Hz, JF,1 =5.4 Hz, C-1), 86.00 (dd,
JF,2 =180.4 Hz, JP,2 =9.0 Hz, C-2), 70.60 (C-5), 70.1, (d, J =5.5 Hz,
CH2Ph), 69.9 (d, J=5.6 Hz, CH2Ph), 68.8 (d, JF,3 =16.5 Hz, C-3), 63.77
(C-4), 60.74 (C-6), 38.8, 38.7, 27.0, 26.9 ppm; 31P NMR (101 MHz, CDCl3,
25 8C): d=�2.99 ppm (d, JP,1 =5.2 Hz); 19F NMR (235 MHz, CDCl3,
25 8C); d=�204.90 ppm (ddd, JF,2 =49.0 Hz, JF,3 =28.5 Hz, JF,1 =4.3 Hz);
MS-CI: m/z (%): 712 (100) [M+NH4]


+ ; elemental analysis calcd (%) for
C35H48FO11P: C 60.51, H 6.96; found: C 60.41, H 7.11.


Dibenzyl(2-deoxy-2-fluoro-3,4,6-tri-O-tert-butyldimethylsilyl-b-d-gluco-
pyranosyl)phosphate (20b): Compound 17[38] (600 mg, 1.23 mmol) was
solubilized in nitromethane (24 mL) and stirred with 4 R molecular
sieves (1 g) under argon for 15 min. Selectfluor (500 mg, 1.04 mmol) was
added at 0 8C and the reaction mixture was stirred for 4 h at ambient
temperature. [15]Crown-5 (736 mL, 3.68 mmol) and dibenzylphosphate
(sodium salt, 1.0 g, 3.33 mmol) were then added and warmed to 45 8C for
48 h. The mixture was diluted with EtOAc (100 mL), filtered, and con-
centrated under low pressure. The residue was finally purified by flash
chromatography (hexane/EtOAc, 5.5:1) to yield 20b (607 mg, 66%) as a
white syrup. [a]D20 =1.48 (c =0.2 in CHCl3);


1H NMR (400 MHz, CDCl3,
25 8C): d=7.42–7.27 (m, 10H; C6H5), 5.50 (td, J1,2 =J1,P 7.3 Hz, J1,F =


4.0 Hz, 1H; H-1), 5.17–5.05 (m, 4H; OCH2Ph), 4.20 (ddd, J2,F =49.7 Hz,
J2,3 =7.1 Hz, 1H; H-2), 3.90 (ddd, J3,F =16.0 Hz, J2,3 =J3,4 =7.1 Hz, 1H; H-
3), 3.88 (dd, J5,6a =4.0 Hz, J6a,6b =11.1 Hz, 1H; H-6a), 3.78 (dd, J5,6b =


4.8 Hz, 1H; H-6b), 3.73 (dd, J3,4 =J4,5 =7.1 Hz, 1H; H-4), 3.51 (ddd, J=


4.0 Hz, J =4.8 Hz, J=7.1 Hz, 1H; H-5), 0.98 (s, 9H; tBu), 0.94 (s, 9H;
tBu), 0.90 (s, 9H; tBu), 0.19–0.04 ppm (6s, 18H; CH3Si); 13C NMR
(100 MHz, CDCl3, 25 8C): d=135.66, 135.58 (Cipso), 128.44–127.88 (m,
C6H5), 95.90 (dd, JP,1 =27.6 Hz, JF,1 =4.7 Hz, C-1), 92.8 (dd, JF,2 =187.1 Hz,
JP,2 =8.3 Hz, C-2), 79.13 (C-5), 76.34 (d, JF,3 =18.3 Hz, C-3), 70.38 (d,
JF,4 =5.5 Hz, C-4), 69.36 (d, J =5.6 Hz, CH2Ph), 69.27 (d, J =5.5 Hz,
CH2Ph), 62.03 (C6), 18.53, 18.28, 17.97, 18.53, 18.28, 17.97, �3.11, �3.14,
�3.39, �3.97, �4.03, �4.43, �5.18, �5.40 ppm; 31P NMR (101 MHz,
CDCl3, 25 8C): d =�2.64 ppm (d, JP,1 7.3 Hz); 19F NMR (235 MHz,
CDCl3, 25 8C): d=�190.39 ppm (ddd, JF,2 =49.7 Hz, JF,3 =16.0 Hz, JF,1 =


4.0 Hz); elemental analysis calcd (%) for C38H66FO8PSi3: C 58.13, H 8.47;
found C 57.64, H 9.06.


2-Deoxy-1-O-phosphoryl-2-fluoro-l-glycero-b-d-gluco-heptopyranose
(24): Triethylamine (42 mL, 0.309 mmol) was added to a suspension of flu-
orophosphate 14 (125 mg, 0.155 mmol) and Pd/C (10%, 62 mg) in ethyl
acetate (1 mL) and ethanol (2 mL). The mixture was hydrogenated under
H2 atmosphere (1 bar) for 12 h, and filtered through a pad of Celite. The
filtrate was concentrated in vacuo to afford a triethylammonium salt,
which was dissolved in water (1 mL). Tetrabutylammonium hydroxide
(40% in H2O, 1.34 mL, 2.07 mmol) was added to this solution, and the
mixture was stirred at room temperature for 26 h. After neutralization by
IR-120 A (H+) resin, the solution was filtered and concentrated in vacuo.
The residue was dissolved in ethanol (4 mL), and tributylamine (74 mL,
0.310 mmol) was added. Concentration of the mixture in vacuo afforded
a monophosphate 24 (112 mg, quantitative yield) as a syrup.


Alternatively, compound 24 was prepared from 15b : Triethylamine
(43 mL, 0.312 mmol) was added to a suspension of fluorophosphate 15b
(145 mg, 0.156 mmol) and Pd/C (10%, 20 mg) in ethyl acetate (1 mL)
and ethanol (2 mL). The mixture was hydrogenated under H2 atmosphere
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for 12 h, and filtered through a pad of Celite. The filtrate was concentrat-
ed in vacuo to afford a triethylammonium salt that was dissolved in tetra-
hydrofuran (5 mL). Tetrabutylammonium fluoride (236 mg, 0.90 mmol)
was added to this solution, and the mixture was stirred at room tempera-
ture for 3 h. After neutralization by IR-120 A (H+) resin, the solution
was filtered and concentrated in vacuo. The residue was dissolved in eth-
anol (4 mL), and tributylamine (74 mL, 0.312 mmol) was added. Concen-
tration of the mixture in vacuo afforded a monophosphate 24 (57 mg,
55%) as a bis(tributylammonium) salt. [a]D23 =�1.78 (c =0.5 in H2O);
1H NMR (400 MHz, D2O, 25 8C): d=5.14 (td, J1,2 =J1,P =7.7 Hz, J1,F =


2.6 Hz, 1H; H-1), 4.18 (ddd, J1,2 =7.7 HzJ2,3 =8.0 Hz, J2,F =51.0 Hz, 1H;
H-2), 3.98 (td, J6,7a =J6,7b =6.8 Hz, J5,6 =1.5 Hz, 1H; H-6), 3.85 (td, J2,3


8.0 Hz, J3,4 9.2 Hz, J3,F =24.9 Hz, 1H; H-3), 3.72 (m, 2H; H-7), 3.66 (t,
J3,4 = J4,5 =9.5 Hz, 1H; H-4), 3.53 ppm (dd, J4,5 =9.5 Hz, J5,6 =1.5 Hz, 1H;
H-5); 13C NMR (100 MHz, D2O, 25 8C): d 95.3 (dd, J1,F =4.7 Hz, J1,P =


23.9 Hz), 92.8 (dd, J2,F =186 Hz, J1,P =8.1 Hz), 75.0, 74.5 (d, J3,F =17 Hz),
68.8 (d, J4,F =7.8 Hz), 68.6, 62.5, 53.1, 25.6, 19.6, 13.1 ppm; 19F NMR
(235 MHz, D2O, 25 8C): d=�199.2 ppm (dd, J2,F =51.7 Hz, J3,F =14.1 Hz);
31P NMR (101 MHz, D2O, 25 8C): d=0.83 ppm (s); MS (FAB�): m/z : 291
[M�H]+ ; HRMS (FAB�) calcd for C7H13O9FP [M�H]+ : 291.0281;
found: 291.0283.


Adenosine 5’-diphospho-2-deoxy-2-fluoro-l-glycero-b-d-gluco-heptopyra-
noside (2): Monophosphate 24 (51 mg, 0.077 mmol) was dissolved in an-
hydrous pyridine under argon atmosphere and concentrated under
vacuum. This azeotropic removal of residual water was repeated three
times. AMP-morpholidate (214 mg, 0.302 mmol) and 1H-tetrazole
(42 mg, 0.603 mmol) was added to the dried monophosphate 24, and the
mixture was left under high vacuum for 24 h. Anhydrous pyridine (2 mL)
was added, and the mixture was stirred under argon atmosphere for 52 h.
After concentration, the residue was precipitated and washed with ethyl
acetate. The resulting solid was purified by preparative HPLC (RP-C18,
isocratic elution: triethylammonium acetate buffer (pH 6.8)/2% acetoni-
trile) to give a mixture of sugar nucleotide 2 and AMP dimer. The mix-
ture was separated by size exclusion chromatography (Sephadex G-15,
elution: water) to furnish sugar nucleotide 2 as a syrup. Repeated lyophi-
lizations of the syrupy product afforded pure sugar nucleotide 2 as a
white solid (31 mg, 56%). 1H NMR (400 MHz, D2O, 25 8C): d =8.25 (s,
1H; adenine), 8.49 (s, 1H; adenine), 6.13 (d, J1’,2’=6.0 Hz, 1H; H-1’),
5.21 (td, J1,2 =J1,P =7.8 Hz, J1,F =2.6 Hz, 1H; H-1), 4.75 (m, 1H; H-2’),
4.52 (dd, J2’,3’=5.1 Hz, J3’,4’=3.5 Hz, 1H; H-3’), 4.39 (t, J3’,4’=J4’,5’=3.1 Hz,
1H; H-4’), 4.21 (dd, J4’,5’=3.2 Hz, Jgem =5.2 Hz, 1H; H-5’), 4.15 (ddd,
J1,2 =7.9 Hz, J2,3 =8.7 Hz, J2,F =50.7 Hz, 1H; H-2), 3.91 (dt, J5,6 =1.3 Hz,
J6,7a =J6,7b =6.9 Hz, 1H; H-6), 3.78 (dd, J2,3 =J3,4 =9.2 Hz, J3,F =15.0 Hz,
1H; H-3’), 3.69 (dd, J6,7a =7.1 Hz, Jgem =11.6 Hz, 1H; H-7a), 3.68 (dd,
J6,7 =7.1 Hz, Jgem =11.6 Hz, 1H; H-7b), 3.63 (t, J3,4 =J4,5 =9.5 Hz, 1H; H-
4), 3.48 ppm (dd, J4,5 =9.8 Hz, J5,6 =1.5 Hz, 1H; H-5); 13C NMR
(101 MHz, D2O, 25 8C): d=181.9, 156.0, 153.4, 153.3, 95.6 (dd, JP1 =


22.6 Hz, JF1 =4.4 Hz, C1), 92.4 (dd, JF2 =184 Hz, JP2 =8.8 Hz, C2), 87.2,
84.3 (d, J=9.4 Hz,), 75.1, 74.6, 74.3 (d, JF3 =17.3 Hz, C3), 70.8, 68.7 (d,
JF4 =7.8 Hz, C4), 68.5, 65.6 (d, J =5.6 Hz, C5’), 62.4; 19F NMR (235 MHz,
D2O, 25 8C): d �199.9 ppm (dd, J2,F =50.8 Hz, J3,F =13.9 Hz); 31P NMR
(101 MHz, D2O, 25 8C): d=�11.3 (d, J =22.2 Hz), �13.3 ppm (d, J=


22.2 Hz); MS-ESI: m/z : 620 [M�H]+ ; ESI-HRMS calcd for
C17H25N5O15FP2 [M�H]+ : 620.0806; found: 620.0817.


Acknowledgement


This program was supported by Start-up funds Mutabilis S.A. (post-doc
grants to H.D., R.P., M.B., Y.R.) and a “Marie Curie Training Network”
grant (“Dynamic Interactive Chemical Biology & Biomedicine” MRTN-
CT-2005–019561).


[1] S. Gronow, H. Brade, J. Endotoxin Res. 2001, 7, 3–23; A. Silipo, A.
Molinaro, T. Ierano, A. De Soyza, L. Sturiale, D. Garozzo, C. Al-


dridge, P. A. Corris, C. M. A. Khan, R. Lanzetta, M. Parrilli, Chem.
Eur. J. 2007, 13, 3501–3511.


[2] C. M. Kahler, A. Datta, Y. L. Tzeng, R. W. Carlson, D. S. Stephens,
Glycobiology 2005, 15, 409–419.


[3] E. T. Rietschel, T. Kirikae, F. U. Schade, U. Mamat, G. Schmidt, H.
Loppnow, FASEB J. 1994, 8, 217–225.


[4] W. G. Coleman, L. Leive, J. Bacteriol. 1979, 139, 899–910.
[5] P. Compain, O. R. Martin, Bioorg. Med. Chem. 2001, 9, 3077–3092;


M. L. Mitchell, F. Tian, L. V. Lee, C. H. Wong, Angew. Chem. 2002,
114, 3167–3170; Angew. Chem. Int. Ed. 2002, 41, 3041–3044.


[6] S. G. Withers, Carbohydr. Polym. 2001, 44, 325–337; L. L. Lairson,
C. P. C. Chiu, H. D. Ly, S. He, W. W. Wakarchuk, N. C. J. Strynadka,
S. G. Withers, J. Biol. Chem. 2004, 279, 28339–28344.


[7] M. D. Burkart, S. P. Vincent, A. DPffels, B. W. Murray, S. V. Ley, C.-
H. Wong, Bioorg. Med. Chem. 2000, 8, 1937–1946.


[8] M. D. Burkart, S. P. Vincent, C.-H. Wong, Chem. Commun. 1999,
1525–1526.


[9] P. T. Nyffeler, S. G. Duron, M. D. Burkart, S. P. Vincent, C.-H.
Wong, Angew. Chem. 2005, 117, 196–217; Angew. Chem. Int. Ed.
2005, 44, 192–212.


[10] H. A. Chokhawala, H. Z. Cao, H. Yu, X. Chen, J. Am. Chem. Soc.
2007, 129, 10630–10631.


[11] L. S. Ni, H. A. Chokhawala, H. Z. Cao, R. Henning, L. Ng, S. S.
Huang, H. Yu, X. Chen, A. J. Fisher, Biochemistry 2007, 46, 6288–
6298; R. P. Gibson, J. P. Turkenburg, S. J. Charnock, R. Lloyd, G. J.
Davies, Chem. Biol. 2002, 9, 1337–1346; K. Persson, H. D. Ly, M.
Dieckelmann, W. W. Wakarchuk, S. G. Withers, N. C. Strynadka,
Nat. Struct. Biol. 2001, 8, 166–175; W. Offen, C. Martinez-Fleites,
M. Yang, E. Kiat-Lim, B. G. Davis, C. A. Tarling, C. M. Ford, D. J.
Bowles, G. J. Davies, EMBO J. 2006, 25, 1396–1405; C. P. C. Chiu,
A. G. Watts, L. L. Lairson, M. Gilbert, D. Lim, W. W. Wakarchuk,
S. G. Withers, N. C. J. Strynadka, Nat. Struct. Mol. Biol. 2004, 11,
163–170.


[12] S. Grizot, M. Salem, V. Vongsouthi, L. Durand, F. Moreau, H. Dohi,
S. Vincent, S. Escaich, A. Ducruix, J. Mol. Biol. 2006, 363, 383–394.


[13] A. Zamyatina, S. Gronow, C. Oertelt, M. Puchberger, H. Brade, P.
Kosma, Angew. Chem. 2000, 112, 4322–4325; Angew. Chem. Int. Ed.
2000, 39, 4150–4153.


[14] S. P. Vincent, M. D. Burkart, C.-Y. Tsai, Z. Zhang, C.-H. Wong, J.
Org. Chem. 1999, 64, 5264–5279.


[15] H. Paulsen, M. Schuller, M. A. Nashed, A. Heitmann, H. Redlich,
Tetrahedron Lett. 1985, 26, 3689–3692; G. J. P. H. Boons, M. Over-
hand, G. A. van der Marel, J. H. van Boom, Carbohydr. Res. 1989,
192, C1-C4; “Synthesis of oligosaccharides of bacterial origin con-
taining heptoses, uronic acids and fructofuranoses as synthetic chal-
lenges”: S. Oscarson, in Glycoscience Synthesis of Oligosaccharides
and Glycoconjugates, Vol. 186 1997, pp.171–202; S. Oscarson, Car-
bohydr. Polym. 2001, 44, 305–311; H. Kubo, K. Ishii, H. Koshino, K.
Toubetto, K. Naruchi, R. Yamasaki, Eur. J. Org. Chem. 2004, 1202–
1213; D. Crich, A. Banerjee, J. Am. Chem. Soc. 2006, 128, 8078–
8086.


[16] S. Jarosz, E. Kozlowska, Pol. J. Chem. 1996, 70, 45–53.
[17] S. Jarosz, J. W. Krajewski, A. Zamojski, H. Duddeck, M. Kaiser,


Bull. Pol. Acad. Sci. Chem. 1985, 33, 181–187; M. Kim, B. Grzeszc-
zyk, A. Zamojski, Tetrahedron 2000, 56, 9319–9337; L. Dong, J. M.
Roosenberg, M. J. Miller, J. Am. Chem. Soc. 2002, 124, 15001–
15005.


[18] H. C. Kolb, M. S. Vannieuwenhze, K. B. Sharpless, Chem. Rev. 1994,
94, 2483–2547.


[19] J. K. Cha, W. J. Christ, Y. Kishi, Tetrahedron 1984, 40, 2247–2255.
[20] B. K. Shull, Z. J. Wu, M. Koreeda, J. Carbohydr. Chem. 1996, 15,


955–964.
[21] M. D. Burkart, Z. Zhang, S.-C. Hung, C.-H. Wong, J. Am. Chem.


Soc. 1997, 119, 11743; M. Albert, K. Dax, J. Ortner, Tetrahedron
1998, 54, 4839.


[22] J. Ortner, M. Albert, H. Weber and K. Dax, J. Carbohydr. Chem.
1999, 18, 297; D. J. Vocadlo, S. G. Withers, Carbohydr. Res. 2005,
340, 379–388.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9530 – 95399538


S. P. Vincent et al.



www.chemeurj.org





[23] O. Boutureira, M. A. RodrXguez, M. I. Matheu, Y. DXaz, S. CastillYn,
Org. Lett. 2006, 8, 673–675.


[24] A. Caravano, D. Mengin-Lecreulx, J.-M. Brondello, S. P. Vincent, P.
SinaZ, Chem. Eur. J. 2003, 9, 5888–5898.


[25] V. Wittmann, C.-H. Wong, J. Org. Chem. 1997, 62, 2144–2147.
[26] J. D. Dunitz, R. Taylor, Chem. Eur. J. 1997, 3, 89–98; Z. Sun, L. W.


McLaughlin, J. Am. Chem. Soc. 2007, 129, 12531–12536.
[27] R. Paulini, K. MPller, F. Diederich, Angew. Chem. 2005, 117, 1820–


1839; Angew. Chem. Int. Ed. 2005, 44, 1788–1805.
[28] J. A. Olsen, D. W. Banner, P. Seiler, U. Obst-Sander, A. DHArcy, M.


Stihle, K. MPller, F. Diederich, Angew. Chem. 2003, 115, 2611–
2615; Angew. Chem. Int. Ed. 2003, 42, 2507–2511.


[29] J. A. Olsen, D. W. Banner, P. Seiler, B. Wagner, T. Tschopp, U.
Obst-Sander, M. Kansy, K. MPller, F. Diederich, ChemBioChem
2004, 5, 666–675.


[30] Felix R. Fischer, W. Bernd Schweizer, F. Diederich, Angew. Chem.
2007, 119, 8418–8421; Angew. Chem. Int. Ed. 2007, 46, 8270–8273.


[31] M. Tredwell, J. A. R. Luft, M. Schuler, K. Tenza, K. N. Houk, V.
Gouverneur, Angew. Chem. 2008, 120, 363–366; Angew. Chem. Int.


Ed. 2008, 47, 357–360; L. Hintermann, A. Togni, Angew. Chem.
2000, 112, 4530; Angew. Chem. Int. Ed. 2000, 39, 4359.


[32] S. Purser, P. R. Moore, S. Swallow, V. Gouverneur, Chem. Soc. Rev.
2008, 37, 320–330.


[33] R. Pongdee, H.-W. Liu, Bioorg. Chem. 2004, 32, 393–437; D. L.
Zechel and S. G. Withers, Acc. Chem. Res. 2000, 33, 11–18; A. Cara-
vano, H. Dohi, P. SinaZ, S. P. Vincent, Chem. Eur. J. 2006, 12, 3114–
3123.


[34] B. Beuthien-Baumann, K. Hamacher, F. Oberdorfer, J. Steinbach,
Carbohydr. Res. 2000, 327, 107–118.


[35] A. Graziani, H. Amer, A. Zamyatina, A. Hofinger, P. Kosma, Tetra-
hedron: Asymmetry 2007, 18, 115–122.


[36] J. M. Aurrecoechea, B. Lopez, M. Arrate, J. Org. Chem. 2000, 65,
6493–6501.


[37] N. K. Khare, R. K. Sood, G. O. Aspinall, Can. J. Chem. 1994, 72,
237–246.


[38] J.-P. Lellouche, S. Koeller, J. Org. Chem. 2001, 66, 693–696.


Received: June 26, 2008
Published online: October 2, 2008


Chem. Eur. J. 2008, 14, 9530 – 9539 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9539


FULL PAPERStereoselective Glycal Fluorophosphorylation



www.chemeurj.org






DOI: 10.1002/chem.200800557


Structure, Magnetic Properties, Polarized Neutron Diffraction, and
Theoretical Study of a Copper(II) Cubane


Christophe Aronica,[a] Yurii Chumakov,[a] Erwann Jeanneau,[a] Dominique Luneau,*[a]


Petr Neugebauer,[b] Anne-Laure Barra,*[b] B8atrice Gillon,*[c] Antoine Goujon,[c]


Alain Cousson,[c] Javier Tercero,[d] and Eliseo Ruiz*[d]


Introduction


As part of many polynuclear frameworks, cubane-like com-
pounds have received considerable attention over the
years.[1–13] In the frame of our investigation of polynuclear
systems exhibiting magnetic properties we recently reported
the synthesis, structure and magnetic properties of two


series of heterobimetallic copper(II)–lanthanide ACHTUNGTRENNUNG(III) com-
pounds with four [LnCu3] and nine [Ln3Cu6] nuclearities
based on cubane-like architectures.[14, 15]


The chemical approach was based on the use of a simple
ligand (LH2, see below) of the type known to favor cubane-
like frameworks. As expected, the reaction gave a tetranu-
clear complex [Cu4L4], abbrevi-
ated to [Cu4], with copper(II)
in a cubane-like architecture.
The two series of heterobime-
tallic LnIII–CuII clusters [LnCu3]
and [Ln3Cu6] were then built


Abstract: The paper reports the syn-
thesis, X-ray and neutron diffraction
crystal structures, magnetic properties,
high field–high frequency EPR (HF-
EPR), spin density and theoretical de-
scription of the tetranuclear CuII com-
plex [Cu4L4] with cubane-like structure
(LH2=1,1,1-trifluoro-7-hydroxy-4-
meth ACHTUNGTRENNUNGyl-5-aza-hept-3-en-2-one). The
simulation of the magnetic behavior
gives a predominant ferromagnetic in-
teraction J1 (+30.5 cm�1) and a weak
antiferromagnetic interaction J2


(�5.5 cm�1), which correspond to short
and long Cu–Cu distances, respectively,
as evidence from the crystal structure
(h=�


P
i>j


2JijŜiŜj). It is in agreement


with DFT calculations and with the sat-
uration magnetization value of an S=2
ground spin state. HF-EPR measure-


ments at low temperatures (5 to 30 K)
provide evidence for a negative axial
zero-field splitting parameter D
(�0.25�0.01 cm�1) plus a small rhom-
bic term E (0.025�0.001 cm�1, E/D =


0.1). The experimental spin distribution
from polarized neutron diffraction is
mainly located in the basal plane of the
CuII ion with a distortion of yz-type for
one CuII ion. Delocalization on the
ligand (L) is observed but to a smaller
extent than expected from DFT calcu-
lations.
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when replacing one or two copper(II) ions of the [Cu4]
cubane core by lanthanideACHTUNGTRENNUNG(III) ions (Figure 1).[14]


Our major concern following this work is to understand
the effects on the magnetic behavior when introducing one
or several lanthanide ions in copper(II)–lanthanide ACHTUNGTRENNUNG(III) clus-
ters.[14] Our study raised several interesting questions regard-
ing the magnetic behavior of 3d–4f heterometallic systems.
For instance a small anisotropy was revealed for [Gd3Cu6]


[14]


while a single-molecule magnet behavior with a strong coer-
cive field was evidenced for [Dy3Cu6].


[15] In the latter case,
the comparison with a previously reported [Dy3]


[16] system
which possesses a similar {Dy3} framework but a quasi-null
ground spin state seems to indicate that in our system the
non-zero ground spin state was favored by the additional
copper(II) ion suggestively through spin-frustration effects.


In connection with this approach and to better understand
the origin of the magnetism we are now combining high
field–high frequency EPR, neutron spin density determina-
tion and theoretical studies in the investigation of these sys-
tems. HF-EPR measurements should give information on
the sign and magnitude of the anisotropy[17] while the polar-
ized neutron diffraction has proven to be relevant to obtain
information on the spin delocalization.[18–23] We also per-
formed theoretical studies of the magnetic exchange cou-
pling as well as spin-density calculations using the density
functional theory (DFT) formalism. Hence, recently some of
us have studied the magnetism of several tetranuclear CuII


complexes (Cu4) with cubane-like structures. According to


the number of short and long Cu–Cu distances, the systems
were classified in three different structural types (Figure 2)
and theoretical methods based on DFT were used to quanti-
fy the strength of the CuII–CuII magnetic interactions.[8,12]


We now present detailed results of our study, combining
HF-EPR, neutron spin density determination and a theoreti-
cal study of CuII–cubane [Cu4].


Results and Discussion


Description of the X-ray structure at room temperature :
The crystal structure was described in our previous paper[14]


and we briefly summarize the main features. The crystallo-
graphic data and refinement details are given in Table 1. Se-
lected bond lengths and angles are given in Table 2 (neu-
tron) and Table S1 (Supporting Information, X-ray).


The structure is very similar to the one reported with the
non-fluorinated ligand.[2] It is made of discrete neutral
[Cu4L4] molecules (Figure 3) with four CuII ions and four li-
gands fully deprotonated (L2�) (see below). The four alkoxo
oxygen atoms bridge the copper(II) ions to afford a slightly
distorted cubic core {Cu4O4}. The copper ions are pentacoor-
dinated with a square base pyramidal environment. The
basal plane comprises one nitrogen and two oxygen atoms
from one ligand and a third oxygen atom coming from an-
other ligand. The apical position is occupied by an oxygen
atom from a third ligand. The Cu�O and Cu�N bond
lengths in the O3N1 square plane range from 1.890(5) to
1.962(4) Q (average: 1.935 Q) and from 1.930(5) to
1.948(6) Q (average: 1.937 Q), respectively. As it is usually
observed, the apical oxygen atom shows a longer Cu�O
bond length comprised between 2.400(4) and 2.451(4) Q


Figure 1. Schematic drawing of the synthesis approach.


Figure 2. Schematic drawing of the three structural types observed in
cubane-like tetranuclear CuII complexes. Bold and dotted lines stand for
short and long Cu�O bond lengths, respectively.


Table 1. Crystal data and structure refinement for [Cu4].


Crystal data


formula C28H32Cu4F12N4O8


formula weight 1034.74
crystal system monoclinic
space group P21/c (no. 14)
color blue
Z 4


Data collections and refinement details
X-rays Neutrons


T [K] 293 30
a [Q] 13.8390(4) 13.393(3)
b [Q] 12.2627(4) 12.207(3)
c [Q] 22.6302(5) 22.82(14)
b [8] 96.785 (2) 97.224(6)
V [Q3] 3813.5 (2) 3701(1)
1calcd [gcm


�3] 1.802 1.857
GOF on F2 1.10 1.011
N reflections used 3573 3958
R(F)[a] 0.045 [I>3s(I)] 0.0671 [I>3s(Fo)]
Rw(F)


[b] all data 0.056 0.1770


[a] R(F)=� j jFo j� jFc j j /� jFo j , [b] Rw(F)= [�w(jFoj�jFcj)2/�w jFo j 2]1/2
in which w=1/s2.
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(average: 2.420 Q). The [Cu4] cluster belongs to the 4+2
class (Figure 2).[12] Four {Cu2O2} faces exhibit two different
Cu-O-Cu angles (90 and 1078) with three short Cu–O distan-
ces (1.96 Q) and a longer one (2.42 Q). In contrast, the two
other {Cu2O2} faces have similar Cu-O-Cu angles (�978)
with two short (�1.96 Q) and two long (�2.42 Q) Cu–O
distances.


Description of the nuclear structure at 30 K : The cell pa-
rameters refined at 30 K show a shortening of the a and c
cell parameters but the b parameter remains similar in the
limit of the error bar (Table 1). The interatomic distances
and valence angles (Table 2) are very close to those found
from the X-ray study (Table S1).


Magnetic behavior : The thermal variation of cT is shown in
Figure 4. At room temperature, the cT product of
2.02 cm3Kmol�1 is higher than the expected value for four


CuII ions when considering a g value of 2.0
(1.5 cm3Kmol�1). Upon cooling, cT continuously increases
and reaches a maximum of 3.55 cm3Kmol�1 at 10 K close to
the expected value for an S=2 state. This feature indicates
dominant ferromagnetic interactions within the cluster while
the cT decrease below 10 K is ascribed to weak intermolecu-
lar antiferromagnetic interactions. The magnetization curve
recorded at 2 K reaches the saturation value of 4.0 mB in
agreement with an S=2 ground spin-state (Figure S1, Sup-
porting Information).[14]


According to the structure and in agreement with the 4+


2 class of cubane clusters[12] the data were simulated consid-
ering two different coupling constants J1 and J2 using the
spin Hamiltonian below in Equation (1):


h ¼ �2J1ðŜCu1ŜCu4 þ ŜCu1ŜCu3 þ ŜCu2ŜCu4 þ ŜCu2ŜCu3Þ


�2J2ðŜCu1ŜCu2 þ ŜCu3ŜCu4Þ
ð1Þ


An inter-cluster interaction q was also included as a mean
field correction. The fit procedure leads to the following pa-
rameters: g=2.18, J1=++30.5 cm�1, J2=�5.5 cm�1 and q=


�0.10 K (Figure 4).


EPR Investigations : HF-EPR measurements were per-
formed on a polycrystalline powder sample pressed into a
pellet. Spectra were recorded at 190 and 285 GHz at tem-
peratures ranging from 5 to 30 K. In this temperature range,
only the S=2 ground spin state is thermally populated (the
first excited spin multiplet being about 50 cm�1 higher in
energy) so that the HF-EPR study allows determining pre-
cisely the magnetic anisotropy of this ground state. At 30 K,
most of the intensity is found at 9.7 T for an exciting fre-
quency of 285 GHz (corresponding to a g=2.0 signal at
10.2 T), which should then correspond to the centre of the
spectrum (Figure 5). Conversely at 5 K, the transitions asso-
ciated to the lowest MS level (MS=�2) are amplified by the
Boltzmann effect and appear at the extremes of the spec-
trum (at 9.1 and 10.1 T for 285 GHz and 5 K).


Figure 3. a) Molecular structure of [Cu4L4] (L=1,1,1-trifluoro-7-hydroxy-
4-methyl-5-aza-hept-4-en-2-one). b) View of the cubane core with labels
used in the text.


Figure 4. Temperature dependence of the cT product for [Cu4]. The open
circles correspond to the experimental points.[14] The best fit curve is rep-
resented by the solid line while that obtained from the calculated J
values is indicated as a dashed line.


Table 2. Selected interatomic distances [Q] and angles [8] for [Cu4] from
neutron diffraction at 30 K.


Cu1�O1 1.886(8) Cu3�O5 1.921(8)
Cu1�O2 1.996(8) Cu3�O4 1.962(8)
Cu1�N1 1.923(6) Cu3�N3 1.958(6)
Cu1�O6 1.992(9) Cu3�O6 1.971(8)
Cu1�O4 2.409(8) Cu3�O8 2.461(8)
Cu2�O3 1.949(8) Cu4�O8 1.954(9)
Cu2�O4 1.978(8) Cu4�O7 1.967(9)
Cu2�N2 1.946(7) Cu4�N4 1.947(7)
Cu2�O8 1.976(9) Cu4�O2 1.928(9)
Cu2�O2 2.338(9) Cu4�O6 2.466(9)
Cu1···Cu3 3.123(6) Cu1···Cu2 3.334(7)
Cu1···Cu4 3.152(7) Cu2···Cu4 3.108(7)
Cu2···Cu3 3.161(7) Cu3···Cu4 3.298(7)
Cu1-O4-Cu2 98.5(3) Cu2-O2-Cu1 100.3(3)
Cu2-O8-Cu4 104.5 (4) Cu4-O8-Cu3 96.0(3)
Cu2-O8-Cu3 90.2 (3) Cu2-O4-Cu3 106.7(4)
Cu4-O6-Cu3 95.4(3) Cu3-O4-Cu1 90.6(3)
Cu3-O6-Cu1 104.0(4) Cu4-O2-Cu2 93.0(3)
Cu4-O6-Cu1 89.4(3) Cu1-O2-Cu4 106.9(4)
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As the low field signal is the farthest from the centre of
the spectrum, it corresponds to the MS=�2!MS=�1 tran-
sition along the z axis [Eq. (2)] and the zero-field splitting
axial parameter D is negative. The set of spectra recorded at
both frequencies and for all the temperatures have been cal-
culated by exact diagonalization of the spin Hamiltonian:


h ¼ mBS 
 g 
 BþDðSz
2�SðSþ 1Þ=3ÞþEðSx


2�Sy
2Þ ð2Þ


A good agreement with the experimental data has been ob-
tained for the following set of parameters: D=�0.25�
0.01 cm�1, E=0.025�0.001 cm�1 (E/D=0.1), gz=2.06�0.01
and gx = gy = 2.115�0.005 (Figure 6).


The calculation of the dipolar contribution to the zero-
field splitting of the S=2 ground state, within the point
dipole approximation and considering typical g values for
CuII in square pyramidal geometry (gk=2.34 and g?=2.08)
is unable to account for the measured values. It leads to a D
value about ten times smaller than the experimental one
and with the wrong sign (positive D). It indicates that aniso-


tropic exchange contributions to the zero-field splitting
should be dominant.[24]


Spin-density reconstruction : We used the so-called Hansen–
Coppens model, adapted to spin density,[25] to reconstruct
the spin density from the experimental magnetic structure
factors. The spin density is written as a sum of atomic spin
densities which are developed over the basis of multipolar
functions centered on atom i:


1ið r!iÞ ¼
Xl¼4


l¼0


Xl


m¼�l
Pi


lmR
i
lðzi


l,kiriÞyilmðq,fÞ ð3Þ


where Plm is the population of the multipole lm, R is a
Slater-type radial function with exponent z and a contrac-
tion coefficient k and ylm is a real spherical harmonics.


We first applied a spherical model for all Cu atoms and
their first neighbors:


1ið r!iÞ ¼ Pi
00N


i
0r


n
i
0e�z


i
0kiri ð4Þ


The radial coefficients, taken from literature[26] were the fol-
lowing: for Cu, n0=4 and z=8.8 u.a.�1, for N : n0=2 and z=


3.83 u.a.�1 and for O: n0=2 and z=4.45 u.a.�1.
The monopole populations were refined as well as the


radial exponent of copper (a same contraction coefficient k
was assumed for the four Cu atoms) on the basis of 152
unique reflections with FM>3s(FM). An agreement factor
Rw(FM)=8.47 and a goodness of fit GOF=2.54 were ob-
tained.


In order to determine the nature of the copper 3d orbitals
involved in the magnetic interactions, we used a model for
the atomic spin density on the copper atoms allowing for
the refinement of the five orbital coefficients of the 3d orbi-
tal carrying the unpaired electron.[27]


yCu ¼ a1dz2 þ a2dxz þ a3dyz þ a4dx2�y2 þ a5dxy ð5Þ


In this model, the copper atomic density is written as


1Cuð r!Þ ¼ pCujyCuð r!Þj2 ¼ pCuj
X2


M¼�2
a2M�2Mð r!Þj2 ð6Þ


where pCu is the atomic population on Cu and a2M are the or-
bital coefficients and f2M are the five atomic orbitals with
M=�2 to 2:


�2Mð r!Þ ¼ Nr2e�zry2Mðq,fÞ ð7Þ


with the normalization condition (one unpaired electron on
Cu)


X2


M¼�2
a2M


2 ¼ 1 ð8Þ


Figure 5. Experimental powder EPR spectra for [Cu4] recorded on a
pellet sample at 285 GHz.


Figure 6. Calculated spectra at 285 GHz with the set of parameters indi-
cated in the text.
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The expression of 1Cu becomes:


1Cuð r!Þ ¼ pCuj
X2


M¼�2
a2MNr2e�zry2Mðq,fÞj2 ð9Þ


Using the properties of the products of Slater functions and
the products of real sphericals harmonics,[27] this expression
may be written as:


1Cuð r!Þ ¼ pCu


Xl¼4


l¼0


Xl


m¼�l
PlmNlRlð2z,rÞylmðq,fÞ ð10Þ


where Plm is a linear combination of products of two orbital
coefficients. The analogy between Equations (3) and (10)
leads to relationships between the multipole populations
and the orbital coefficients, assuming a radial exponent z=


2x.
No convergence was obtained in the orbital coefficient re-


finement and therefore refinements were performed apply-
ing a constraint on the 3d orbital type for each Cu one after
the other. The corresponding agreement factors are reported
in Table 3.


Compared with the spherical model, the refinement is im-
proved for Cu1, Cu2, and Cu4 when using an x2�y2 or xy
constraint. For Cu3, the refinement is slightly improved with
an x2�y2 or xy constraint and also yz, but deteriorated by
others (xz, z2).


This constrained refinement does not permit to discrimi-
nate between x2�y2 or xy type for the spin density on Cu.
Indeed the same multipoles are involved in both cases
(quadrupole z2 and hexadecapoles z4 and x4+y4) as shown
by the expression of the populations in function of the cor-
responding orbital coefficients a4 and a5:


P20 ¼ �2
5
ffiffiffi
3
p


63
pCuða42 þ a5


2Þ ð11Þ


P40 ¼
3


224p


pCu


0:069417
ða42 þ a5


2Þ ð12Þ


P44 ¼
pCu


p
ða42 þ a5


2Þ ð13Þ


Based on the theoretical study reported below, the x2�y2
type was assumed preferably to xy. Compared to the spheri-
cal refinement (Rw(FM)=8.47 and GOF=2.54), the refine-


ment is clearly improved by using a constraint with x2�y2 or-
bitals on the four Cu atoms (Rw(FM)=8.20 and GOF=2.46).
In order to take into account the special case of Cu3 with
respect to the other copper atoms as seen in Table 3, a yz
component was added to the x2�y2 component (with an
equal weight) on Cu3 which leads to a slight improvement
of the refinement (Rw(FM)=8.1 and GOF=2.4). In Table 4
are reported the refined populations corresponding to this
last model.


The Figure 7 displays the section of the spin density in the
bridge planes for a symmetrical configuration and a long
Cu···Cu distance of 3.3 Q (Figure 7a) and for an asymmetri-
cal configuration and a shorter Cu···Cu distance of 3.1 Q
(Figure 7b).


Theoretical calculations : Using the previous Heisenberg
Hamiltonian [Eq. (1)] the calculated J values for this cubane
complex are +20.5 and +1.85 cm�1, respectively, for J1 and
J2 exchange coupling constants (see Section on Computa-
tional Details). Such values are in agreement with those


found in our previous theoreti-
cal study for similar com-
plexes.[12] The difference in
strength between both interac-
tions can be easily understood
as due to the presence of two
long Cu�O bond lengths in the
case of the J2 interaction whilst
only one for the J1 coupling.
Hence, for the J1 interaction
the exchange pathway between


Table 3. Refinements with different Cu 3d orbital constraints: agreement factors and goodness of fit.


Cu1 Cu2 Cu3 Cu4
Rw(FM) GOF Rw(FM) GOF Rw(FM) c Rw(FM) GOF


x2�y2 8.39 2.51 8.35 2.49 8.48 2.53 8.41 2.51
xy 8.39 2.51 8.35 2.49 8.46 2.53 8.42 2.51
xz 8.59 2.56 8.54 2.55 8.57 2.56 8.52 2.55
yz 8.46 2.53 8.55 2.55 8.43 2.52 8.51 2.54
z2 8.57 2.56 8.61 2.57 8.51 2.54 8.54 2.55


GOF= [(�hkl w(jFM
oj�jFM


c j )2)/ ACHTUNGTRENNUNG(No�Nv)]
1/2 with No=number of reflections, Nv=number of parameters and w


weighting scheme (1/s2).


Table 4. Experimental spin populations at 2 K under 6 Tesla in the [Cu4]
cluster (model: The unpaired spin 3d orbital for Cu1, Cu2 and Cu4 is
constrained to be of x2�y2 type and for Cu3 of ((x2�y2)+yz) type).


Spin populations (mB) Spin populations normalized to 4


kCu [ua
�1] 1.44(8)


Cu1 0.633(9) 0.738(10)
Cu2 0.608(9) 0.709(10)
Cu3 0.708(9) 0.826(10)
Cu4 0.687(8) 0.801(9)
O1 0.044(10) 0.051(12)
O2 0.115(9) 0.134(10)
O3 0.022(10) 0.026(12)
O4 0.080(9) 0.093(10)
O5 �0.017(10) �0.020(12)
O6 0.105(11) 0.122(13)
O7 0.094(9) 0.110(10)
O8 0.077(9) 0.090(10)
N1 0.018(11) 0.021(13)
N2 0.089(10) 0.104(12)
N3 0.063(10) 0.073(12)
N4 0.102(9) 0.109(10)
Sum 3.43(4) 4.00
N obs 152
N param 17
GOF (=2.43)
Rw(FM) 0.081
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the two copper atoms comprises two short Cu�O bond
lengths and consequently results in a stronger exchange in-
teraction. As was previously observed for other similar Cu4


complexes, the calculated values are different from the
fitted ones extracted from the experimental magnetic sus-
ceptibility (J1=++30.5 cm�1, J2=�5.5 cm�1). Indeed, usually
the calculated J2 value corresponds to a weak ferromagnetic
(or very weak antiferromagnetic) interaction while the cal-
culated J1 agrees well with the fitted data but giving a small-
er value. In our previous theoretical study,[12] we performed
a deep analysis of such discrepancy. We concluded that
probably the larger fitted J1 value could be due to a com-
pensation of the antiferromagnetic J2 value while the two
calculated values are ferromagnetic. Nevertheless, both set
of values give a reasonable agreement of the experimental


curve (see Figure 4). The curve
obtained with the calculated J
values is indicated as a dashed
line.


A representation of the cal-
culated spin density for the S=


2 ground state can be found in
Figure 8. The corresponding
atomic spin populations are col-
lected in Table 5. We can out-
line the predominance of the
spin delocalization mechanism
due to the presence of the un-
paired electrons in the M–L eg-
type antibonding orbitals.[28, 29]


The spin polarization mecha-
nism only appears to be respon-
sible of very small negative


values on some carbon atoms (not detected in Figure 7 due
to the employed cut-off value). The predominance of this
mechanism on the carbon atoms is nicely represented by the
alternation of signs in a sequence of neighboring atoms (see
Table 5).


Conclusion


In this paper we presented complementary studies on the
tetranuclear CuII complex [Cu4L4] with cubane-like structure
which we previously reported as a precursor of two series of
heterobimetallic copper(II)–lanthanideACHTUNGTRENNUNG(III) with four
[LnCu3] and nine [Ln3Cu6] nuclearities.


[14,15] With the aim to
better describe the magnetic properties of this compound,
we carried out a spin density study by polarized neutron dif-
fraction, HF-EPR and theoretical calculation. DFT calcula-
tions confirm that the predominant ferromagnetic interac-
tion J1 (+30.5 cm�1) arises from the four Cu–Cu pairs with


Table 5. Averaged Mulliken, NBO[46] and AIM (Atoms in Molecules)[47]


atomic spin populations (see below for labels) using the B3LYP function-
al for the high spin S=2 ground state for the studied Cu4 complex. The
spin populations obtained using Polarized Neutron Diffraction are pro-
vided for comparison.


Mulliken NBO PND


Cu 0.624 0.631 0.77(1)
Ob 0.172 0.171 0.11(1)
Ot 0.083 0.086 0.04(1)
Nt 0.111 0.104 0.08(1)
C1 �0.002 �0.001
C2 0.004 0.002
C3 0.009 0.008
C4 �0.016 �0.012
C5 0.006 0.004
C6 �0.008 �0.008
C7 0.008 0.007


Figure 7. Section of the reconstructed experimental spin density (in mB/Q
3) illustrating for the dinuclear planes


related to Cu1.


Figure 8. Spin density map, for the S=2 ground state of the Cu4 complex,
calculated with the B3LYP functional. The isodensity surface represented
corresponds to a value of 0.03 e�bohr�3 (clear regions indicate positive
spin populations, negative values are not detected with the employed cut-
off).


Chem. Eur. J. 2008, 14, 9540 – 9548 L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9545


FULL PAPERA Copper(II) Cubane



www.chemeurj.org





the shortest separation while weak antiferromagnetic inter-
actions J2 (�5.5 cm�1) involve the two pairs with longer sep-
aration (Ĥ=�


P
l>j


2JijŜiŜj). This is in agreement with the ex-


perimental spin density obtained from polarized neutron dif-
fraction study. The spin density is mainly located in the
basal plane of the CuII ions with a distortion of yz type for
one CuII ions. Some delocalization is observed on the ligand
(L) but to a smaller extent than shown by the DFT calcula-
tions. Interestingly, HF-EPR measurements at low tempera-
tures evidence a negative axial Zero-Field Splitting parame-
ter D (�0.25�0.01 cm�1) plus a small rhombic term E
(0.025�0.001 cm�1, E/D=0.1).


The results presented here show that such studies allow a
good description of the magnetic properties and further-
more they validate the experimental and theoretical tools
that will be used in further studies of the more complicated
copper(II)–lanthanideACHTUNGTRENNUNG(III) systems [LnCu3] and [Ln3Cu6]. In
this way, they should be understood as a part of a more ex-
haustive study aimed at understanding the structural param-
eters driving the magnetic anisotropy in these systems. This
is a prerequisite in order to reach a rational approach in the
design of single-molecule magnets.


Experimental Section and Computational Methods


Synthesis : The ligand (LH2) and copper(II) cubane [Cu4] were synthe-
sized as previously reported.[14,15] Large single crystals used for neutron
diffraction were grown by slow evaporation of the reacting solution.


Magnetic measurements : Magnetic measurements were carried out on
bulk polycrystalline samples using a PTFE capsule as sample holder with
a Quantum Design MPMS SQUID magnetometer. The data were cor-
rected for the diamagnetism of the constituent atoms, using Pascal con-
stants, and of the sample holder.


EPR Study : The HF-EPR spectrometer was operated in transmission
configuration (single-pass operation) with oversized brass guides to prop-
agate the exciting frequency from the source (a 95 GHz Gunn oscillator
equipped either with a frequency doubler or with a frequency tripler) to
the sample and then to the detection (InSb hot-electron bolometer). The
main magnetic field is supplied by a superconducting magnet (with 12 T
maximum magnetic field) with a small oscillating field superimposed to
the main one in order to record the derivative of the transmission. A
helium flux cryostat allows working from 1.5 to 300 K. The polycrystal-
line sample is pressed into a pellet in order to avoid orientation effects
due to the large applied magnetic field.


X-ray diffraction structure determination


Data collection : Diffraction data were collected at room temperature by
means of the COLLECT program.[30] Lorentz-polarization correction,
peak integration and background determination were carried out with
the DENZO[31] program. Frame scaling and unit-cell parameters refine-
ment were made through the SCALEPACK program.[31] No absorption
correction was applied to the data sets.


Structure solution and refinement : [Cu4] crystallizes in the monoclinic
system. According to the observed systematic extinctions, the structure
was solved in the P21/c space group by direct methods using the SIR97
programs[32] combined to Fourier difference synthesis and refined against
F using reflections with [I>3s(I)] using the CRYSTALS program.[33] All
thermal atomic displacements for non hydrogen atoms have been refined
anisotropically. X-ray crystallographic data and refinement details are
summarized in Table 1. Selected interatomic distances and angles are
listed in Table S2.


Neutron diffraction structure determination


Data collection : A single crystal of size (4T3T0.8) mm3 was set on the
four-circle diffractometer 5C2 of the Laboratoire L;on Brillouin (LLB)
and cooled down to 30 K. The data collection details are reported in
Table 1. The wavelength was 0.8292 Q. The cell parameters refined at
30 K are: a=13.393(3), b=12.207(3), c=22.82(14) Q, b=97.224(6)8. The
data collection was performed for theta between 5 and 758. The integrat-
ed intensities of 10677 reflections were measured leading to 1503 unique
reflections, allowing the determination of the square of the nuclear struc-
ture factors jFNACHTUNGTRENNUNG(hkl) j 2 after data reduction. No absorption corrections
were performed because of the small value of the linear absorption coef-
ficient, estimated to 2.302 cm�1.


Structure refinement : The atomic parameters determined from X-ray dif-
fraction at 150 K were used as starting parameters for refinement of
structure proceeded with the SHELXL97 software.[48] The non-hydrogen
atoms of the asymmetric unit atoms were refined anisotropically (full-
matrix least squares method on FN


2). The common isotropic displacement
parameter (0.02712 Q2) for hydrogen atoms was refined with a constraint
of 1.05 Q for the C�H bonds. The refinement parameters are reported in
Table 1.


Polarized neutron diffraction experiment


The classical flipping ratio technique was used to determine the magnetic
structure factors which are Fourier components of the magnetization den-
sity.[34,35] Two data collections were performed on the 5C1 polarized neu-
tron diffractometer at the LLB for two different orientations of the
sample with respect to the vertical applied magnetic field. The wave-
length we used was 0.84 Q and the beam polarization equal to 88 per
cent. The flipping ratios were measured at 2 K under a high magnetic
field of 6 T. First, a large single crystal with a lozenge shape (5T5T
1) mm3 was set in the cryomagnet with the c direction vertical. A set of
545 flipping ratios R ACHTUNGTRENNUNG(hkl) was collected with jhmax j=11, jkmax j=9 and
j lmax j=7 leading to 184 unique reflections. A second crystal oriented
with the b axis nearly vertical was used for the second data collection. A
set of 392 flipping ratios was then collected with jhmax j=8, jkmax j=6 and
j lmax j=11 leading to 126 unique reflections. The nuclear structure factors
FN ACHTUNGTRENNUNG(hkl) calculated from the neutron structure determined in this work at
30 K were used to derive the experimental magnetic structure factors FM-
ACHTUNGTRENNUNG(hkl) from the flipping ratios. Only the reflections with a large nuclear
structure factor (jFN j > 1.10�12 cm) and a flipping ratio 0.5 < R <2
were retained for the data analysis. A correction for the nuclear polariza-
tion of the hydrogen nuclei by the high external magnetic field at low
temperature was applied. The Cu orbital contribution to the magnetic
structure factors ion was subtracted from the experimental quantities in
order to obtain the structure factors due to spin only. The dipolar approx-
imation[36] was used to estimate this contribution taking a mean value
2.10 for the Land; factor g deduced from the EPR measurements. Two
final sets of 184 and 126 magnetic structure factors respectively were ob-
tained including 65 common reflections. The average between the 2 sets
of reflections provided a final set of 152 unique reflections with FM >


3s(FM).


Computational details


Since a detailed description of the computational strategy used to calcu-
late the exchange coupling constants in polynuclear complexes is outside
the scope of this paper, we will only discuss here the most relevant as-
pects. A detailed description of the methodological approach can be
found in the literature.[29,37, 38] as well as a review of the results for poly-
nuclear complexes.[39] For a general polynuclear complex, the Heisenberg
Hamiltonian without anisotropic terms can be expressed as:


Ĥ ¼ �
X


i>j


2JijŜiŜj ð14Þ


where Ŝi and Ŝj are the spin operators of the paramagnetic centers i and
j. The Jij parameters are the exchange coupling constants for the different
pairwise interactions between the paramagnetic centers of the molecule.
In order to evaluate the n different coupling constants Jij present in a
polynuclear complex, we need to perform calculations for at least n+1
different spin distributions (for the specific case of cubanes, see ref. [8]).
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Thus, solving the system of n equations obtained from the energy differ-
ences we can obtain the n coupling constants.


Previously, we analyzed the effect of the basis set and the choice of the
functional on the accuracy of the determination of the exchange coupling
constants.[37, 40] The conclusions were that the hybrid B3LYP functional,[41]


together with the basis sets proposed by Schaefer et al. , provide J values
in excellent agreement with the experimental data. We employed a basis
set of triple-z quality for the transition metal atoms[42] and double-z for
main group elements.[43] The calculations were performed with the Gaus-
sian 03 code[44] using initial guess functions generated with the Jaguar 6.0
code.[45]


CCDC 604273 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


It is important to be able to assess the risks of skin allergies
by means of predictive tests. The present work is part of our
ongoing investigations of chemicals that can form allergenic
oxidation products on air exposure, for example, at handling
and storage. Many of these chemicals are not allergenic
themselves or have only a low allergenic activity. This is the
case for ethoxylated surfactants that are widely used in
household and industrial cleaners, in topical pharmaceuti-
cals, cosmetics, and laundry products. Combining experi-
mental and computational efforts will provide more knowl-
edge and insight about autoxidation of organic compounds.
In this way, the understanding of structure-activity relation-
ships (SAR) involving oxidative activation steps is increased
and the basis for prediction of skin sensitizers (contact aller-
gens) based on chemical structure is enlarged.
The ethoxylated surfactants are polyethers and as such


oxidized by atmospheric oxygen, a fact that has been dis-
cussed in the surfactant literature.[1,2] In previous experimen-
tal studies,[3] we have shown that autoxidation of nonionic
alcohol ethoxylates generates products that are skin sensitiz-
ers. Specific oxidation products, like hydroperoxides, formal-


dehyde, ethoxylated aldehydes, and ethoxylated formates,
have been identified in autoxidation mixtures of the pure
ethoxylated alcohol pentaethylene glycol mono-n-dodecyl
ether (C12E5; Scheme 1a) used as reference surfactant.[3]


Two hydroperoxides were identified, namely, 1-hydroper-
oxy-3,6,9,12,15-pentaoxaheptacosan-1-ol (Scheme 1c) and
16-hydroperoxy-3,6,9,12,15-pentaoxaheptacosan-1-ol
(Scheme 1d), the latter being the dominating hydroperoxide
in the oxidation mixture.[8] The major oxidation product
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Scheme 1. The ethoxylated alcohols pentaethylene glycol mono-n-dode-
cyl ether (C12E5, a) and diethyleneglycol monoethylether (C2E2, b), major
autoxidation products of C12E5 previously identified and investigated in
experimental studies (c–h), and the theoretical model surfactant used in
the present study (1).
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found was dodecyltetraoxyethyleneoxy acetaldehyde
(Scheme 1e, n=4).[4] Autoxidized C12E5 was demonstrated
to be allergenic in sensitization studies[3] and proved to have
a significantly higher skin-irritating potential than the pure
surfactant.[5] Of the products identified on autoxidation, all
but ethoxylated formates (Scheme 1g) were shown to be
contact allergens.[4,6,7, 8,9] The corresponding results, forma-
tion of aldehydes, hydroperoxides, and formates during au-
toxidation, were also obtained when a model ethoxylated
surfactant, diethyleneglycol monoethylether (C2E2;
Scheme 1b), was exposed to air.[10]


Formation of hydroperoxides by autoxidation is described
to proceed by a radical-chain reaction (Scheme 2).[1] Step I
is the initiation step, in which a radical abstracts a hydrogen


atom from the substrate. The propagation continues in two
steps, step II, addition of oxygen, and step III, hydrogen ab-
straction from an adjacent molecule along with generation
of a new radical that can continue the radical-chain reaction
(step III for one molecule of substrate can thus be step I for
another molecule). The chain mechanism is terminated
when two radicals react to give stable molecules, a rare oc-
currence unless the radicals are unusually stable.[1] In the
current study, we will only consider the products from the
propagation steps, not the insignificant amounts produced
by radical-chain termination.
The exothermic addition of oxygen to the radical in


step II occurs without any reaction barrier;[11] hence, the
rate-determining step of the propagation is when a hydrogen
atom is abstracted, that is, step I or III (Scheme 2). The ease
of formation of each type of radical (2a, 2b, or 2c), there-
fore, determines the initially selected autoxidation path.
From earlier work,[11] we expect step II to be exergonic,
whereas step III may well be endergonic. The initially
formed distribution of hydroperoxide products will thus be


determined both by step I and by the competition of step III
with alternative degradation paths.
The hydroperoxide products 4 can give rise to secondary


oxidation products through well-established rearrangements
and fragmentations. For example, 4a (a perhydrate) would
be expected to be in rapid equilibrium with free aldehyde
and hydrogen peroxide in the slightly acidic autoxidation
mixture. However, there is also some precedent in the litera-
ture for direct fragmentation of radicals 3 to various carbon-
yl compounds[1] with simultaneous liberation of hydroperox-
yl or hydroxyl radicals, which are also competent agents for
propagation of the radical-chain reaction.
The aim of the present study was to use computational


methods to elucidate reaction barriers and energies of tran-
sition states and intermediary free radicals in the autoxida-
tion of the model compound ethyleneglycol monoethyl
ether (1; Scheme 2), in order to elucidate the mechanism for
formation of the observed oxidation. In the long term, the
current study forms a part of a larger project to predict the
potential formation of allergenic products produced upon
air exposure of otherwise innocuous compounds.


Methods


We have employed DFT with the hybrid functional
B3LYP[12] and the 6-31+G ACHTUNGTRENNUNG(d,p) basis set to optimize geome-
tries and characterize stationary points in the potential-
energy surface as minima or saddle points. Unrestricted
methods were used for all open-shell species (radicals and
the triplet biradical O2). Harmonic vibrational frequencies
have been used to calculate the thermodynamic contribu-
tions to the enthalpies and free energies. We have also veri-
fied the connectivity between a given transition state (TS)
with the corresponding reactant and product by following
the intrinsic reaction coordinate (IRC). The calculations
were carried out by using the Gaussian 03 program pack-
age,[13] with molecule 1 as a model for the more complex
ethoxylated alcohols shown in Scheme 1.


Results and Discussion


We will first consider the radical-chain pathways depicted in
Scheme 2. The reaction energies (enthalpies and free ener-
gies) are shown in Table 1. The combination of free radical
with O2, step II, is barrierless,[11] strongly exothermic, and,
even though the molecularity decreases, also strongly exer-
gonic. This is in contrast to our earlier studies of unsaturated
terpenes, in which the high stability of allylic radicals led to
an almost isoergic combination with O2.


[11] The hydroperoxyl
radicals 3 can, in principle, dissociate back to the reactants
(2+O2), but in the current case, such a reversion is very un-
favorable and should not have any influence on the outcome
of the reaction.
For the intermolecular hydrogen abstraction, steps I


and III, we used 3a as a model radical to test the relative re-


Scheme 2. The traditional intermolecular radical-chain reaction mecha-
nism for autoxidation[1] illustrated for model compound 1.
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activities of the a-oxy hydrogen atoms in 1. Likewise, we
used the reaction with the CH2 hydrogen atoms adjacent to
the OH group of 1 to test the relative abstraction power of
peroxyl radicals 3 and also that of free hydroperoxyl radical.
As can be seen in Table 1, all such processes are equally un-
favorable; they are all endothermic and endergonic by ap-
proximately 10 kcalmol�1, due to the relatively high stability
of the peroxyl radicals. However, since the following step is
barrierless and only limited by diffusion of oxygen, the reac-
tion will proceed despite the unfavorable energetics, only
limited by the barrier for hydrogen abstraction. The activa-
tion free energies for formation of 2a and 2b are
20 kcalmol�1, and slightly higher, 22 kcalmol�1, for the for-
mation of 2c (see Scheme 3). We found only minor differen-
ces between the energies of the three a-oxy radicals
(Table 1).[14] Radical 2c is the most stable one, but only by
1 kcalmol�1 relative to 2a and 2b, and the barriers to forma-
tion of each are similar. Hence, with these small differences,
all a-oxy positions of ethoxylated alcohols would be expect-
ed to have a similar reactivity in radical-chain processes.
To summarize, one cycle of the chain process is exergonic


by approximately 10 kcalmol�1


and has a barrier of approxi-
mately 20 kcalmol�1. Since this
barrier is relatively high, we
also explored alternative reac-
tion pathways for the peroxyl
radicals 3. Competing with the
second propagation step is an
intramolecular rearrangement
in which the peroxyl group of
radicals 3a, 3b, and 3c abstracts
a hydrogen atom within the
molecule instead of from an ad-
jacent molecule. The intermedi-
ate radicals could presumably
react with a second oxygen
molecule,[15] but in the current
study, we have limited ourselves
to products derived from the
addition of one molecule of O2


only. There are different possibilities for the intramolecular
hydrogen abstraction for the three radicals, shown in detail
in Scheme 4. The fragmentation of 3a may produce the al-


Table 1. Calculated reaction energies for the radical chain mechanism.


DH�0
[kcalmol�1]


DH�298
[kcalmol�1]


DG�298
[kcalmol�1]


RC+O2!ROOC (step (II))
2a+O2! 3a �32 �33 �22
2b+O2! 3b �30 �31 �19
2c+O2!3c �29 �30 �19


ROOC+RH!ROOH+RC (steps I+ III)
3a+1!4a+2a 11 12 11
3a+1!4a+2b 11 11 11
3a+1!4a+2c 10 11 10
3b+1!4b+2a 9 10 10
3c+1!4c+2a 11 11 10
HOOC+1!H2O2+2a 11 11 10


Scheme 3. Activation free energies for the intermolecular hydrogen ab-
stractions by using peroxyl radical 3a as a model radical.


Scheme 4. Intramolecular hydrogen abstraction pathways from peroxyl radicals 3.
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dehyde 4d or the enol 4e that in turn rearranges to the alde-
hyde 4d by tautomerization. From 3b, the possible products
are the enol 4e, the formate 5+ formaldehyde 6, or the alde-
hydes 7 and 8. The latter can also result from fragmentation
of 3c, but here an alternative is to form the vinyl ether 4 f.
In all cases, the fragmentation also produces either a hy-
droxyl or hydroperoxyl radical that may propagate the radi-
cal-chain reaction.
There are two plausible fragmentation pathways for 3a,


one involving the hydrogen atom of the OH group (TS1a)
and another involving a hydrogen atom from the adjacent
CH2 group (TS1b). The calculated free energies for these
processes are depicted in Figure 1. For comparison, the bi-


molecular propagation step converting 3a to 4a has a barri-
er of 20 kcalmol�1. As can be seen, the intramolecular hy-
drogen atom abstraction from carbon has a barrier that is
substantially higher, 29 kcalmol�1. On the other hand, the
intramolecular H-atom abstraction from oxygen has a barri-
er of only 9 kcalmol�1 and is clearly the preferred path for
3a.[16] Comparison of bimolecu-
lar and unimolecular pathways
are of doubtful validity, since
the standard state is different
from the actual concentrations
in solution, but the systematic
error should not be larger than
a few kcalmol�1. Another com-
plicating factor is that the intra-
molecular rearrangement will
be impeded by hydrogen-bond
formation, but again, the ex-
pected correction is much
smaller than the difference in
barriers. We note that the prod-
uct of this process, 4d, corre-
sponds to the major product in
our experimental studies
(Scheme 1e).[4]


Fragmentation of 3b, shown in Figure 2, is substantially
more complex than that of 3a. There are three possible hy-
drogen atoms to be abstracted: from the adjacent CH2


group (TS2a), from the OH group (TS2b), and from the
CH2 group across the ether oxygen (TS2c). Only one of the
initially postulated paths corresponds to a concerted process,
via TS2a to enol 4e. As before, the formation of 4e is en-
dergonic, but a tautomeric equilibrium leads to aldehyde 4d
in an overall exergonic process. However, the barrier is
fairly high, 25 kcalmol�1. The other two investigated intra-
molecular hydrogen abstractions lead to shallow intermedi-
ates through barriers of 19 kcalmol�1, but both intermedi-
ates would mostly be expected to revert to 3b. Further frag-
mentation along these paths requires passing TS2d or TS2e,
both with free energies around 25 kcalmol�1 higher than
that of 3b. However, the fragmentation into three molecules
(two carbonyl compounds and a hydroxyl radical) makes
the processes strongly exergonic, and thus completely irre-
versible. Some of the products formed on long-time expo-
sure to air (Scheme 1) correspond to the model compounds
4d and 5–8. Thus, these unimolecular fragmentation path-
ways are probably competitive with the bimolecular propa-
gation steps under experimental conditions, especially when
considering that the chemical activity of oxygen is lower
than the standard state assumed in the calculations.
Finally, for 3c, the possible hydrogen abstractions, shown


in Figure 3, are from the CH2 group on the opposite side of
the ether oxygen atom (TS3a), and from the adjacent alkyl
chain, here modeled by a methyl group (TS3b). The former
is again a simple hydrogen abstraction with a moderate bar-
rier (21 kcalmol�1), followed by a fragmentation step
(TS3c), which yields aldehyde products 7 and 8 with an
overall barrier of 25 kcalmol�1 from 3c. Fragmentation via
TS3b is concerted, leading to vinyl ether 4 f and hydroper-
oxyl radical in a process that is endergonic by 8 kcalmol�1


and has a barrier of 23 kcalmol�1. Thus, vinyl ethers similar
to 4 f are not stable under the reaction conditions, but
would revert to 3c or through other similar paths. Consis-


Figure 1. Free-energy profile for unimolecular reactions of 3a.


Figure 2. Free-energy profile for unimolecular reactions of 3b.
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tent with this, no vinyl ethers were identified in the experi-
mental studies. An oxidation process via the radicals 2c and
3c would be the expected pathway when the polyethoxy
moieties of surfactants are fragmented by air oxidation.
Some intramolecular abstraction channels produce hydro-


gen peroxyl radicals, which may abstract a hydrogen atom
from the surfactant molecule (1) and form hydrogen perox-
ide. The reaction energy for the reaction of compound 1
with HOOC is similar to those for reaction between com-
pound 1 and the peroxyl radicals 3a–c (Table 1). Hydrogen
peroxide may also be formed by means of acid-catalyzed
degradation of hydroperoxide 4a, which is the least stable
of the different hydroperoxides formed by the radical-chain
reaction. The decomposition reaction is exergonic by 2 kcal
mol�1. Hydrogen peroxide has not been identified in our ex-
periments so far, but the current results show that it is likely
to be present, as has already been shown in earlier studies
of a related process, the combustion of diethyl ether.[17]


The possibility for hydroperoxide 4a to fragment into al-
dehyde 4d and H2O2 shows that the normal radical-chain re-
action gives a parallel explanation as to why aldehydes are
found in experiments. Hence aldehydes may form both by
an intra- and intermolecular reaction path. Most likely both
reaction paths coexist.[17]


Conclusion


In this study ethyleneglycol mono ethylether (1) was used as
a model compound in theoretical calculations to investigate
product formation in the autoxidation of pentaethylene
glycol mono n-dodecyl ether C12E5 that we have previously
investigated experimentally. We have studied two different
reaction channels: the normal intermolecular radical-chain
mechanism, which yields hydroperoxides, and intramolecu-
lar hydrogen-abstraction pathways, which give rise to alde-
hydes, formates, and a-hydroxy (and possibly a-alkoxy) al-
dehydes. We found the radical-chain reaction to include an
endergonic step, which points at slow development, in ac-
cordance with the experimental results.


Our computational calcula-
tions of the model system show
that the various reaction ener-
gies in the radical-chain mecha-
nism are similar and do not ex-
plain why one hydroperoxide is
significantly favored over an-
other. On the other hand, one
of the hydroperoxides is more
prone to decompose and form
the aldehyde seen in experi-
ments. Hence this is a possible
explanation of aldehyde forma-
tion. The inclusion of an intra-
molecular hydrogen-abstraction
pathway gives an additional ex-
planation of the product distri-


bution. Here, the reaction and the activation energies show
a possibility to form an aldehyde corresponding to the main
aldehyde seen in experiments. For peroxyl radicals formed
at the alkyl end (here modeled by 3c), hydrogen abstraction
from the alkyl chain would be disfavored, and thus the like-
lihood of propagation to form the hydroperoxide increased.
This agrees with the experimental results, in which the dom-
inating hydroperoxide found corresponds to 4c.
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Elusive Trimethyllanthanum: Snapshots of Extensive Methyl Group
Degradation in La�Al HeteroACHTUNGTRENNUNGbimetallic Complexes


Laura C. H. Gerber, Erwan Le Roux, Karl W. Tçrnroos, and Reiner Anwander*[a]


Introduction


Rare-earth metal ACHTUNGTRENNUNG(III) tetramethylaluminates [LxLn-
ACHTUNGTRENNUNG(AlMe4)y] (y=1, 2, 3; x+y=3, L=monovalent ancillary
ligand) are converted efficiently into donor solvent-free
complexes [{LxLn ACHTUNGTRENNUNG(CH3)y}n] by trimethylaluminum separa-
tion,[1,2] as evidenced for a number of metallocenes,[1,3] a
half-sandwich derivative [{(C5Me5)LnMe2}3] (Ln=Y, Ho),[4]


and N-donor-based postmetallocenes.[5,6] We have recently
applied this aluminate cleavage reaction protocol to the syn-
thesis of amorphous [(LnMe3)n] from [Ln ACHTUNGTRENNUNG(AlMe4)3] (Ln=Y,
Lu: Scheme 1).[7,8] We have also shown that C�H bond acti-


vation is a viable, albeit low-rate, reaction pathway in mix-
tures containing both highly reactive {Ln�CH3} moieties and
{Ln�ACHTUNGTRENNUNG(CH3)x�Al} heterobimetallic linkages.[4,9,10] Accordingly,
hydrogen abstraction led to the first structurally authenticat-
ed {Ln�CH2}


[9,10] and {Ln�CH} moieties.[4] Solvent- and
alkali metal-free methyl complexes and their degradation
products from C�H bond activation can be considered elu-
sive rare-earth metal complexes (Figure 1).[11,12] Herein, we
describe the reactivity of [La ACHTUNGTRENNUNG(AlMe4)3] toward neutral
donor molecules OEt2 and PMe3 involving the formation of


Abstract: Reactions of [La ACHTUNGTRENNUNG(AlMe4)3]
and [YACHTUNGTRENNUNG(AlMe4)3] with PMe3 show that
the phosphine can cleave Ln�CH3�Al
linkages, separating Me3AlACHTUNGTRENNUNG(PMe3).
PMe3 (3 molequiv) reacts with [Y-
ACHTUNGTRENNUNG(AlMe4)3] to give [(YMe3)n] contami-
nated with by-products containing
phosphorus and aluminum. The La-
based analog, [(LaMe3)n], is not
formed selectively from the reaction of
[La ACHTUNGTRENNUNG(AlMe4)3] with PMe3 or Et2O,
which rather yields insoluble La/Al
heterobimetallic products. Three multi-
nuclear La-based clusters were ob-
tained from a reaction of [La ACHTUNGTRENNUNG(AlMe4)3]
with PMe3 (1 equiv) and identified by


X-ray structure analyses. Each cluster
exhibits extensive methyl group degra-
dation and contains methylene, me-
thine, or carbide moieties.
[La4Al8(CH)4 ACHTUNGTRENNUNG(CH2)2ACHTUNGTRENNUNG(CH3)20ACHTUNGTRENNUNG(PMe3)] has
a {La4(CH)4} cuboid core supported by
AlMe3, Me2AlCH2AlMe2, and PMe3 li-
gands. [La4Al8(C)(CH)2ACHTUNGTRENNUNG(CH2)2ACHTUNGTRENNUNG(CH3)22-
ACHTUNGTRENNUNG(toluene)] also contains a cuboid core,
{La3Al(C)(CH)2 ACHTUNGTRENNUNG(CH2)}, which includes
one exo cubic lanthanum atom, and is


supported by AlMe3, Me3AlCH2AlMe2,
(AlMe4)


�, and toluene ligands. The lan-
thanum atoms in [La5Al9(CH)6ACHTUNGTRENNUNG(CH3)30]
are arranged in a trigonal bipyramidal
fashion with (CH) functionalities cap-
ping each face. The {La5(CH)6}


3� core
is formally balanced by three AlMe2


+


moieties and is additionally supported
by six AlMe3 ligands. The unit cell con-
tains two independent La5 clusters, one
with pseudo-C3h and the other with
pseudo-D3 symmetry, as well as two
molecules of the separation co-product
Me3AlACHTUNGTRENNUNG(PMe3).


Keywords: aluminum · bond
activation · cluster compounds ·
lanthanum · methine · methylene
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Supporting information (1H MAS NMR spectra of [La ACHTUNGTRENNUNG(AlMe4)3] and
[Y ACHTUNGTRENNUNG(AlMe4)3], the


31P CP MAS NMR spectrum of [Y ACHTUNGTRENNUNG(AlMe4)3] with
excess PMe3, and the molecular structure of 3c including cocrystal-
lised coproduct Me3Al ACHTUNGTRENNUNG(PMe3)) for this article is available on the
WWW under http://dx.doi.org/10.1002/chem.200801174.


Scheme 1. Reactivity of homoleptic LnIII tetramethylaluminates toward
diethyl ether.
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discrete mixed methylene/methine/carbide clusters bearing
no stabilizing ancillary ligands.


Results and Discussion


Reactivity of [Ln ACHTUNGTRENNUNG(AlMe4)3] complexes toward diethyl ether :
In an attempt to synthesize homoleptic trimethyllanthanum,
[La ACHTUNGTRENNUNG(AlMe4)3] (1c)[13] was stirred with a small excess of dieth-
yl ether (Scheme 1). Visually, the precipitation of putative
[(LaMe3)n] (2c) was significantly slower than in the respec-
tive yttrium reaction, producing a pale yellow insoluble
powder 2c(++ ). Elemental analysis of 2c(++ ) indicated that
AlMe3 was not cleaved completely (Table 1), although the


13C MAS NMR spectrum revealed only one broad M�CH3


signal at d=3.9 ppm (Figure 2A). The presence of diethyl
ether in 2c(++ ) is revealed by two peaks at d=66.5 and
15.1 ppm. Neat lanthanum precursor complex 1c also
showed only one 13C signal at d=10.4 ppm (Figure 2B), con-
sistent with its solution NMR spectrum.[8b] For comparison,
the 13C MAS NMR spectrum of [YACHTUNGTRENNUNG(AlMe4)3] (1a) revealed


two signals at d��10 and 18.0 ppm assignable to Y�CH3�
Al bridging and Al�CH3 terminal methyl ligands (Fig-
ure 2C).[7] The 1H MAS NMR spectrum of 2c(++ ) is domi-
nated by two broad resonances centered at d=�0.36 and
1.2 ppm (1c : �0.39 ppm; Figure S1, Supporting Informa-
tion). Furthermore, whereas [(YMe3)n] (2a) is able to under-
go the reverse reaction with AlMe3 quantitatively to provide
pure 1a, the La-based products 2c(++) do not yield 1c purely
or quantitatively in the analogous reactions (Scheme 1).


Reactivity of [LnACHTUNGTRENNUNG(AlMe4)3] complexes toward trimethyl-
phosphine : Since the reactions for both La and Y with di-
ethyl ether repeatedly produced noncrystalline insoluble
products, we explored the softer donor trimethylphosphine
as an aluminate cleavage reagent, as this might slow down
the cleavage reaction further in favor of the formation of
crystalline Ln-containing products and thermally stable
phosphine adduct Me3AlACHTUNGTRENNUNG(PMe3).


[14,15] Similarly to the
oxygen donors diethyl ether and THF, PMe3 reacted with
[YACHTUNGTRENNUNG(AlMe4)3] instantaneously to give [(YMe3)n] (2a,
Scheme 2), the only soluble product visible in the solution
NMR spectrum being Me3AlACHTUNGTRENNUNG(PMe3).


[15] However, the micro-
analytical data for 2a cleaved by PMe3 (Table 1: 2.51% Al)
show clearly that diethyl ether is a superior cleavage agent
for [Y ACHTUNGTRENNUNG(AlMe4)3]. This is also confirmed by the 13C CP MAS
NMR spectrum of 2a produced with excess of PMe3 which
exhibits a small signal at d=17.2 ppm (residual PMe3) in ad-
dition to the main M�CH3 signal at d=28.4 ppm (Fig-
ure 2D; compare 2a cleaved by OEt2: d=28.5 ppm).[7] Two
peaks at d=61 and �52 ppm in the 31P MAS NMR spec-
trum can also be assigned to the respective residual metal-
coordinated phosphine (Figure S2, Supporting Information).


Figure 1. Elusive rare-earth metal ACHTUNGTRENNUNG(III) C1 moieties.


Table 1. Microanalytical data for precipitates obtained from [Ln-
ACHTUNGTRENNUNG(AlMe4)3] cleavage reactions at ambient temperature.


Homoleptic
aluminate


Cleavage
agent
[equiv]


Product C
ACHTUNGTRENNUNG[wt%]


H
ACHTUNGTRENNUNG[wt%]


Al
ACHTUNGTRENNUNG[wt%][c]


[Y ACHTUNGTRENNUNG(AlMe4)3]
(1a)[a]


OEt2 (3) ACHTUNGTRENNUNG[(YMe3)n]
(2a)


26.88 6.51 <0.5


[Lu ACHTUNGTRENNUNG(AlMe4)3]
(1b)[a]


OEt2 (3) ACHTUNGTRENNUNG[(LuMe3)n]
(2b)


16.19 3.94 –


[La ACHTUNGTRENNUNG(AlMe4)3]
(1c)


OEt2 (exc) 2c(++ ) 27.77 5.76 10.20


1a PMe3 (3) 2a 28.74 6.67 2.51
1c PMe3 (3) 2c(+) 24.78 4.85 7.66
1c PMe3 (1) 3 27.97 5.41 12.14


Calculated values
1a 41.15 10.36 23.11
1b 33.03 8.32 18.55
1c 36.01 9.07 20.22
2a 26.89 6.77 –
2b 16.37 4.12 –
ACHTUNGTRENNUNG[(LaMe3)n]
(2c)


19.58 4.93 –


3a[b] 28.36 6.32 17.57
3b[b] 32.40 6.40 17.12
3c[b] 28.36 6.35 17.70


[a] Taken from Ref. [9]. [b] Solvent molecules and coproducts included in
the crystalline lattice were not taken into consideration. [c] The Al con-
tents obtained from AAS most probably underestimate the actual con-
tents since the sample preparation was hampered by the extremely vio-
lent reaction of such methyl complexes toward aqueous solvents.


Figure 2. 13C CP MAS NMR spectra of A) [LaACHTUNGTRENNUNG(AlMe4)3] with excess Et2O
(2c(++ )), B) neat [La ACHTUNGTRENNUNG(AlMe4)3] (1c), C) neat [Y ACHTUNGTRENNUNG(AlMe4)3] (1a), D) [Y-
ACHTUNGTRENNUNG(AlMe4)3] with excess PMe3 (2a), and E) [La ACHTUNGTRENNUNG(AlMe4)3] with 3 equiv
PMe3 (2c(+)) (*= solvent).
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In contrast, [La ACHTUNGTRENNUNG(AlMe4)3] (1c) reacted more slowly (over
several hours) with PMe3 to produce a dark maroon powder
2c(+) (with 3 equiv phosphine; not shown in Scheme 2) or an
orange powder 3 with 1 equiv phosphine, which are insolu-
ble in hexane, benzene, or toluene. Based on the carbon
content of the elemental analyses, 3 equiv PMe3 cleaved the
homoleptic lanthanum aluminate 1c more thoroughly than
1 equiv PMe3 or diethyl ether (Table 1, vide supra). The


13C MAS NMR spectrum of 2c(+) revealed three signals
(Figure 2E) with the broad M�CH3 resonance showing the
same chemical shift (d=3.9 ppm) as detected for ether-
cleaved 2c(++ ) (Figure 2A). The 13C signal at d=14.6 ppm
indicates the presence of trimethylphosphine in 2c(+), and
the broad resonance at d=233.4 ppm can be assigned to
metal-bonded M3CH methine carbon atoms.[16d] The forma-
tion of methine moieties is supported by a broad peak at
d=4.8 ppm in the 1H MAS NMR spectrum of 2c(+) (Fig-
ure S1, Supporting Information). Examination of the reverse
reactions of 3 and 2c(+) with excess AlMe3 showed the pres-
ence of [La ACHTUNGTRENNUNG(AlMe4)3] in the 1H NMR spectra, but this was
not isolated pure or in high yields as it is in the analogous
reactions with the lutetium and yttrium derivatives 2a and
2b.


1H NMR spectroscopic monitoring of the equimolar reac-
tion of [La ACHTUNGTRENNUNG(AlMe4)3] with PMe3 over time showed clearly
the emergence and disappearance of intermediate species
(Figure 3). Initial coordination of the PMe3 was made evi-


dent by the shift of proton and phosphorus signals to higher
field relative to free trimethylphosphine (uncoordinated
PMe3:


1H NMR d=0.79 ppm, 31P{H} NMR d=62 ppm;
metal-coordinated PMe3:


1H NMR d=0.49 ppm,
31P{1H} NMR d=�48.7 ppm). Over several days the Al-
ACHTUNGTRENNUNG(CH3)3 resonance of the cleavage co-product Me3Al ACHTUNGTRENNUNG(PMe3)
grew and a small methane peak was visible at d=0.16 ppm.
The tetramethylaluminate signal disappeared almost com-


Scheme 2. Reactivity of homoleptic LnIII tetramethylaluminates toward
trimethylphosphine: aluminate cleavage versus methyl degradation.


Figure 3. 1H NMR spectra (400.13 MHz) of [LaACHTUNGTRENNUNG(AlMe4)3] (1c) with
1 equiv PMe3 in C6D6 at ambient temperature, the pure starting materials
(top two spectra), and independently synthesized Me3Al ACHTUNGTRENNUNG(PMe3).
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pletely and a minimum of seven new peaks appeared with
even less intensity in the d=0.1 to �0.3 ppm region.


Snapshots of methyl group degradation : formation of meth-
ylene, methine, and carbide cluster species : In accord with
the findings from NMR spectroscopic studies (vide supra),
slow diffusion of a PMe3/toluene solution into a [La-
ACHTUNGTRENNUNG(AlMe4)3]/hexane solution (La/P=1:1) afforded approxi-
mately equal amounts of amorphous and single-crystalline
products 3, over a period of about three weeks. Independent
X-ray analyses of three morphologically distinct crystals re-
vealed different nanosized clusters 3a–c (Scheme 2; Fig-
ures 4–6), illustrating the complexity of this reaction. Two


La4Al8 clusters and one La5Al9 cluster produced multiple
C�H bond activation featuring methylene, methine, or car-
bide C1 functionalities.[16, 17] The observation of methane and
Me3AlACHTUNGTRENNUNG(PMe3) in the NMR spectra, the irreversibility of the
reaction, and the elemental analyses (Table 1) indicate that
the few isolated crystals studied by X-ray diffraction must
be similar in composition to the major product of the reac-
tion.


The dodecametallic cluster [La4Al8(CH)4 ACHTUNGTRENNUNG(CH2)2ACHTUNGTRENNUNG(CH3)20-
ACHTUNGTRENNUNG(PMe3)] (3a, Figure 4; size�1.05P1.08P1.35 nm), which
was formed reproducibly, as revealed by two independent
X-ray crystallographic studies of crystals from different reac-


tions, crystallizes in the monoclinic space group P21/c with
one molecule of toluene. Cluster 3a has a cube-like core
with lanthanum and methine carbon atoms at alternating
apices. Cuboid arrangement of rare-earth metal cations with
hydroxide moieties is a common structural motif in the pres-
ence of stabilizing chelating ligands such as carboxy-
lates.[18–21] Oxo-,[22] sulfido-/selenido-,[23] and imido-based
rare-earth metal cubanes[24] have been characterized by X-
ray diffraction previously as well. With the exception of an
Er4S4 cubane,[23] which is supported by only I� and THF li-
gands, the previous cuboid rare-earth metal heteroatom
clusters are stabilized by large ancillary ligands. Stabilization
of clusters 3a, 3b, and 3c is achieved only by methylalumi-
num ligands, and weakly coordinating PMe3 (3a) or toluene
(3b). Moreover, cluster 3a is the first example of a rare-
earth metal-based molecule with a cubane core composed of
carbon along with the rare-earth metal.[25, 26] Three of the La
atoms in 3a (La2, La3, La4) show a distorted octahedral co-
ordination of carbon atoms with two distinct environments
(La2, La3: 3PCH, 3PCH3; La4: 3PCH, 1PCH2, 2PCH3).
La2 and La3 exhibit additional long contacts to C7/C9
(3.207(4)/3.034(4) Q) and C10 (3.257(4) Q), respectively.
La1 shows the same carbon connectivity as La4, but is addi-


Figure 4. Molecular structure of 3a (atomic displacement parameters set
at the 50% level). Hydrogen atoms are omitted for clarity. Selected bond
distances [Q]: La1�C(CH) 2.541(4)–2.794(4), La1�C24 ACHTUNGTRENNUNG(CH3) 2.800(4),
La1�C21ACHTUNGTRENNUNG(CH3) 2.913(4), La1�C5ACHTUNGTRENNUNG(CH2) 2.629(4), La1�P1 3.3284(11),
La2�C(CH) 2.493(4)–2.745(3), La2�C7ACHTUNGTRENNUNG(CH3) 3.207(4), La2�C9 ACHTUNGTRENNUNG(CH3)
3.034(4), La2�C18 ACHTUNGTRENNUNG(CH3) 2.783(4), La2�C15ACHTUNGTRENNUNG(CH3) 2.806(4), La3�C(CH)
2.512(4)–2.714(3), La3�C10ACHTUNGTRENNUNG(CH3) 3.257(4), La3�C12 ACHTUNGTRENNUNG(CH3) 2.992(4),
La3�C19ACHTUNGTRENNUNG(CH3) 2.744(4), La3�C22 ACHTUNGTRENNUNG(CH3) 2.744(4), La4�C(CH) 2.530(4)–
2.682(4), La4�C14 ACHTUNGTRENNUNG(CH2) 2.588(4), La4�C16 ACHTUNGTRENNUNG(CH3) 2.772(4), La4�C25-
ACHTUNGTRENNUNG(CH3) 2.841(4), Al�C(CH) 2.070(4)–2.128(4), Al�C ACHTUNGTRENNUNG(CH2) 2.044(4)–
2.102(4), Al�C(terminal CH3) 1.960(4)–2.038(4), Al�C(bridging CH3)
2.035(5)–2.060(4).


Figure 5. Molecular structure of 3b (atomic displacement parameters set
at the 50% level). Hydrogen atoms are omitted for clarity. Selected bond
distances [Q]: La1�C4 ACHTUNGTRENNUNG(carbide) 2.462(6), La1�C1 ACHTUNGTRENNUNG(CH2) 2.549(7), La1�
C10(bridging CH3) 2.714(8), La1�C7(bridging CH3) 2.920(7), La1�
C21(aluminate) 2.713(8), La1�C22(aluminate) 2.826(7), La2�C4 ACHTUNGTRENNUNG(carbide)
2.475(6), La2�C3(CH) 2.826(7), La2�C5(CH) 2.439(7), La2�C(bridging
CH3) 2.785(9)–2.925(7), La3�C4 ACHTUNGTRENNUNG(carbide) 2.448(6), La3�C2 ACHTUNGTRENNUNG(CH2)
2.623(7), La3�C3(CH) 2.762(7), La3�C(bridging CH3) 2.746(7)–2.804(7),
La4�C3(CH) 2.529(7), La4�C5(CH) 2.510(7), La4�C2 ACHTUNGTRENNUNG(CH2) 2.889(7),
La4�C17(bridging CH3) 2.874(9), La4�C11(bridging CH3) 2.748(9), La4�
Cg ACHTUNGTRENNUNG(toluene) 2.844, Al1�C4 1.975(6), Al1�C7 2.024(7), Al1�C5 2.042(7),
Al1�C2 2.063, Al7�C21 2.071(8), Al7�C22 2.064(10), Al7�C25 1.976(8),
Al7�C26 1.967(9), Al4�C4 1.979(6), Al�C(bridging CH3) 2.025(7)–
2.082(9), Al�C(terminal CH3) 1.964(8)–1.989(8), Al�C ACHTUNGTRENNUNG(CH2) 2.032(7)–
2.111(7).
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tionally coordinated by trimethylphosphine. The methine
carbon atoms are six-coordinate and have slightly distorted
octahedral geometry. In addition to the PMe3 donor ligand,
two distinct types of methylaluminum ligands shield the
neutral {La4(CH)4} cuboid core. Four AlMe3 molecules belt
the cube, with an Al atom bonded to each of the four cen-
tral methine carbon atoms. Two of the methyl groups of
each AlMe3 ligand bond to the two different La atoms on
each cube face. Two Me2AlCH2AlMe2 ligands occupy oppo-
site faces of the cube. The Al�CH2�Al moieties of the li-
gands bond to the HC�La�CH of the cube faces. Addition-
ally, a methyl group of one of these ligands also bonds to
the second lanthanum of the cube face, thus coordinating to
all four atoms of the cube face. Compounds of the type
R2AlCH2AlR2 (R=CH ACHTUNGTRENNUNG(SiMe3)2) have been isolated previ-
ously, although not explored as ligands in organometallic
chemistry but rather as chelating Lewis acids.[27] The
La�C ACHTUNGTRENNUNG(methyl) bond lengths range from 2.744(4) to
2.992(4) Q, matching those in [La ACHTUNGTRENNUNG(AlMe4)3] (1c : 2.696(3)–
2.980(3) Q)[8b] and the decametallic La6Al4 cluster [La6-
ACHTUNGTRENNUNG(C5Me5)6(m-Me3AlMe)4ACHTUNGTRENNUNG(m3-Cl)2ACHTUNGTRENNUNG(m2-Cl)6] (2.771(4)–
2.955(3) Q).[25b] The La�C ACHTUNGTRENNUNG(methine) and La�C(methylene)
bond lengths are as short as 2.493(4) and 2.588(4) Q, respec-
tively, the latter comparing to the respective La�CH2 bond
lengths in [(C5Me5)3La3 ACHTUNGTRENNUNG(m-Cl)3ACHTUNGTRENNUNG(m3-Cl) ACHTUNGTRENNUNG(m3-CH2)ACHTUNGTRENNUNG(THF)3]
(2.537(3)–2.635(3) Q).[9] The {La ACHTUNGTRENNUNG(PMe3)} moiety, showing a
comparatively long La�P bond (3.328(1) Q),[28] is a rare ex-
ample of a rare-earth metal trimethylphosphine adduct.[29]


In comparison, the La�P bond lengths in eight-coordinate
[La[C ACHTUNGTRENNUNG(PMe2)2ACHTUNGTRENNUNG(SiMe3)]4Li] are in the 3.039(2)–3.234(2) Q
range,[28a] and the intermolecular La�P bond length in [(h5-
PC4Me4)La ACHTUNGTRENNUNG(AlMe4)2] is 3.1962(3) Q.[28b]


Cluster [La4Al8(C)(CH)2ACHTUNGTRENNUNG(CH2)2ACHTUNGTRENNUNG(CH3)22 ACHTUNGTRENNUNG(toluene)] (3b,
Figure 5, size�0.98P1.07P1.40 nm) crystallizes in the tri-
clinic space group P1̄ with three molecules of toluene. Con-
trary to 3a, this dodecametallic cluster has a highly distorted
cubane core, caused by the displacement of one lanthanum
by an aluminum atom and the presence of three distinct
carbon C1 functionalities as apices: one methylene carbon
atom, two methine carbon atoms, and one carbide atom.
This neutral {La3Al(C)(CH)2ACHTUNGTRENNUNG(CH2)} cuboid core was as-
signed on the basis of geometrical and charge balance con-
siderations as well as by location of the hydrogen atoms. All
four La centers exhibit different coordination environments.
La1 (1PC, 1PCH2, 4PCH3), La2 (1PC, 2PCH, 3PCH3),
and La3 (1PC, 1PCH, 1PCH2, 3PCH3) are six-coordinate,
whereas La4 attains charge balance through five carbon
functionalities (2PCH, 1PCH2, 2PCH3) and steric satura-
tion by the additional h6-coordination of a toluene mole-
cule.[30] The carbide carbon features a slightly distorted
trigonal bipyramidal (tbp) geometry, with three La atoms in
the equatorial plane, and two Al atoms in the axial positions
(Al1�C4�Al4=179.9(4)8). Only slight distortion from tbp
geometry was an important criterion to decide in favor of a
carbide rather than a methine carbon functionality. This is
consistent with the hypercoordinate carbide species
[(Ph3PAu)5C] ACHTUNGTRENNUNG[BF4]


[31] and [(C5H5)Ti ACHTUNGTRENNUNG(m2-Me)ACHTUNGTRENNUNG(m2-NPPh3) ACHTUNGTRENNUNG(m5-


Figure 6. Molecular structure of independent clusters A (top) and B
(bottom) of 3c (atomic displacement parameters set at the 50% level).
Hydrogen atoms are omitted for clarity and co-crystallized Me3Al ACHTUNGTRENNUNG(PMe3)
is not shown. Selected bond distances [Q] for A : La1�C(CH) 2.538(10)–
2.777(9), La1�C8 2.864(10), La1�C20 2.895(10), La2�C(CH) 2.542(9)–
2.786(10), La2�C12 2.888(12), La2�C24 2.901(10), La3�C(CH) 2.549(9)–
2.768(10), La3�C16 2.901(10), La3�C28 2.868(10), La4�C(CH) 2.588(8)–
2.619(10), La4�C ACHTUNGTRENNUNG(CH3) 2.742(10)�2.775(11), La5�C(CH) 2.580(10)–
2.612(9), La5�C ACHTUNGTRENNUNG(CH3) 2.718(10)–2.769(10), Al ACHTUNGTRENNUNG(AlMe2


+)�C(CH)
2.077(11)–2.124(11), Al ACHTUNGTRENNUNG(AlMe2


+)�CACHTUNGTRENNUNG(CH3) 1.955(10)–2.028(12), Al-
ACHTUNGTRENNUNG(AlMe3)�C(bridging CH3) 2.020(11)–2.096(11), Al ACHTUNGTRENNUNG(AlMe3)�C(terminal
CH3) 1.939(12)–1.977(11), Al ACHTUNGTRENNUNG(AlMe3)�C(CH) 2.059(10)–2.088(10). For
B : La6�C(CH) 2.543(10)–2.768(10), La6�C38 2.835(9), La6�C50
2.846(9), La7�C(CH) 2.552(9)–2.766(9), La7�C54 2.822(11), La7�C42
2.860(10), La8�C(CH) 2.551(10)–2.765(11), La8�C46 2.837(10), La8�C58
2.840(10), La9�C(CH) 2.586(10)–2.600(9), La9�C ACHTUNGTRENNUNG(CH3) 2.750(11)–
2.762(11), La10�C(CH) 2.590(10)–2.601(9), La10�C ACHTUNGTRENNUNG(CH3) 2.745(10)–
2.762(10), Al ACHTUNGTRENNUNG(AlMe2


+)�C(CH) 2.120(10)–2.150(11), Al ACHTUNGTRENNUNG(AlMe2
+)�C ACHTUNGTRENNUNG(CH3)


1.963(10)–2.025(11), Al ACHTUNGTRENNUNG(AlMe3)�C(bridging CH3) 2.030(12)–2.082(11),
Al ACHTUNGTRENNUNG(AlMe3)�C(terminal CH3) 1.926(12)–2.000(11), Al ACHTUNGTRENNUNG(AlMe3)�C(CH)
2.035(11)–2.084(10).
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C) ACHTUNGTRENNUNG(m2-AlMe2)2 ACHTUNGTRENNUNG(AlMe2) ACHTUNGTRENNUNG(AlMe3)],
[32] in which a C3v-symmetric


and a slightly distorted tbp geometry at the carbide center,
respectively, were observed. In complex 3b, both C3 and
C2—a methine and methylene, respectively—have distorted
octahedral geometries. The methine carbon C5 is five-coor-
dinate and has distorted square pyramidal geometry, with
Al1 (in the cubane core) at the apex. A (Me2AlCH2AlMe3)


�


ligand, similar to the neutral Me2AlCH2AlMe2 ligands in 3a,
bonds to the carbide carbon through an Al, and three
methyl groups and the CH2 support the La atoms that form
the equatorial plane of the carbide carbon. Additionally, the
cluster is coordinated by four neutral AlMe3 molecules, one
original (AlMe4)


� ligand which is bonded to the exo cuboid
lanthanum atom, and one (CH3)


� ligand bridging the latter
with Al1 (in the cubane core). The La�C ACHTUNGTRENNUNG(methine), La�
C(methylene), and La�C ACHTUNGTRENNUNG(methyl) bond lengths range from
2.439(7) to 2.826(7) Q, 2.549(7) to 2.889(7) Q, and 2.713(7)
to 2.920(7) Q, respectively, and hence are comparable to the
respective bond lengths in cluster 3a. The three La�C-
ACHTUNGTRENNUNG(carbide) distances (averaging 2.461 Q) are equally short.
For comparison, the nearest La�C contacts in binary lantha-
num carbides LaC2 and La2C3 are 2.65 and 2.71 Q, respec-
tively,[33] whereas in [La14(C2)I20] they are as close as
2.345(7) Q.[34,35] Moreover, the La�C(s) bond length in ho-
moleptic three-coordinate [La{CH ACHTUNGTRENNUNG(SiMe3)2}3] is
2.515(9) Q.[36] The La�C ACHTUNGTRENNUNG(arene) distances range from
3.136(9) to 3.180(9) Q, matching those in [La2(OC6H3-2,6-
iPr2)6] (2.978(10)–3.164(9) Q).[37]


The tetradecametallic complex [La5Al9(CH)6ACHTUNGTRENNUNG(CH3)30] (3c)
revealed the highest molecular symmetry, crystallizing in the
monoclinic space group Cc, with two independent clusters A
and B and two molecules of Me3AlACHTUNGTRENNUNG(PMe3) per asymmetric
unit (size�1.07P1.08P1.14 nm, Figure 6; see also Figure S3
in the Supporting Information). The lanthanum atoms are
arranged in a tbp fashion about the center of the molecule,
involving two distinct six-coordinate lanthanum environ-
ments: La1, La2, La3 (4PCH, 2PCH3); La4, La5 (3PCH,
3PCH3). Six methine moieties, each capping a tbp face,
complete the {La5(CH)6}


3� core unit. The methine carbon
atoms are each six-coordinate and show La�C distances in
the 2.538(10)–2.777(9) Q range. The overall triply negative
charge of the core is balanced formally by three {AlMe2}


+


fragments which bridge the methine carbon atoms above
and below the equatorial plane. Additionally, each methine
carbon atom bonds to the aluminum atom of an AlMe3 mol-
ecule, two methyl groups of which also bond to one equato-
rial and one axial lanthanum. The orientation of these
AlMe3 ligands determines the different symmetry of the two
independent clusters A (pseudo-C3h) and B (pseudo-D3).
The co-crystallized Me3Al ACHTUNGTRENNUNG(PMe3) molecules (average P�Al:
2.478 Q)[38] illustrate well how the PMe3 extracts AlMe3
from the {La(Me)xAlMey} aluminate moieties (x+y=4).


A possible methyl group degradation pathway : In accord
with organoaluminum-promoted (multiple) hydrogen ab-
straction reactions occurring in early transition metal–
methyl complexes,[16, 39] we propose the methyl group degra-


dation scenario for Ln ACHTUNGTRENNUNG(AlMe4)3-donor (Do) mixtures repre-
sented in Scheme 3.


Do-induced tetramethylaluminate cleavage (a) involving
the formation of highly reactive transient {Ln�CH3} moiet-
ies is well documented.[4,5a, 9,10] This initial reaction seems to
be particularly slow for large rare-earth metal centers (here,
lanthanum) and soft donors (here, trimethylphosphine).
Moreover, reactions with an Ln aluminate/Do ratio of �1:1
favor the co-existence of {Ln�CH3} and {Ln�ACHTUNGTRENNUNG(CH3)x�AlRy}
moieties (x+y=4), which is considered crucial for the oc-
currence of such C�H bond activation. Next, the strong
base [(CH3)xAlRy]


� can abstract a proton from {Ln�CH3} to
form methane, trimethylaluminum, and a new {Ln�CH2�M}
linkage. Depending on whether the metalation proceeds
intra- (b) or intermolecularly ((c), (d); involving ligand re-
distribution), Tebbe-like “tuck-in” {Ln�CH2�Al} and {Ln�
CH2�Ln} linkages are generated, respectively.[5,39] The out-
come of these metalation reactions is assumed to be gov-
erned by steric factors such as the presence of sterically de-
manding ligands L.[4,10] Such cleavage/deprotonation sequen-
ces continue until either {Ln�CH3} or {Ln�ACHTUNGTRENNUNG(CH3)x�AlRy}
moieties are completely consumed, which can also lead to
doubly and quadruply deprotonated {Ln�CH�M} and {Ln�
C�M} linkages, respectively. Ether cleavage (Do=OEt2,
THF)[40] and Me2P�CH3 metalation[41,42] can display alterna-
tive reaction pathways in the presence of highly reactive
Ln�C ACHTUNGTRENNUNG(alkyl) bonds, however, such species have not been de-
tected as major degradation products by means of NMR
spectroscopy.


Scheme 3. Hydrogen abstraction from {Ln�CH3} moieties in the presence
of alkylaluminate ligands.
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Conclusion


In many cases uncontrollable, unpredictable, and serendipi-
tous metal–ligand cluster formation/assembly provides im-
portant insights into fundamental chemical processes, wheth-
er related to materials science or to catalytic processes. The
snapshots of nanosized lanthanum–carbon clusters presented
herein document uniquely the high reactivity of {Ln�CH3}
moieties. Unsurprisingly, the high charge density of the hard
carbon functionalities CH2


2�, CH3�, and C4� drive cluster
formation with the relatively hard La3+ cations, thus docu-
menting predominantly ionic interactions. Such extensive
degradation of methyl groups may be compared with the de-
activation pathways in Ziegler–Natta-type polymerization
catalysis.[43,44]


Experimental Section


General procedures : All operations were performed with rigorous exclu-
sion of air and water, by using standard Schlenk, high-vacuum, and glove-
box techniques (MBraun MBLab; <1 ppm O2, <1 ppm H2O). Hexane,
toluene, and diethyl ether were purified with Grubbs columns (MBraun
SPS, solvent purification system) and stored in a glovebox. C6D6 was ob-
tained from Aldrich, degassed, dried over Na for 24 h, and filtered. PMe3
solution in toluene and AlMe3 were purchased from Aldrich and used as
received. Homoleptic [Ln ACHTUNGTRENNUNG(AlMe4)3] complexes (1) were synthesized ac-
cording to literature methods.[8, 13] The solution NMR spectra were re-
corded by using a Bruker–Biospin-AV500 (5 mm BBO), 1H: ñ=


500.13 Hz; 13C: ñ =125.77 MHz, 31P: ñ =202.5 MHz), a Bruker–Biospin-
AV600 (5 mm cryo probe, 1H: ñ =600.13 MHz, 13C: ñ=150.91 MHz), or a
Bruker-DPX400 (5 mm BBI 1H-BB Z-GRD probe, 1H: ñ=400.13 MHz).
1H shifts are referenced to internal solvent resonances and reported in
ppm relative to TMS. 31P NMR shifts are reported in ppm relative to
85% H3PO4. All solid-state NMR spectra were recorded by using a
Bruker 500 MHz Ultrashield Plus equipped with a standard 4 mm
double-bearing probe head operating at ñ=150.91, 202.45, and
500.13 MHz for 13C, 31P, and 1H, respectively. The samples were placed in
ZrO2 rotors in a glovebox and closed tightly. Compressed air was used
for both bearing and driving the rotors. The experimental sample temper-
ature was 298 K with a spin rate of 10 kHz. For 1H MAS NMR, the recy-
cle delay was fixed at 2 s, and eight scans were collected using a 908 pulse
excitation of 4.1 ms. For 13C MAS NMR, a typical cross-polarization (CP)
sequence was used: 908 rotation of the 1H magnetization (impulsion
length, 4.1 ms), then carbon–proton contact for Tc=4 ms, and finally re-
cording of the spectrum under high-power decoupling. The delay be-
tween transients was fixed at 2 s to allow for complete relaxation of the
1H nuclei, and 38000 scans were made in each experiment. For the
31P CP experiment, the 908 pulse length was 4.1 ms, the recycle delay was
1 s, contact time was set at 1 ms, and 1000 scans were collected. 13C and
1H NMR chemical shifts were referred to adamantane and 31P chemical
shifts were referred to 85% H3PO4. The


13C and 31P CP MAS fields were
similarly line-broadened by 50 Hz and 100 Hz, respectively. IR spectra
were recorded by using a Nicolet Impact 410 FTIR spectrometer as
Nujol mulls sandwiched between CsI plates. CHN elemental analyses
were performed by using an Elementar Vario EL III. Aluminum analyses
were performed by using a Perkin–Elmer AAnalyst300 and give a lower
limit of the actual aluminum content since the considerable amounts of
sample necessary to conduct the analyses showed a violent reaction
toward air and aqueous solvents, inevitably forming small amounts of
black materials which were completely insoluble under the prevailing
conditions.


CAUTION : All cleavage products and volatiles containing trimethylalu-
minum react violently if exposed to air.


[Y ACHTUNGTRENNUNG(AlMe4)3] with excess PMe3 ACHTUNGTRENNUNG(2a): Complex 1a (379 mg, 1.08 mmol)
was dissolved in hexane (�7 mL) in a screw-capped vial to make a clear
colorless solution. PMe3 (1.0m solution in toluene, 6.50 mmol) was added
with stirring and a white precipitate formed immediately. The mixture
was stirred for 30 min and the precipitate was separated by centrifugation
and washed three times with hexane. Hexane fractions were combined
and volatiles were removed in vacuo to give pure AlMe3ACHTUNGTRENNUNG(PMe3) as a
white powder. Insoluble products were dried in vacuo to give [(YMe3)n]
(2a) as a white powder (141 mg, 97%). 1H MAS NMR (500.13 MHz,
25 8C): d=1.79, 1.42, 0.07 ppm (br) (see Figure S1, Supporting Informa-
tion); 13C MAS NMR (125.77 MHz, 25 8C): d =28.4, 17.2 ppm (see
Figure 2); 31P MAS NMR (202.5 MHz, 25 8C): d =61, �52 ppm (see Fig-
ure S2 in the Supporting Information).


[La ACHTUNGTRENNUNG(AlMe4)3] with excess Et2O (2c(++ )): Complex 1c (472 mg,
1.18 mmol) was dissolved in hexane (�7 mL). Et2O (358 mg, 4.83 mmol)
was dissolved in hexane (�2 mL) and added with stirring to the [La-
ACHTUNGTRENNUNG(AlMe4)3] solution. The mixture turned opaque white initially and within
seconds became a yellow solution with a yellow precipitate. Slow gas evo-
lution was observed. The mixture was stirred for 21 h, during which it
turned brown with a brown precipitate. Insoluble products were separat-
ed by centrifugation, washed with 4P3 mL hexane, dried in vacuo for
several hours to give a brown powder (2c(++ ), 240 mg), and dried for 4 h
under high vacuum. Soluble fractions were filtered, combined, and dried
in vacuo to give a brown oil (210 mg). Insoluble products : 1H MAS NMR
(500.13 MHz, 25 8C): d=7.09 (br), 4.09 (br), 1.02 (br), �0.36 ppm (br)
(see Figure S1 in the Supporting Information); 13C MAS NMR
(125.77 MHz, 25 8C): d=57.6 (br), 15.1, 3.9 ppm (see Figure 2); IR
(Nujol): 2359 (w), 1303 (w), 1191 (w), 1043 (w), 725 (m), 683 cm�1 (m).
Soluble products : 1H NMR (500.13 MHz, 258C) showed Me3Al ACHTUNGTRENNUNG(OEt2)
[d=3.27 (q, J=7 Hz, 4H; CH2CH3), 0.66 (t, J=7 Hz, 6H; CH2CH3),
�0.42 ppm (s, 9H; AlMe3)] as the major product with impurities at d=


2.06 (br s), 1.68 (br s), 1.35 (s), �0.10 (s), �0.22 (s), �0.25 (s), �0.32 ppm
(m).


The insoluble products (36 mg) were suspended in hexane. AlMe3
(71 mg, 0.98 mmol) was dissolved in hexane and added to 2c(++ ), and the
mixture was stirred for 3 h with no visual change. Then more AlMe3
(75 mg, 1.04 mmol) was added and the mixture was stirred overnight.
The volatiles were removed in vacuo, and soluble products were extract-
ed with 3P2 mL hexane, centrifuged, and filtered. Volatiles were re-
moved in vacuo from soluble (yellow oil, 39 mg), and insoluble (orange
powder, 10 mg) fractions. Insoluble products : elemental analysis (%): C
31.09%, H 6.14. Soluble products : 1H NMR (500.13 MHz, 258C) of the
yellow oil showed [La ACHTUNGTRENNUNG(AlMe4)3] d =�0.20 ppm (s) with only trace impuri-
ties.


[La ACHTUNGTRENNUNG(AlMe4)3] with 3 equiv PMe3 ACHTUNGTRENNUNG(2c(+)): Complex 1c (151 mg,
0.38 mmol) was dissolved in hexane (�4 mL) and PMe3 (1.0m solution in
toluene, 1.13 mmol) was added with stirring. The mixture turned brown
with a brown precipitate after being stirred overnight. The soluble prod-
ucts were separated by centrifugation and extraction with hexane. Solu-
ble and insoluble products were dried in vacuo. Soluble products were an
orange brown solid (68 mg), and insoluble products (2c(+)) a dark
maroon powder (51 mg). Insoluble products : 1H MAS NMR
(500.13 MHz, 25 8C): d =4.8 (br), 1.5 (br), 0.18 ppm (br) (see Figure S1 in
the Supporting Information); 13C MAS NMR (125.77 MHz, 25 8C): d=


233.4 (br), 14.6, 3.9 ppm (see Figure 2); IR (Nujol): ñ=1582 (w), 1303
(w), 1197 (m), 1068 (w), 954 (w), 721 (m), 671 (s), 608 cm�1 (m). Soluble
products : 1H NMR (500.13 MHz, 258C): d=0.47 (d, 9H; J=6.3 Hz,
(H3C)3PAlMe3, �0.38 ppm (s, 9H; Me3PAl ACHTUNGTRENNUNG(CH3)3);


31P{1H} NMR
(202.5 MHz, 258C): d �48.7 ppm (s, Me3PAlMe3).


The brown insoluble products 2c(+ )ACHTUNGTRENNUNG(41 mg) were suspended in hexane
(�3 mL) and AlMe3 (81 mg, 1.1 mmol), dissolved in hexane (�1 mL),
was added. The mixture was stirred for 3.5 h with no visual change, and
the volatiles were removed in vacuo. Soluble products (a yellow oil
(6 mg)) were separated by extraction with hexane and centrifugation. In-
soluble products formed a red violet solid (36 mg). Insoluble products : el-
emental analysis (%): C 23.27, H 4.39%. Soluble products : 1H NMR
(500.13 MHz, 25 8C) showed [La ACHTUNGTRENNUNG(AlMe4)3] (d=�0.20 ppm (s)) as the
major product with impurities at d=1.88 (br s), 1.35 (brm), 1.13 (t, J=
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7.9 Hz), 0.15 (t, J=8 Hz), �0.13 (m), �0.18 (s), �0.27 (m), �0.31 ppm
(s).


[La ACHTUNGTRENNUNG(AlMe4)3] with 1 equiv of PMe3 (3): Complex 1c (151 mg, 0.38 mmol)
was dissolved in hexane (�4 mL) to make a clear colorless solution and
PMe3 (1.0m solution in toluene, 0.38 mmol) was added with stirring. The
mixture became an orange solution with an orange precipitate after
being stirred overnight. The soluble products were separated by centrifu-
gation and extraction with at least 4P2 mL hexane. Soluble and insoluble
products were dried in vacuo. Insoluble products formed a yellow orange
powder (3, 35 mg) and soluble products formed a yellow oil. Soluble
products : IR (Nujol): ñ=1303 (w), 1202 (m), 1095 (w), 953 (w), 721 (m),
674 (m), 597 (m), 489 cm�1 (w). The insoluble products (19 mg) were sus-
pended in hexane (�3 mL) and excess AlMe3 (50 mg) dissolved in
hexane was added. The mixture was stirred for 3.5 h with no visual
change, and the volatiles were removed in vacuo. Soluble products were
extracted with hexane (4P2 mL), centrifuged, and filtered. Hexane-solu-
ble (yellow oil, 19 mg) and hexane-insoluble (pale orange powder, 7 mg)
fractions were dried in vacuo. Insoluble products : elemental analysis (%):
C 29.79, H 5.57. Soluble products : 1H NMR (500.13 MHz, 25 8C) showed
La ACHTUNGTRENNUNG(AlMe4)3 (d=�0.20 ppm (s)) as the major product with impurities at
d=1.12 (t, J=8 Hz), 0.14 (d, J=8 Hz), �0.09 (br s), �0.18(s), �0.32 ppm
(br s).


Crystallization of clusters 3a–c from [La ACHTUNGTRENNUNG(AlMe4)3] with PMe3 ACHTUNGTRENNUNG(1 equiv):
Complex 1c (102 mg, 0.25 mmol) was dissolved in hexane (�0.5 mL)
and transferred to an NMR tube. A small portion of hexane was layered
on top. The PMe3 solution (1.0m in toluene, 0.25 mmol) was added
slowly. The tube was left to stand without mixing. After three days a
brown precipitate had formed. Several crystals formed over about three
weeks.


NMR monitoring of the reaction between [LaACHTUNGTRENNUNG(AlMe4)3] with PMe3


ACHTUNGTRENNUNG(1 equiv): Complex 1c (21 mg, 0.05 mmol) was dissolved in C6D6 and
transferred to a Youngs NMR tube. PMe3 solution (1.0m in toluene,
0.05 mmol) was added, then the tube was capped and inverted to mix.
1H NMR spectra were recorded periodically for a week. Soluble prod-
ucts : 31P{1H} NMR (202.5 MHz, 25 8C): d=�48.6 ppm (s, Me3PAlMe3);
1H NMR (500.13 MHz, 25 8C) (see Figure 3, 177 h): d=7.13 (m, H3CPh),
7.02 (m, H3CPh), 2.11 (s, H3CPh), 0.48 (d, J=6.6, Me3PAlMe3), 0.16 (s,
CH4), 0.10 (s), 0.06 (br s), 0.00 (br s), �0.10 (s), �0.13 (br s), �0.16 (s),
�0.18 (s), �0.20 (s, La ACHTUNGTRENNUNG(AlMe4)3), �0.21 (br s), �0.24 (s), �0.26 (s), �0.32
(s), �0.39 (s, Me3PAlMe3), �0.53 ppm (br s).


Single-crystal X-ray structures : Crystal data and details of the structure
determination are presented in Table 2. The crystals were placed in a
nylon loop containing Paratone oil (Hampton Research) and mounted di-
rectly in the N2 cold stream (Oxford Cryosystems Series 700) on a Bruker
AXS SMART 2 K CCD diffractometer. Data were collected by means of
0.38 w scans in four orthogonal f settings using MoKa radiation (l=


0.71073 Q). A fifth run containing 66 frames was used to assess crystal
decay. Data collection was controlled using the SMART program, data
integration using SAINT, and structure solution and model refinement
using XS and XL, respectively as contained within SHELXTL.[45] All
three data sets were corrected for absorption, applying numerical face in-
dexing, and subsequent scaling and incident beam correction as con-
tained in SADABS.[46]


Compound 3a : The H atoms on the six-coordinate C atoms all appeared
in the difference Fourier map and all refined freely to sensible distances
and isotropic displacement values. Subsequently these were refined re-
straining the C�H distances to be similar within 0.01 Q, and refining a
common Uiso(H), converging at 0.051(8) Q2. Noncoordinating methyl
groups were refined as rigid and rotating (difference Fourier density opti-
mization) CH3 groups around the respective C�Al bonds. Coordinating
methyl groups were refined as rigid pyramidal groups with the same C�
H and H�H distances as for the previous refinement, but with the three-
fold axis of the pyramidal rigid group allowed to be nonparallel with the
(H)3C�Al bond axis. The isotropic displacement parameters for the H
atoms were set to be 1.5 times that of the pivot C atom. CH2 groups
were refined with C�H and H�H distances constrained to be 0.99 and
1.58 Q, respectively. The isotropic displacement parameters for the H
atoms were set to be 1.2 times that of the pivot C atom. The aromatic H


atoms on the solvent toluene were fixed geometrically with Uiso(H) set to
be 1.2 times that of the parent carbon atom. The methyl group was re-
fined as a rigid pyramidal group rotating around the C�C bond vector
with Uiso(H) set to be 1.5 times that of the parent carbon atom.


Compound 3b : The crystal was a pseudo-merohedral twin, complicating
data integration and rendering proper absorption correction imprecise.
This accounts for the highest residual peak (11 eQ�3, 0.88 Q from La4).
The second highest peak was 1.2 eQ�3. The structure contains 2.5 toluene
solvent molecules, one coordinated and one sitting on an inversion
center, and hence disordered. The H atoms on the six-coordinate C
atoms all behave as for 3a and were therefore refined in the same way,
albeit with Uiso(H) set to be 1.2 times that of the pivot C atom. All other
H atoms were refined as for 3a.


Compound 3c : The structure contains two cluster molecules with differ-
ent molecular symmetries (C3h and D3, respectively) and two Me3Al-
ACHTUNGTRENNUNG(PMe3) molecules. Of the 12 H atoms predicted on the six-coordinate C
atoms, 11 appeared in the difference Fourier maps, also refining sensibly.
These were therefore refined as for 3a, albeit with Uiso(H) set to be 1.2
times that of the pivot C atom. The twelfth H atom (H49) showed insta-
bility in refinement and its coordinates were therefore fixed at a distance
of 1.08 Q, with Uiso(H) set to be 1.2 times that of C49. All other H atoms
were refined as for 3a.


CCDC-684927 (3a), 684928 (3b), and 684329 (3c) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free


Table 2. Crystallographic data for clusters 3a, 3b, and 3c.


3a 3b 3c


formula C36H85Al8La4P C44.5H92Al8La4 C36H96Al10La5P
formula wt. 1320.49 1398.66 1524.45
color/habit pale yellow/


prism
colorless/plate yellow/flat


prism
crystal size [mm] 0.23P0.08P0.08 0.21P0.14P0.07 0.18P0.10P0.02
cryst system monoclinic triclinic monoclinic
space group P21/c P1̄ Cc
a [Q] 13.0753(4) 12.0768(3) 12.3155(3)
b [Q] 34.9639(11) 14.7145(4) 21.2845(6)
c [Q] 11.7634(4) 19.3559(5) 46.1441(13)
a [8] 90.00 98.639(1) 90.00
b [8] 93.651(1) 104.293(1) 94.167(1)
g [8] 90.00 108.740(1) 90.00
V [Q3] 5366.9(3) 3056.1(2) 12063.7(6)
Z 4 2 8
T [K] 100(2) 100(2) 100(2)
1calcd [mgm�3] 1.634 1.520 1.679
m [mm�1] 3.302 2.880 3.659
F ACHTUNGTRENNUNG(000) 2592 1382 5936
q range [8] 1.56/29.52 1.12/26.11 1.00/27.11
index ranges (h,k,l) �18�h�18 �14�h�14 �15�h�15


�48�k�48 �18�k�18 �27�k�27
�16� l�16 �23� l�23 �59� l�59


rflns integrated 87349 38571 81818
independent rflns/
Rint


14975/0.0476 12120/0.0309 26598/0.0516


observed rflns
(I>2s(I))


12027 10209 24636


data/restraints/
parameters


14975/72/571 12120/77/659 26598/74/995


R1/wR2
(I>2s(I))[a]


0.0354/0.0636 0.0493/0.1034 0.0468/0.0958


R1/wR2 (all data)[a] 0.0518/0.0680 0.0612/0.1099 0.0518/0.0974
GOF (on F2)[a] 1.094 1.048 1.128
largest diff. , peak
and hole [eQ�3]


1.56/�0.96 10.99/�4.68 1.73/�2.68


[a] R1=�(jjF0j�jFc j j )/� jF0 j ; wR2= {�[w ACHTUNGTRENNUNG(F0
2�Fc


2)2]/�[w ACHTUNGTRENNUNG(F0
2)2]}1/2 ;


GOF= {�[w ACHTUNGTRENNUNG(F0
2�Fc


2)2]/ ACHTUNGTRENNUNG(n�p)}1/2.
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Zipped-Up Chain-Type Coordination Polymers: Unsymmetrical Amide-
Containing Ligands Inducing b-Sheet or Helical Structures


Kazuhiro Uemura,*[a] Yuki Kumamoto,[b] and Susumu Kitagawa[b, c, d]


Introduction


Crystal engineering by exploiting noncovalent forces has at-
tracted much attention in recent years due to the challenge


of constructing novel solid architectures,[1–3] particularly
porous coordination polymers.[1] This field of research has
been developed and accelerated by means of simple strat-
egies, such as the hydrogen-bonded supramolecular syn-
thon[2c] and the use of secondary building units (SBUs),[1d]


which provide effective guidelines for constructing deriva-
tive architectures. In particular, supramolecular synthons de-
scribe the precise recognition events that take place when
molecules assemble, a concept that has prompted numerous
reports about the crystal structures of hydrogen-bonded or-
ganic molecules.[2,3] Furthermore, the idea of combining co-
ordination polymers and ligand-based hydrogen bonds has
been introduced recently,[2e] opening up a new dimension in
this field.


There are some advantages to this approach because it
allows a combination of strength, imparted by a coordina-
tion network, and flexibility, allowed by the softer hydro-
gen-bonding interactions.[4] In fabricating networks using
both noncovalent forces, the design of organic ligands is im-
portant because hydrogen-bonding sites can possibly coordi-
nate to metals, resulting in unpredicted crystal structures.
Despite these inherent difficulties, the following organic li-


Abstract: The crystal structures of thir-
teen AgI coordination polymers involv-
ing py-CONH-(CH2)n-py (py=pyri-
dine; n=0, 1) derivatives were deter-
mined by means of single-crystal X-ray
analyses. All of the compounds form
one-dimensional chains composed of
AgI atoms and bridging ligands with
formulas {[Ag ACHTUNGTRENNUNG(py-CONH- ACHTUNGTRENNUNG(CH2)n-py)]
[X]}n (X=PF6


�, ClO4
�, BF4


�, and NO3
�


with solvent molecules). The unsym-
metrical coordination environments
around AgI atoms induce direction in
the chains, that is, -[NH-(CH2)n-py-Ag-
py-CO]-, which resembles the align-
ment of amino acid chains in proteins.
In compounds {[Ag ACHTUNGTRENNUNG(4-pia)][X]}n (1�X;


4-pia=N-(4-pyridyl)isonicotinamide;
X=PF6


�, ClO4
�, BF4


�, and NO3
�),


{[Ag ACHTUNGTRENNUNG(4-pmia)][X]}n (2�X; 4-pmia=N-
(pyridin-4-ylmethyl)isonicotinamide;
X=PF6


�, ClO4
�·H2O, and NO3


�·H2O),
and {[Ag ACHTUNGTRENNUNG(3-pmia)][X]}n (3�X; 3-
pmia=N-(pyridin-3-ylmethyl)isonico-
ACHTUNGTRENNUNGtinamide; X=PF6


�, ClO4
�, BF4


�, and
NO3


�·H2O), each chain is aligned par-
allel to neighboring chains, but adja-
cent chains run in the opposite direc-
tion. Particularly in {[Ag ACHTUNGTRENNUNG(3-pmia)]-
ACHTUNGTRENNUNG[PF6]}n (3�PF6


�), {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n


(3�ClO4
�), and {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[BF4]}n


(3�BF4
�), amide moieties of 3-pmia li-


gands are complementarily hydrogen
bonded to amide moieties in neighbor-
ing chains, as in the b-sheet motif in
proteins. On the other hand, in {[Ag ACHTUNGTRENNUNG(4-
pmna)] ACHTUNGTRENNUNG[PF6]·MeOH}n (4-pmna=N-
(pyridin-4-ylmethyl)nicotinamide), all
chains in the crystal form left-handed
(4a�PF6


�·MeOH) and right-handed
(4b�PF6


�·MeOH) helical structures
with a helical pitch of 28 :. Heteroge-
neous anion exchanges proceed reversi-
bly in 2, but not in 3, which provides
information about the thermal stabili-
ties of the crystals.
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gands combined with metals have afforded rationally built-
up structures: py-amide (py=pyridine),[5] py-urea-py,[6] py-
amide-py,[7,8] and py-(amide)2-py types[6a,9] (Scheme 1). In


the crystal structures constructed by using these organic li-
gands, pyridine moieties are coordinated to metal ions,
whereas amide and urea moieties interact through hydrogen
bonds, to avoid the coordination of hydrogen-bonding sites
to metals, thus raising the possibility of dealing rationally
with both coordination and hydrogen bonds. Furthermore,
by using coordination polymers instead of discrete molecu-
lar assemblies, the resulting structures have fewer degrees of
freedom, thereby facilitating structural prediction and con-
trol.


On this basis, we have prepared the unsymmetrical
amide-containing ligands, py-CONH-py, py-CONH-CH2-py,
and py-CONH-(CH2)2-py, in which two pyridyl groups are
bridged by -CONH-, -CONH-CH2-, and -CONH-(CH2)2-
moieties, respectively (Scheme 1), to add a new structural
dimension to coordination networks having a b-sheet
motif[10] by incorporating cross-linked coordination-based
motifs. The backbone of these ligands is an amide moiety,
which is well known for its typical hydrogen-bonding net-
work. Coordination polymers derived from these ligands are
expected to self-assemble through complementary hydrogen
bonds involving an amide backbone. Previously, we have re-
ported the synthesis and structures of square grids[8a,b] and
repeated rhomboid-type chains[8c] with these types of li-
gands. Especially in square grids [Co(X)2 ACHTUNGTRENNUNG(3-pna)2]n (3-pna=


N-(pyridin-3-yl)nicotinamide; X=NCS�, NO3
�, and Br�)


and {[Co ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(4-peia)2]·4Me2CO}n (4-peia=N-(2-pyridin-
4-ylethyl)isonicotinamide), complementary amide···amide
hydrogen bonds effectively connect each square grid. Com-


pared with symmetrical amide- or urea-containing ligands,
these types of unsymmetrical amide-containing ligands have
not yet been employed widely in a systematic manner.


To establish principles, researchers often exploit a simple
system that allows modeling and study of phenomena that
are superimposed upon a more complicated, multicompo-
nent system. Thus, one-dimensional (1D) chainlike com-
plexes, being the simplest topological type of coordination
array, represent a good starting point to model and investi-
gate infinite, polymeric compounds to develop strategies for
engineering supramolecular polymers. In this paper, to ex-
plore the contribution of py-CONH-(CH2)-py-type ligands,
crystal structures of coordination networks based on N-(4-
pyridyl)isonicotinamide (4-pia), N-(pyridin-4-ylmethyl)isoni-
cotinamide (4-pmia), N-(pyridin-3-ylmethyl)isonicotinamide
(3-pmia), and N-(pyridin-4-ylmethyl)nicotinamide (4-pmna)
are shown. By fixing the metal coordination geometry as
linear, we have explored the solid structures resulting from
reactions of AgX (X=PF6


�, ClO4
�, BF4


�, and NO3
�) with


the above-mentioned ligands.


Results and Discussion


Design strategy : The systems mentioned in this paper oper-
ate under conditions in which distinct metal coordination
and hydrogen bonds should be involved in independent
binding events between unsymmetrical amide-containing li-
gands and AgX (X=PF6


�, ClO4
�, BF4


�, and NO3
�).


Scheme 2 shows our proposed amide-containing py-X-py-
type ligands. These ligands consist of three structural parts:
1) pyridyl groups that can coordinate to a metal, 2) an
amide group that can form hydrogen-bond interactions with
nitrogen and oxygen atoms, and 3) an alkyl moiety that can
lengthen the ligands. Due to their unsymmetrical shapes,
two kinds of N donors, nitrogen atoms in the carbonyl pyri-
dine (NC) and those in the amino (or methylene) pyridine
(NN or NM), are available. Because of p conjugation be-
tween the carbonyl pyridine and the amide moiety, nearly
zero torsion angles between their planes are expected. This
results in the following four ligand shapes in coordination
networks: rod, arch, L-shape, and zigzag (Scheme 2), such
as 4,4’-bipyridine (4,4’-bpy), 3,4’-bipyridine (3,4’-bpy), and
3,3’-bipyridine (3,3’-bpy).


The coordination sphere of AgI can adopt coordination
numbers between two and six[11,12] and prefers a linear two-
coordinate geometry with N donor ligands to afford 1D
chains with bidentate py-X-py-type ligands.[13] Amide moiet-
ies in the ligands would guide hydrogen-bonding interac-
tions among 1D chains; it is expected that each chain would
be cross-linked by the complementary amide···amide hydro-
gen bonds, or intermolecular hydrogen bonds by means of
anions or solvent molecules.


Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pia)][X]}n (1�X; X=PF6
�,


ClO4
�, BF4


�, and NO3
�): {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[PF6]}n (1�PF6


�) com-
prises one AgI atom and one 4-pia ligand that are crystallo-


Scheme 1. Different types of symmetrical and unsymmetrical organic li-
gands that can be used to construct crystal structures when combined
with metals.
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graphically independent (Figure 1a). The 4-pia ligands are
linked by AgI atoms to produce a 1D network. Each AgI


atom is coordinated by two pyridine nitrogen atoms of 4-pia
ligands of the NC and NN types, leading to an electronically
unsymmetrical AgI center. All chains run along the (a+c)
direction, with pyridine rings perpendicular to the ac plane.
Adjacent chains run in opposite directions, as shown in Fig-
ure 1b. The 1D chains are not linear but wavy; AgI atoms
are at the top and bottom of the waves. Between the two
parallel chains, the closest approach is AgI–AgI at
3.622(1) :, whereas the greatest separation is around PF6


�


anions at about 7.1 :. The PF6
�


anions are weakly associated
with the AgI atoms (AgI–F=


2.764(7) :) and are hydrogen
bonded to amide moieties (N-
ACHTUNGTRENNUNG(amide)···F=3.00(1) :). De-
spite close amide–amide distan-
ces between the chains (N–O=


3.203(8) :), the hydrogen
bonds between PF6


� and amide
moieties obstruct the formation
of amide···amide hydrogen
bonds.


Although the anions exhibit
substantial differences in both
shape and size (molecular sizes:
PF6


�=54 :3, ClO4
�=47 :3,


BF4
�=38 :3, and NO3


�=


34 :3),[14] {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[ClO4]}n
(1�ClO4


�), {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[BF4]}n
(1�BF4


�), and {[Ag ACHTUNGTRENNUNG(4-pia)]-
ACHTUNGTRENNUNG[NO3]}n (1�NO3


�), adopt simi-
lar network motifs to 1�PF6


�


(Figure 2). In 1�ClO4
�,


1�BF4
�, and 1�NO3


�, all wavy
1D chains run along the (a+c)
direction with adjacent chains


running in the opposite direction, as in 1�PF6
�. Table 1


summarizes selected bond lengths and angles within four
compounds of 1. Coordination distances and angles around
AgI atoms are similar. As with PF6


� molecules in 1�PF6
�,


each anion in the network is hydrogen bonded to amide


Scheme 2. The amide-containing py-X-py-type ligands used in this study, which result in rod, arch, L, and
zigzag ligand shapes in coordination networks. m and p signify meta and para, respectively.


Figure 1. Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[PF6]}n (1�PF6
�). a) ORTEP


drawing of 1�PF6
� at the 30% probability level. The PF6


� ion and hydro-
gen atoms except for those of the amide hydrogen are omitted for clarity.
b) Overall structure (left) and cross-sectional view (right) of 1�PF6


�. 1D
chains run in parallel to form a sheet, in which PF6


� ions are accommo-
dated. Dotted lines (right) correspond to sheets.


Figure 2. Crystal structures (left) and cross-sectional views (right) of
a) {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[ClO4]}n (1�ClO4


�), b) {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[BF4]}n (1�BF4
�), and


c) {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[NO3]}n (1�NO3
�). Hydrogen atoms except for those in


amide moieties are omitted for clarity. 1D chains run in parallel to form
a sheet.
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moieties. Thus, 1�ClO4
�, 1�BF4


�, and 1�NO3
� also do not


contain complementary amide···amide hydrogen bonds.


Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pmia)][X]}n (2�X; X=PF6
�,


ClO4
�·H2O, and NO3


�·H2O): Figure 3 shows the crystal
structure of {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[PF6]}n (2�PF6


�). There are two
kinds of individual AgI, 4-pmia, and PF6


� molecule in the


crystal. Each AgI atom is coordinated by two pyridine nitro-
gen atoms of 4-pmia molecules, NC and NM. Although these
pyridine donors are nonequivalent because of the unsym-
metrical structure of this ligand, the two AgI�N bond
lengths are similar: AgI�NC=2.160(5) and 2.152(5) :, AgI�
NM=2.152(5) and 2.134(6) : (Table 2). Coordination of the
two types of pyridine donor in 4-pmia ligands affords a
slightly bent geometry (NC-AgI-NM=161.0(2) and
162.0(2)8). Each AgI atom is linked by the 4-pmia ligands to
provide a 1D chain of {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[PF6]}n, which forms a
zigzag shape, turning at the methylene moiety (angles (N-
ACHTUNGTRENNUNG(amide)-C ACHTUNGTRENNUNG(methyl)-C ACHTUNGTRENNUNG(pyridine))=113.6(5) and 114.7(5)8).


The direction of each chain
(-[NH-(CH2)n-py-Ag-py-CO]- or
-[CO-py-Ag-py-(CH2)n-NH]-) is
opposite to that of neighboring
chains. These chains are aligned
along the c axis and slide
against neighboring chains,
where oxygen atoms in amide


moieties interact with AgI atoms[13c–e] (AgI–OACHTUNGTRENNUNG(amide)=


2.611(5) and 2.685(5) :) to form wave sheets (Figure 3b).
These sheets are stacked along the a axis to afford 1D chan-
nels filled with PF6


� molecules as shown in Figure 3b.
As well as 2�PF6


�, in {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[ClO4]·H2O}n
(2�ClO4


�·H2O) and {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n
(2�NO3


�·H2O) each AgI atom is coordinated by two pyri-
dine nitrogen atoms of 4-pmia molecules, NC and NM, to
afford wavy 1D chains. Each chain direction is opposite to
that of neighboring chains, as shown in Figure 4. The pack-
ing modes of chains found in 2�ClO4


�·H2O and
2�NO3


�·H2O are different from those in 2�PF6
�. Oxygen


atoms of amide moieties in both 2�ClO4
�·H2O and


2�NO3
�·H2O project from the chain and hydrogen bond to


water molecules. Incorporated water molecules are hydro-
gen bonded to three surrounding sites, namely oxygen
atoms in amide moieties, oxygen atoms in anions, and hy-
drogen atoms in amide moieties. As shown in Figure 4,
ClO4


� and NO3
� ions interact with AgI atoms and are


placed among these zigzag chains.


Crystal structures of {[Ag ACHTUNGTRENNUNG(3-pmia)][X]}n (3�X; X=PF6
�,


ClO4
�, BF4


�, and NO3
�·H2O): In {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[PF6]}n


(3�PF6
�), each AgI atom is bridged by a 3-pmia ligand with


distorted linear geometry (NC-AgI-NM=174.9(1)8, AgI�NC=


2.149(3) :, and AgI�NM=2.143(3) :), as shown in Fig-
ure 5a, to afford an infinite zigzag chain as in 1 and 2. Also


Table 1. Selected bond lengths [:] and angles [8] in 1�X (X=PF6
�, ClO4


�, BF4
�, and NO3


�).


Ag�NC Ag�NN NC-Ag-NN Ag–Ag O ACHTUNGTRENNUNG(amide)–NACHTUNGTRENNUNG(amide)


1�PF6
� 2.122(5) 2.110(5) 172.1(2) 3.622(1) 3.203(8)


1�ClO4
� 2.139(8) 2.147(8) 168.1(3) 3.293(2) 3.35(1)


1�BF4
� 2.144(4) 2.140(4) 169.2(2) 3.2692(7) 3.361(7)


1�NO3
� 2.167(3) 2.155(3) 168.4(1) 3.2824(9) 3.135(5)


Figure 3. Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[PF6]}n (2�PF6
�). a) ORTEP


drawing of 2�PF6
� at the 30% probability level. The PF6


� ion and hydro-
gen atoms of pyridine rings are omitted for clarity. b) Overall structure
(left) and cross-sectional view (right) of 2�PF6


�. 1D chains run in paral-
lel to form a sheet with C=O–AgI interactions. Two sheets stack, and the
thin and thick lines show the upper and lower sheets, respectively.


Table 2. Selected bond lengths [:] and angles [8] in 2�X (X=PF6
�,


ClO4
�·H2O, and NO3


�·H2O).


Ag�NC Ag�NM NC-Ag-NM


2�PF6
� 2.160(5), 2.152(5) 2.152(5), 2.134(6) 161.0(2), 162.0(2)


2�ClO4
�·H2O 2.165(5) 2.163(5) 174.6(2)


2�NO3
�·H2O 2.163(3) 2.159(3) 173.3(1)


Figure 4. Overall structures (left) and cross-sectional views (right) of 1D
chains of a) {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[ClO4]·H2O}n (2�ClO4


�·H2O) and b) {[Ag ACHTUNGTRENNUNG(4-
pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n (2�NO3


�·H2O). 1D chains run in parallel to form a
sheet with O ACHTUNGTRENNUNG(amide)···O ACHTUNGTRENNUNG(water)···N ACHTUNGTRENNUNG(amide) hydrogen bonds.
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in 3�PF6
�, each chain direction (-[NH-(CH2)n-py-Ag-py-


CO]- or -[CO-py-Ag-py-(CH2)n-NH]-) is opposite to that of
neighboring chains. It is worth noting that hydrogen bonds
of the type NH···O=C (N···O=2.831(4) :) existing between
the adjacent chains create a complementary amide binding
network like a b sheet (Figure 5b). The b sheet of 3�PF6


� is
a wavelike sheet with about 10 : thickness. The closest
AgI–AgI distance between chains is 3.5764(9) :. These
wavelike sheets interdigitate along the a axis (Figure 6a), by
stacking of methyl pyridine rings with about 4 : separation.
There is no hydrogen bonding between adjacent sheets.
Compounds {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n (3�ClO4


�) and {[Ag ACHTUNGTRENNUNG(3-
pmia)]ACHTUNGTRENNUNG[BF4]}n (3�BF4


�) are isostructural with 3�PF6
�, and


also form structures like a b sheet, as shown in Figure 6. As
Table 3 shows, the amide···amide (N···O) hydrogen-bond
lengths between adjacent chains are 2.829(4) and 2.823(4) :
in 3�ClO4


� and 3�BF4
�, respectively. Complementary ami-


de···amide hydrogen bonds afford 1D dipole arrays, in which
neighboring arrays with opposite directions cancel out.
Anion molecules (PF6


�, ClO4
�, and BF4


�) are accommodat-
ed within the basins of b sheets.


In the case of {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[NO3]·H2O}n (3�NO3
�·H2O),


water molecules are included in the network, since the
NO3


� anion is smaller than other anions.[14] The water mole-
cules are hydrogen bonded to oxygen atoms of amide moiet-
ies, oxygen atoms of nitrate anions, and nitrogen atoms in
amide moieties (Figure 7), thus affording sheets with inter-
molecular hydrogen bonds like 2�ClO4


�·H2O and
2�NO3


�·H2O.


Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pmna)] ACHTUNGTRENNUNG[PF6]·MeOH}n


(4a�PF6
�·MeOH and 4b�PF6


�·MeOH): In {[Ag ACHTUNGTRENNUNG(4-pmna)]-
ACHTUNGTRENNUNG(PF6)·MeOH}n (4a�PF6


�·MeOH), each AgI atom is linearly
coordinated to 4-pmna ligands (NC-AgI-NM=178.1(1)8,
Table 4) to provide a 1D chain. In spite of the nonequivalent
pyridine donors, no significant difference was observed for
the two AgI�N bond lengths: AgI�NC=2.16(2) and AgI�
NM=2.14(1) :. The interesting feature of this chain is a hel-


ical framework with a 28 : unit
repeated along the c axis
(Figure 8). Compound
4a�PF6


�·MeOH crystallizes in
space group P43, resulting in a
unique single left-handed heli-
cal structure. Compound
4a�PF6


�·MeOH has a 43 axis


Figure 5. Crystal structures of {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[PF6]}n (3�PF6
�). a) ORTEP


drawing of 3�PF6
� at the 30% probability level. The PF6


� anion and hy-
drogen atoms of pyridine rings are omitted for clarity. b) Overall struc-
ture of 3�PF6


�. 1D chains run in parallel to form a sheet with O-
ACHTUNGTRENNUNG(amide)···HN ACHTUNGTRENNUNG(amide) hydrogen bonds.


Figure 6. The b-sheet-type structures (left) and their cross-sectional views
(right) of a) {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[PF6]}n (3�PF6


�), b) {[AgACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n
(3�ClO4


�), and c) {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[BF4]}n (3�BF4
�). Three b sheets are


stacked along the a axis; thin and thick lines express individual sheets.


Table 3. Selected bond lengths [:] and angles [8] in 3�X (X=PF6
�, ClO4


�, BF4
�, and NO3


�·H2O).


Ag�NC Ag�NN NC-Ag-NN Ag–Ag O ACHTUNGTRENNUNG(amide)···NACHTUNGTRENNUNG(amide)


3�PF6
� 2.149(3) 2.143(3) 174.9(1) 3.5764(9) 2.831(4)


3�ClO4
� 2.162(3) 2.156(3) 172.9(1) 3.3214(7) 2.829(4)


3�BF4
� 2.136(3) 2.144(3) 173.5(1) 3.342(1) 2.823(4)


3�NO3
�·H2O 2.161(2) 2.159(2) 172.25(8) – –
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along the c axis. The PF6
� ions and methanol molecules are


located within the helical columns with close contact distan-
ces: AgI–OACHTUNGTRENNUNG(MeOH)=2.76(2) and AgI–FACHTUNGTRENNUNG(PF6


�)=3.11(4) :.
One helical column is interdigitated with adjacent columns
by weak association between the oxygen atom of the amide
moiety and the AgI atom in the adjacent chain (AgI–O-
ACHTUNGTRENNUNG(amide)=2.78(5) :).[13c–e] It is well known that the helical
structure of proteins is mainly driven and stabilized by intra-
molecular hydrogen-bonding interactions between amide
groups within the flexible polypeptide backbone.[10] Howev-
er, in 4a�PF6


�·MeOH, carbonyl oxygen atoms do not hy-
drogen bond to N�H, but interact weakly with AgI atoms in
neighboring chains, unlike the a-helix form in proteins.
However, in the case of 4b�PF6


�·MeOH, the compound
crystallizes in space group P41, resulting in single right-
handed helicity (Figure 8b). Thus, compound 4 crystallizes
as cocrystals of 4a�PF6


�·MeOH and 4b�PF6
�·MeOH.


Comparison of relationship between chains in compounds
1–4 : All compounds 1–4 form 1D chains, which are attribut-
ed to the bridging of AgI atoms with linear coordination en-
vironments. The most significant feature is that AgI atoms
are unsymmetrically coordinated in all compounds; that is,
NC-Ag-NN(M), rather than NC-Ag-NC and NN-Ag-NN (or NM-
Ag-NM). This coordination mode induces chain direction
within -[NH-(CH2)n-py-Ag-py-CO]- (n=0 (1) or 1 (2–4)) as
seen in amino acid sequences in proteins.[10]


Scheme 3 summarizes the relationships between chains in
compounds 1–4. Each chain in compounds 1–3 runs parallel,
with neighboring chains running in opposite directions. As
mentioned previously, amide moieties in 1 form hydrogen
bonds with incorporated anion molecules, resulting in no
significant interaction between chains. On the other hand,
chains are cross-linked with neighboring chains by intermo-
lecular (H2O) hydrogen bonds in 2�ClO4


�·H2O,
2�NO3


�·H2O, and 3�NO3
�·H2O, and with b-sheet motifs oc-


curring in 3�PF6
�, 3�ClO4


�, and 3�BF4
�.


In proteins, the chain of amino acids produces secondary
structures, namely a-helix and b-sheet motifs.[10] The b-sheet
structure is classified into two types: parallel and antiparal-
lel.[10] In the former, all chains are oriented in the same di-
rection. In the latter, adjacent chains are oriented in the op-
posite direction, and folding of a single chain is often ob-
served. The arrangements of hydrogen-bonding linkage in
3�PF6


�, 3�ClO4
�, and 3�BF4


� is of the latter, antiparallel
type.


To date, helical structures based on coordination com-
pounds designed by selecting suitable metals and oligopyri-
dines have been reported,[15] and control of their length and
single-, double-, or triple-stranded nature has been ach-
ieved.[16] Moreover, b-sheet structures have been obtained
by cross-linking 1D coordination polymers.[6a,9f,g,i] Interest-
ingly, in our case, helical and b-sheet structures similar to
the self-assembled structures of folded proteins have been
obtained from two isomeric py-CONH-(CH2)-py-type li-
gands.


Figure 7. Crystal structures of {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n (3�NO3
�·H2O).


Overall structure (left) and cross-sectional view (right) of 3�NO3
�·H2O.


1D chains run in parallel to form a sheet with O ACHTUNGTRENNUNG(amide)···O ACHTUNGTRENNUNG(water)···N-
ACHTUNGTRENNUNG(amide) hydrogen bonds.


Table 4. Selected bond lengths [:] and angles [8] in 4a�PF6
�·MeOH and


4b�PF6
�·MeOH.


Ag�NC Ag�NM NC-Ag-NM


4a�PF6
�·MeOH 2.16(2) 2.14(1) 178.1(1)


4b�PF6
�·MeOH 2.17(1) 2.13(1) 178.5(5)


Figure 8. Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pmna)] ACHTUNGTRENNUNG[PF6]·MeOH}n
(4a�PF6


�·MeOH and 4b�PF6
�·MeOH). a) ORTEP drawing of


4a�PF6
�·MeOH at the 30% probability level. The PF6


� anion and hydro-
gen atoms of pyridine rings are omitted for clarity. b) Overall structure of
4a�PF6


�·MeOH (right) and 4b�PF6
�·MeOH (left). Both compounds


form helical structures (4a�PF6
�·MeOH: left-handed; 4b�PF6


�·MeOH:
right-handed) with the helical pitch of 28 :.
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Comparison of ligand conformations in compounds 1–4 :
Amide-containing ligands have three flat planes, the carbon-
yl pyridine, amino (methylene) pyridine, and amide planes,
with each plane connected through single bonds. As shown
in Scheme 4, two torsion angles, a and b, are defined: angle
a between the carbonyl pyridine and amide plane and angle
b between the carbonyl pyridine and amino (methylene)
pyridine. Table 5 summarizes angles a and b found in 1–4. A
tendency for a large value of a to be accompanied by a
small value of b can be observed.[17] As shown in previous
reports,[9i, 18] amide···amide hydrogen bonding occurs only
when the angle between carbonyl pyridine and the amide
plane is greater than 208. In our case, the a angles in
3�PF6


�, 3�ClO4
�, and 3�BF4


� are greater than 208.
The significant difference among compounds 2–4 is the


conformation of py-CONH-(CH2)-py-type ligands, in which
two types, A and B, are present. Types A and B imply that
the methylene pyridine is on either the upper or lower side
relative to the plane of carbonyl pyridine and amide moiety,
respectively (Scheme 4). As shown in Scheme 4, in com-
pounds 2 and 3 (except for 2�PF6


� and 3�NO3
�·H2O), all


ligand conformations in a single chain are the same, and the
two kinds of chain are alternately aligned. Also, in
4a�PF6


�·MeOH and 4b�PF6
�·MeOH, only type A or B is


crystallized, which induces helical structures. On the other
hand, in a single chain of 3�NO3


�·H2O, types A and B are
alternately connected in the form -A-B-A-B-.[19] Figure 9
shows three kinds of single chain in 2�ClO4


�·H2O,
3�ClO4


�, and 3�NO3
�·H2O. Each chain forms a zigzag with


pitches of 25.1, 18.9, and 26.6 :, respectively. It is worth
noting that the chain pitch is rationally regulated by the
change from para- to meta-methylene pyridine between
2�ClO4


�·H2O and 3�ClO4
�. Compared with 2�ClO4


�·H2O


and 3�ClO4
�, the chain of 3�NO3


�·H2O is close to a
straight line, which is attributed to the alternating alignment
of ligand conformations (-A-B-A-B-).


The most interesting feature in our system is that two
kinds of biomimetic structure, the b sheet and the helix,
have been constructed by combining py-CONH-CH2-py-
type ligands with AgPF6. A slight change of ligand orienta-
tion, (para-NC, meta-NM) and (meta-NC, para-NM), induces
drastic structural difference, namely b sheet (3�PF6


�,


Scheme 3. Summary of the relationships between chains in compounds 1–
4.


Scheme 4. Scheme showing the three flat planes of the amide-containing
ligands, the torsion angles, a and b, and the two types of confomation, A
and B, of the py-CONH-(CH2)-py-type ligands in compounds 1–4.


Table 5. The angles [8] of a and b, and symbols found in 1�X (X=PF6
�,


ClO4
�, BF4


�, and NO3
�), 2�X (X=PF6


�, ClO4
�·H2O, and NO3


�·H2O),
3�X (X=PF6


�, ClO4
�, BF4


�, and NO3
�·H2O), 4a�PF6


�·MeOH, and
4b�PF6


�·MeOH.


ACHTUNGTRENNUNG(a,b)[a,b] Symbol[c]


1�PF6
� (+27.6, +31.5), (�27.6, �31.5) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p0, p0)]


1�ClO4
� (+27.0, +29.7), (�27.0, �29.7) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p0, p0)]


1�BF4
� (+25.8, +26.7), (�25.8, �26.7) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p0, p0)]


1�NO3
� (+36.2, +18.8), (�36.2, �18.8) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p0, p0)]


2�PF6
� (+11.7, +66.2), (�11.7, �66.2),


(�32.4, +64.5), (+32.4, �64.5)
C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, p0)]


2�ClO4
�·H2O (+2.1, +82.5), (�2.1, �82.5) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, p0)]


2�NO3
�·H2O (+3.2, +76.7), (�3.2, �76.7) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, p0)]


3�PF6
� (+22.0, +64.8), (�22.0, �64.8) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(m1, p0)]


3�ClO4
� (+20.9, +65.3), (�20.9, �65.3) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(m1, p0)]


3�BF4
� (+21.0, +62.7), (�21.0, �62.7) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(m1, p0)]


3�NO3
�·H2O (+7.3, +73.6), (�7.3, �73.6) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(m1, p0)]


4a�PF6
�·MeOH (�5.0, +90.0) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, m0)]


4b�PF6
�·MeOH (+5.6, �89.6) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, m0)]


[a] a=angle (Py ACHTUNGTRENNUNG(carbonyl)–amide plane). [b] b=angle (Py ACHTUNGTRENNUNG(carbonyl)–
Py(amino or methylene)). [c] Symbols are assigned according to our pre-
viously reported category in which the NH-py-M-py-CO unit in a “metal-
lo-amino acid” was regarded as an “amino acid fragment”. See ref. [4].
C: chain (designator of patterns); m and p : meta and para (substituted
position of NH- or CO-containing group); 0 and 1: number of atoms in
between NH- (or CO-) and py group.
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3�ClO4
�, and 3�BF4


�) and helix (4a�PF6
�·MeOH and


4b�PF6
�·MeOH). Scheme 5 shows single chains of 3�PF6


�


and 4a�PF6
�·MeOH, in which both have -A-A-A-A- ligand


alignments with arch- and L-shaped networks, respectively.
The drastic difference is attributed to the torsion angles be-
tween two ligands through the AgI atoms. In 3�PF6


�, the
torsion angles are about 1808, with amide moieties directly
opposed. On the other hand, in 4a�PF6


�·MeOH, the torsion
angles are about 08, which produces a 43 helical structure.
As shown in Scheme 5, the schematic drawing of 3�PF6


�


with torsion angles of 08 exhibits the helical form, thus com-
pound 3 also potentially has the possibility of helical crystal
structures with additional molecules such as MeOH in
4a�PF6


�·MeOH.


Anion binding and irreversible anion exchange with struc-
tural transformation : Recent investigations of anion recogni-
tion[20] have revealed that urea moieties in molecules are
good candidates for anion binding and focused also on
amide moieties.[20e] In all compounds 1–3, each anion is sur-
rounded by and packed between 1D chains, within which


AgI atoms and amide moities interact at close proximity. To
compare experimentally the thermodynamic stabilities for
crystal-packing forces, heterogeneous anion exchan-
ges[9c,h,13c,d,21] were carried out. The experiments were per-
formed as follows: freshly bulk-synthesized powder samples
(0.50 mmol) were immersed in aqueous solutions (5 mL)
containing excess NaX (X=PF6


�, ClO4
�, BF4


�, or NO3
� ;


25 mmol) for three days. The resulting powder samples were
filtered, washed with water, and dried in air, followed by
measurement of IR spectra and X-ray powder diffraction
(XRPD).[22] Although anion exchanges may proceed by
means of dissolution,[21i] it is possible to compare the stabili-
ties.


In the case of 1�X (X=PF6
�, ClO4


�, BF4
�, and NO3


�),
anion exchange did not proceed, which indicated that anions
in the crystal are closely packed.[23] On the other hand, in
2�X (X=PF6


�, ClO4
�·H2O, or NO3


�·H2O), the exchanges
occurred smoothly by means of crystal-to-crystal transfor-
mations and reverse exchange was also observed. Figure 10
shows the anion environments in compounds 2�X. Anions
are in close contact with several AgI atoms, and hydrogen
bonded to the amide moiety in 2�PF6


�, but to water mole-
cules in both 2�ClO4


�·H2O and 2�NO3
�·H2O. Taking these


results into account, paired incorporation (anion and water
molecules) affords nonrigid hydrogen-bonded networks in
this system. This conclusion is also supported by the results
in 3�X (X=PF6


�, ClO4
�, BF4


�, and NO3
�·H2O). Compound


3�NO3
�·H2O was smoothly exchanged to become 3�PF6


�,
3�ClO4


�, or 3�BF4
� by means of crystal-to-crystal transfor-


mations. On the other hand, compounds 3�PF6
� and


3�ClO4
� did not release their incorporated anions from


their structures, even when the crystals were immersed in
aqueous solutions including excess quantities of other anion-


Figure 9. Single chains of {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[ClO4]·H2O}n (2�ClO4
�·H2O),


{[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[ClO4]}n (3�ClO4
�), and {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n


(3�NO3
�·H2O) with schematic views.


Scheme 5. The single chains of 3�PF6
� and 4a�PF6


�·MeOH, in which
both have -A-A-A-A- ligand alignments with arch- and L-shaped net-
works, respectively.


Figure 10. Schematic views of the anion environments in a) {[Ag ACHTUNGTRENNUNG(4-
pmia)] ACHTUNGTRENNUNG[PF6]}n (2�PF6


�), b) {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[ClO4]·H2O}n (2�ClO4
�·H2O),


and c) {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[NO3]·H2O}n (2�NO3
�·H2O). Values represent the


distances [:] between atoms. Expressions for double bonds in ClO4
� and


NO3
� anions are omitted.
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ic species.[24] Such irreversible anion exchange indicates that
the hydrogen-bonded structure of compounds 3�PF6


� and
3�ClO4


� are relatively rigid (Figures 6 and 11), thus indicat-
ing that the b-sheet type of structure is rather more stable
thermodynamically than the networks of intermolecular hy-
drogen bonds.


Conclusion


In this paper, we have demonstrated that the amide-contain-
ing ligands 4-pia, 4-pmia, 3-pmia, and 4-pmna afford 1D
chains in combination with AgI atoms. Although structural
controls in this new topological system of py-CO-NH-CH2-
py are rather difficult because of the free rotation of the
methylene moieties, all compounds form chains with unsym-
metrical AgI coordination environments. Crystal structures
show that the amide moieties in the ligands, especially in 3-
pmia, project from parallel-aligned chains and participate in
cross-linking of chains in the crystals. We have, therefore,
developed a series of amide-containing coordination net-
works that open the way to new possibilities in metal–ligand
architectures useful for the construction of linkage networks
using complementary amide bindings. This principle of crys-
tal engineering and supramolecular synthesis could be used
to design, isolate, and characterize a number of novel net-
work structures that are prototypal.


Experimental Section


Materials : Isonicotinoyl chloride hydrochloride, nicotinoyl chloride hy-
drochloride, 4-aminopyridine, 3-aminopyridine, 4-(aminomethyl)pyridine,


3-(aminomethyl)pyridine, and NaPF6 were obtained from Tokyo Kasei
Industrial Co. AgNO3, NaNO3, and NaBF4 were obtained from Wako
Co. AgPF6 was obtained from Aldrich Chemical Co. AgBF4 and Ag-
ClO4·nH2O were obtained from Nacalai Tesque Co. NaClO4 was ob-
tained from Kishida Chemical Co. The 4-pmna was synthesized according
to a reported procedure.[8c]


Synthesis of N-(pyridin-4-ylmethyl)isonicotinamide (4-pmia): The ligand
was prepared by the reaction of isonicotinoyl chloride hydrochloride
(13.0 g, 73.0 mmol) with 4-pycolylamine (7.4 mL, 73.0 mmol) in dry tetra-
hydrofuran (250 mL) in the presence of triethylamine (21 mL, 150 mmol)
under N2. The product was recrystallized from acetone/hexane in 36%
yield (5.7 g). 1H NMR (DMSO): d=4.51 (d, J=6.0 Hz, 2H), 7.31 (d, J=


5.5 Hz, 2H), 7.80 (d, J=6.0 Hz, 2H), 8.50 (d, J=5.5 Hz, 2H), 8.74 (d, J=


6.0 Hz, 2H), 9.41 ppm (t, J=6.0 Hz, 1H); elemental analysis calcd (%)
for C12H11N3O: C 67.59, H 5.20, N 19.71; found: C 67.39, H 5.25, N 19.58.


Synthesis of N-(pyridin-3-ylmethyl)isonicotinamide (3-pmia): The ligand
was prepared by the reaction of isonicotinoyl chloride hydrochloride
(6.5 g, 36.5 mmol) with 3-pycolylamine (3.7 mL, 36.5 mmol) in dry tetra-
hydrofuran (125 mL) in the presence of triethylamine (10.5 mL,
75 mmol) under N2. The product was recrystallized from acetone/hexane
in 45% yield (3.5 g). 1H NMR (DMSO): d =4.51 (d, J=6.0 Hz, 2H), 7.36
(dd, J=8.0, 5.0 Hz, 1H), 7.73 (d, J=8.0 Hz, 1H), 7.78 (d, J=6.0 Hz, 2H),
8.46 (d, J=5.0 Hz, 1H), 8.56 (s, 1H), 8.73 (d, J=6.0 Hz, 2H), 9.37 ppm
(t, J=6.0 Hz, 1H); elemental analysis calcd (%) for C12H11N3O: C 67.59,
H 5.20, N 19.71; found: C 67.02, H 5.04, N 19.62.


Synthesis of {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[PF6]}n ACHTUNGTRENNUNG(1�PF6
�): A solution of 4-pia (2.99 mg,


0.015 mmol) in ethanol (1.5 mL) was carefully layered on a solution of
AgPF6 (1.90 mg, 0.008 mmol) in water (1.5 mL), with a mixed solvent of
ethanol/water (v/v 1:1, 1.5 mL) placed between the two layers (yield:
99%). FTIR: ñ=3393 (m; n, N�H stretching band), 1694 (s; n, amide-I),
1518 (s; d, amide-II), 842 cm�1 (s, br; n, PF6


�); elemental analysis calcd
(%) for C11H9AgF6N3OP: C 29.23, H 2.01, N 9.30; found: C 29.37, H
2.16, N 9.31.


Synthesis of {[AgACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[ClO4]}n ACHTUNGTRENNUNG(1�ClO4
�): A solution of 4-pia


(14.9 mg, 0.075 mmol) in ethanol (1.5 mL) was carefully layered on a so-
lution of AgClO4·nH2O (7.77 mg, 0.038 mmol) in water (1.5 mL), with a
mixed solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the two
layers (yield: 19%). FTIR: ñ =3328 (m; n, N�H stretching band), 1689
(s; n, amide-I), 1515 (s; d, amide-II), 1089 cm�1 (s, multibands; n, ClO4


�);
elemental analysis calcd (%) for C11H9AgClN3O5: C 32.50, H 2.23, N
10.34; found: C 32.30, H 2.30, N 10.33.


Synthesis of {[AgACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[BF4]}n ACHTUNGTRENNUNG(1�BF4
�): A solution of 4-pia (14.9 mg,


0.075 mmol) in ethanol (1.5 mL) was carefully layered on a solution of
AgBF4 (7.30 mg, 0.038 mmol) in water (1.5 mL), with a mixed solvent of
ethanol/water (v/v 1:1, 1.5 mL) placed between the two layers (yield:
5.5%). FTIR: ñ=3350 (m; n, N�H stretching band), 1690 (s; n, amide-I),
1516 (s; d, amide-II), 1075 cm�1 (s, multibands; n, BF4


�); elemental analy-
sis calcd (%) for C11H9AgBF4N3O: C 33.54, H 2.30, N 10.67; found: C
33.71, H 2.41, N 10.79.


Synthesis of {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[NO3]}n ACHTUNGTRENNUNG(1�NO3
�): A solution of 4-pia (14.9 mg,


0.075 mmol) in ethanol (1.5 mL) was carefully layered on a solution of
AgNO3 (6.37 mg, 0.038 mmol) in water (1.5 mL), with a mixed solvent of
ethanol/water (v/v 1:1, 1.5 mL) placed between the two layers (yield:
42%). FTIR: ñ=3273 (m, br; n, N�H stretching band), 1695 (s; n,
amide-I), 1524 (s; d, amide-II), 1385 cm�1 (s; n, NO3


�); elemental analysis
calcd (%) for C11H9AgN4O4: C 35.80, H 2.46, N 15.18; found: C 35.91, H
2.60, N 15.33.


Synthesis of {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[PF6]}n ACHTUNGTRENNUNG(2�PF6
�): A solution of 4-pmia


(32 mg, 0.15 mmol) in ethanol (1.5 mL) was carefully layered on a solu-
tion of AgPF6 (19 mg, 0.075 mmol) in water (1.5 mL), with a mixed sol-
vent of ethanol/water (v/v 1:1) placed between the two layers (yield:
74%). FTIR: ñ =3431 and 3413 (m; n, N�H stretching band), 1661 (s; n,
amide-I), 1543 (s; d, amide-II), 842 cm�1 (s, br; n, PF6


�); elemental analy-
sis calcd (%) for C12H11AgF6N3OP: C 30.92, H 2.38, N 9.02; found: C
31.62, H 2.44, N 9.53.


Synthesis of {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[ClO4]·H2O}n (2�ClO4
�·H2O): A solution of


4-pmia (16 mg, 0.075 mmol) in ethanol (1.5 mL) was gently layered on a


Figure 11. Schematic views of the anion environments in a) {[Ag ACHTUNGTRENNUNG(3-
pmia)] ACHTUNGTRENNUNG[PF6]}n (3�PF6


�), b) {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n (3�ClO4
�), c) {[Ag ACHTUNGTRENNUNG(3-


pmia)] ACHTUNGTRENNUNG[BF4]}n (3�BF4
�), and d) {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n


(3�NO3
�·H2O). Values represent the distances [:] between atoms. Ex-


pressions for double bonds in ClO4
� and NO3


� anions are omitted.
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solution of AgClO4·nH2O (7.8 mg, 0.037 mmol) in water (1.5 mL), with a
mixed solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the two
layers (yield: 72%). FTIR: ñ =3267 (m; n, N�H stretching band), 1656
(s; n, amide-I), 1552 (s; d, amide-II), 1088 cm�1 (s, multibands; n, ClO4


�);
elemental analysis calcd (%) for C12H13AgClN3O6: C 32.86, H 2.99, N
9.58; found: C 32.76, H 2.81, N 9.65.


Synthesis of {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[NO3]·H2O}n (2�NO3
�·H2O): A solution of 4-


pmia (16 mg, 0.075 mmol) in ethanol (1.5 mL) was gently layered on a so-
lution of AgNO3 (6.4 mg, 0.037 mmol) in water (1.5 mL), with a mixed
solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the two layers
(yield: 55%). FTIR: ñ=3256 (m; n, N�H stretching band), 1655 (s; n,
amide-I), 1552 (s; d, amide-II), 1385 cm�1 (s; n, NO3


�); elemental analysis
calcd (%) for C12H13AgN4O5: C 35.93, H 3.27, N 13.97; found: C 36.34, H
3.02, N 14.28.


Synthesis of {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[PF6]}n ACHTUNGTRENNUNG(3�PF6
�): A solution of 3-pmia


(32.0 mg, 0.150 mmol) in ethanol (1.5 mL) was carefully layered on a so-
lution of AgPF6 (19.0 mg, 0.075 mmol) in methanol/chloroform mixed
solvent (v/v 9:1, 1.5 mL), with a mixed solvent of ethanol/chloroform (v/v
19:1, 1.5 mL) placed between the two layers (yield: 80%). FTIR: ñ=


3295 (m; n, N�H stretching band), 1660 (s; n, amide-I), 1553 (s; d,


amide-II), 836 cm�1 (s, br; n, PF6
�); elemental analysis calcd (%) for


C12H11AgF6N3OP: C 30.92, H 2.38, N 9.02; found: C 31.29, H 2.39, N
9.09.


Synthesis of {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n ACHTUNGTRENNUNG(3�ClO4
�): A solution of 3-pmia


(16.0 mg, 0.075 mmol) in ethanol (1.5 mL) was carefully layered on a so-
lution of AgClO4·nH2O (7.77 mg, 0.038 mmol) in water (1.5 mL), with a
mixed solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the two
layers (yield: 72%). FTIR: ñ =3285 (m; n, N�H stretching band), 1657
(s; n, amide-I), 1552 (s; d, amide-II), 1089 cm�1 (s, multibands; n, ClO4


�);
elemental analysis calcd (%) for C12H11AgClN3O5: C 34.27, H 2.64, N
9.99; found: C 34.11, H 2.56, N 10.08.


Synthesis of {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[BF4]}n ACHTUNGTRENNUNG(3�BF4
�): A solution of 3-pmia


(32.0 mg, 0.150 mmol) in ethanol (1.5 mL) was carefully layered on a so-
lution of AgBF4 (14.6 mg, 0.075 mmol) in methanol/chloroform mixed
solvent (v/v 9:1, 1.5 mL), with a mixed solvent of ethanol/chloroform (v/v
19:1, 1.5 mL) placed between the two layers (yield: 27%). FTIR: ñ=


3279 (m; n, N�H stretching band), 1655 (s; n, amide-I), 1555 (s; d,
amide-II), 1074 cm�1 (s, multibands; n, BF4


�); elemental analysis calcd
(%) for C12H11AgBF4N3O: C 35.33, H 2.72, N 10.30; found: C 35.50, H
2.75, N 10.09.


Table 6. Crystal data and structure refinements of 1�PF6
� 1�ClO4


�, 1�BF4
�, 1�NO3


�, 2�PF6
�, 2�ClO4


�·H2O, 2�NO3
�·H2O, 3�PF6


�, 3�ClO4
�,


3�BF4
�, 3�NO3


�·H2O, 4a�PF6
�·MeOH, and 4b�PF6


�·MeOH.


Compound 1�PF6
� 1�ClO4


� 1�BF4
� 1�NO3


� 2�PF6
� 2�ClO4


�·H2O 2�NO3
�·H2O


formula C11H9AgF6N3OP C11H9AgClN3O5 C11H9BAgF4N3O C11H9AgN4O4 C24H22Ag2F12N6O2P2 C12H11AgClN3O6 C12H11AgN4O5


Mr 452.04 406.53 393.88 369.08 932.14 436.56 399.11
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic orthorhombic orthorhombic
space group C2/c C2/c C2/c C2/c P21/n Pbca Pbca
T [K] 293 293 293 293 293 293 293
a [:] 20.222(8) 19.760(10) 19.670(8) 19.67(1) 9.704(4) 13.4092(9) 12.903(5)
b [:] 8.652(3) 8.112(3) 7.908(3) 6.728(4) 25.40(1) 9.3825(7) 9.022(4)
c [:] 16.482(6) 16.797(8) 16.980(7) 18.67(1) 12.458(5) 25.048(1) 24.54(1)
a [8] 90 90 90 90 90 90 90
b [8] 92.282(6) 93.519(7) 92.943(6) 91.663(9) 94.893(6) 90 90
g [8] 90 90 90 90 90 90 90
V [:3] 2881(1) 2687(2) 2637(1) 2470(2) 3058(2) 3151.3(3) 2856(2)
Z 8 8 8 8 4 8 8
1calcd [gcm


�1] 2.084 2.009 1.984 1.985 2.024 1.840 1.856
m (MoKa) [mm�1] 1.579 1.719 1.572 1.647 1.491 1.478 1.437
2q range [8] 5.5–55.0 5.5–54.9 5.5–54.9 5.5–55.0 5.5–55.0 5.5–53.4 5.5–54.9
GOF on F2 1.787 2.896 1.658 1.524 1.734 0.932 1.255
R1


[a] [I>2s(I)] 0.070 0.104 0.050 0.044 0.071 0.069 0.048
wR2


[b] (all data) 0.209 0.336 0.140 0.124 0.188 0.240 0.129


Compound 3�PF6
� 3�ClO4


� 3�BF4
� 3�NO3


�·H2O 4a�PF6
�·MeOH 4b�PF6


�·MeOH


formula C12H11AgF6N3OP C12H11AgClN3O5 C12H11BAgF4N3O C12H11AgN4O5 C13H11AgF6N3O2P C13H11AgF6N3O2P
Mr 466.07 420.56 407.91 399.11 494.08 494.08
crystal system monoclinic monoclinic monoclinic monoclinic tetragonal tetragonal
space group P21/c P21/c P21/c P21/a P43


[c] P41
[c]


T [K] 293 293 293 293 223 223
a [:] 8.501(1) 8.4895(4) 8.514(4) 8.951(5) 7.9357(7) 7.9389(7)
b [:] 19.951(3) 18.888(7) 18.763(9) 13.049(7) 7.9357(7) 7.9389(7)
c [:] 9.6221(2) 9.227(2) 9.071(4) 12.215(7) 28.283(3) 28.250(3)
a [8] 90 90 90 90 90 90
b [8] 108.4339(4) 105.094(2) 104.630(6) 94.210(9) 90 90
g [8] 90 90 90 90 90 90
V [:3] 1548.2(2) 1428.5(6) 1402(1) 1422(1) 1781.1(3) 1780.5(3)
Z 4 4 4 4 4 4
1calcd [gcm


�1] 1.999 1.955 1.932 1.863 1.842 1.843
m (MoKa) [mm�1] 1.473 1.621 1.482 1.443 1.290 1.291
2q range [8] 5.5–54.6 5.5–53.4 5.5–55.0 5.5–55.0 5.5–55.0 5.5–55.0
GOF on F2 2.102 1.365 1.452 1.007 1.682 1.743
R1


[a] [I>2s(I)] 0.053 0.039 0.044 0.033 0.073 0.080
wR2


[b] (all data) 0.155 0.132 0.119 0.088 0.165 0.161


[a] R=� j jFo j� jFc j j /� jFo j . [b] Rw= {�w[(F2
o�F2


c)
2]/[(�wF2


o)
2]}1/2. [c] Space group is determined based on Flack parameters, which are 0.4(1) and


�0.03(9) in 4a�PF6
�·MeOH and 4b�PF6


�·MeOH, respectively.
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Synthesis of {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[NO3]·H2O}n (3�NO3
�·H2O): A solution of 3-


pmia (32 mg, 0.15 mmol) in ethanol (1.5 mL) was gently layered on a so-
lution of AgNO3 (13 mg, 0.075 mmol) in water (1.5 mL), with a mixed
solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the layers
(yield: 80%). FTIR: ñ=3259 (m; n, N�H stretching band), 1657 (s; n,
amide-I), 1554 (s; d, amide-II), 1384 cm�1 (s; n, NO3


�); elemental analysis
calcd (%) for C12H13AgN4O5: C 35.93, H 3.27, N 13.97; found: C 35.66, H
3.20, N 14.08.


Synthesis of {[Ag ACHTUNGTRENNUNG(4-pmna)] ACHTUNGTRENNUNG[PF6]·MeOH}n (4�PF6
�·MeOH): A solution


of 4-pmna (16 mg, 0.075 mmol) in ethanol (1.5 mL) was carefully layered
on a solution of AgPF6 (9.5 mg, 0.038 mmol) in a methanol/chloroform
mixed solvent (v/v 9:1, 1.5 mL), with a mixed solvent of ethanol/chloro-
form (v/v 19:1, 1.5 mL) placed between the two layers (yield: 60%).
FTIR: ñ =3448 (m; n, N�H stretching band), 1664 (s; n, amide-I), 1533
(s; d, amide-II), 841 cm�1 (s, br; n, PF6


�); elemental analysis calcd (%)
for C13H15AgF6N3O2P: C 31.35, H 3.04, N 8.44; found: C 31.87, H 3.01, N
8.63.


X-ray crystal analysis : All single crystals were mounted on a glass fiber
and coated with epoxy resin. For each compound, X-ray data collections
were carried out by using a Rigaku Mercury diffractometer with graph-
ite-monochromated MoKa radiation (l =0.71069 :) and a charge-coupled
device (CCD) two-dimensional detector. Two different c settings were
used and w were changed by 0.58 per frame. Intensity data were collected
with a w scan width of 0.58. Empirical absorption correction using
REQABA[25] was performed for all data. Crystal data and details of the
structure determinations are summarized in Table 6. The structures of
1�NO3


�, 2�PF6
�, 3�ClO4


�, 3�BF4
�, and 3�NO3


�·H2O were solved by a
direct method using the SIR97 program[26] and expanded using Fourier
techniques.[27] The structure of 2�ClO4


�·H2O was solved by a direct
method using the SIR92 program[28] and expanded using Fourier tech-
niques.[27] The structure of 3�PF6


� was solved by a direct method using
the SAPI91 program[29] and expanded using Fourier techniques.[27] The
structures of 1�PF6


�, 1�ClO4
�, 1�BF4


�, 2�NO3
�·H2O, 4a�PF6


�·MeOH,
and 4b�PF6


�·MeOH were solved by a direct method using the DIRDIF
(Patty) program[30] and expanded using Fourier techniques.[27] The final
cycles of the full-matrix least-squares refinements were based on the ob-
served reflections. All calculations were performed by using the teXsan
crystallographic software package of Molecular Structure Corporation.[31]


For all compounds the non-hydrogen atoms were refined anisotropically
and all the hydrogen atoms were placed in the ideal positions. In
1�ClO4


�, the disorder of the perchlorate anion containing Cl(1) and
O(2)�C(4) was found at a final stage, and thus its atom positions were
isotropically refined under a rigid condition. In compound 2�PF6


�, the
F(8) atom was refined isotropically. In 2�ClO4


�·H2O, the water molecule
of the O(6) atom was refined isotropically. In 2�NO3


�·H2O, the water
molecule of the O(5) atom was refined isotropically. In 3�NO3


�·H2O, the
water molecule of the O(5) atom was refined isotropically. In
4a�PF6


�·MeOH, the F(2)�F(3), O(2), and C(13) atoms were refined iso-
tropically. In 4b�PF6


�·MeOH, the F(3)�F(4), O(2), and C(13) atoms
were refined isotropically. CCDC-686311 (1�PF6


�), 686312 (1�ClO4
�),


686313 (1�BF4
�), 686314 (1�NO3


�), 686315 (2�PF6
�), 686316


(2�ClO4
�·H2O), 686317 (2�NO3


�·H2O), 686318 (3�PF6
�), 686319


(3�ClO4
�), 686320 (3�BF4


�), 686321 (3�NO3
�·H2O), 686322


(4a�PF6
�·MeOH), and 686323 (4b�PF6


�·MeOH) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. The microcrystalline samples of 1–3
were prepared in the same solvent, and the crystallinity was checked by
X-ray powder diffraction (XRPD) as shown in Figures S6–S8 (see the
Supporting Information).


Physical measurements : Infrared (IR) spectra were recorded on a
Perkin-Elmer 2000 FTIR spectrophotometer with samples prepared as a
Nujol mull. XRPD data were collected on a Rigaku RINT-2200 (Ultima)
diffractometer using CuKa radiation.
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Introduction


Two important issues that need to be addressed during the
bottom-up self-assembly of fluorescent p systems are the
controlled growth of the resultant hierarchical architectures
and the self-quenching of the fluorescence during the self-
assembly. Control of these two processes is essential for ap-
plications related to organic electronic devices. As a result
of the high propensity toward p stacking, longitudinal con-
trol of the self-assembly of linear p-conjugated molecules to
supramolecular architectures with controlled aspect ratio
and high fluorescence quantum yield is a challenging task.[1]


Earlier studies have shown that oligo(para-phenyleneviny-


lene)s (OPVs) when functionalized with weak hydrogen-
bonding groups spontaneously self-assemble to form supra-
molecular tapes several micrometers in length, thus leading
to the gelation of hydrocarbon solvents.[2] As a result, the
fluorescence is shifted to a long wavelength with a signifi-
cant decrease in the quantum yield. As a result of fast exci-
tation energy migration, energy transfer to a suitable accept-
or is possible in these systems, thus leading to tunable emis-
sions with improved quantum yields.[3] However, for a wider
application of OPV self-assemblies, it is necessary to control
the morphology and the photophysical properties. There-
fore, strategies to control the longitudinal propagation of
OPV self-assemblies without much decrease in the fluores-
cence emission are of great significance.


Perfluoroarenes are well-known synthons in crystal engi-
neering.[4–7] Grubbs and co-workers extensively used the
arene–perfluoroarene (ArH–ArF) interaction in favor of
[2+2] photocycloaddition, liquid crystal design, and hydro-
gel formation.[8] Moreover, this strategy is considered to be
an effective approach to prepare n-type molecular semicon-
ductors from p-type materials without altering the parent
carbon skeleton.[9] Despite its proven utility in the solid
state, the ArH–ArF interaction has not been widely exploited


Abstract: The arene–perfluoroarene
(ArH–ArF) interaction, which has been
extensively studied in the field of solid-
state chemistry, is exploited in the hier-
archical self-assembly of oligo(para-
phenylenevinylene)s (OPVs) with con-
trolled longitudinal fiber growth that
leads to gelation. The size of the self-
assembled fibers of a pentafluorophen-
yl-functionalized OPV 5 could be con-
trolled through C-F···H�C hydrogen
bonding and p stacking. The ability of
fluoroaromatic compounds to form ex-


cited-state complexes with aromatic
amines has been utilized to form a
supramolecular exciplex, exclusively in
the gel state, that exhibits enhanced
emission. Thus, the commonly encoun-
tered fluorescence quenching during
the self-assembly of OPVs could be
considerably prevented by exciplex for-
mation with N,N-dimethylaniline


(DMA), which only occurred for the
fluorinated OPV and not for the non-
fluorinated analogue 4. In the former
case, a threefold enhancement in the
emission intensity could be observed in
the gel state, whereas no change in
emission occurred in solution. Thus,
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sembly of OPVs could be controlled to
a great extent by using the versatile
ArH–ArF interaction.
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in the self-assembly of molecular architectures in solutio-
n.[8a,10] This is mainly as a result of the weak nature of the
ArH–ArF interaction in solu ACHTUNGTRENNUNGtion.[4] Recently, Feast and co-
workers reported that 4,4’-bis(2,3,4,5,6-pentafluorostyryl)stil-
bene self-assembles through ArH–ArF interactions, thus lead-
ing to a brickwall-type arrangement of molecules in the
crystal packing.[7] We took advantage of this property to
control the spontaneous, lengthwise self-assembly of p-con-
jugated systems with a controlled aspect ratio of the result-
ing fibers, thus leading to the gelation of organic sol-
vents.[2,11]


In addition to the above reasons, we thought of taking ad-
vantage of the proven ability of fluorinated p-conjugated
molecules to form exciplexes with electron-donating aromat-
ic amines. Bazan and co-workers have carried out extensive
studies on exciplex formation between fluorinated distyryl-
benzene derivatives and N,N-dimethylaniline (DMA).[5c,e]


Exciplexes of p-conjugated molecules are known to have
strong emissions.[12–15] However, this strategy has not been
utilized to improve the emission of supramolecular architec-
tures and organogels, although a few reports are available
on the enhanced induced emission of aggregates.[16] Herein,
we report for the first time the ability of the ArH–ArF inter-
action to control the aspect ratio of self-assembled architec-
tures of linear p-systems with enhanced emission through a
supramolecular exciplex formation exclusively in the gel
state.


Results and Discussion


Synthesis : The OPV derivatives 4 and 5 were synthesized as
outlined in Scheme 1 and were characterized by NMR spec-
troscopy, IR spectroscopy, and MALDI-TOF mass spec-
trometry. The pentafluorophenyl-functionalized OPV 5 was
prepared from the OPV bis-aldehyde 1 by the reaction of
the corresponding phosphonate ester 3 in THF in presence
of NaH in 86% yield.[2g,17] For a comparative study, the
OPV derivative 4 without the fluorine atoms was prepared
in 85% yield (Scheme 1).


Optical properties : Details of the photophysical parameters
of OPV derivatives 4 and 5 in THF and n-decane at a con-
centration of 1H10�5m are given in Table 1. The absorption


and emission maxima, fluorescence quantum yields, and life-
times of 4 and 5 were significantly different in these sol-
vents. For example, 5 exhibits a high fluorescence quantum
yield and a longer lifetime than 4 in THF. The absorption
spectra of 4 and 5 in THF (1H10�5m) exhibited maxima of
around lmax=442 and 447 nm, respectively, whereas in n-
decane (1H10�4m) they showed broad absorption with a
red-shifted shoulder at around l=520 nm, thus indicating
molecular aggregation (Figure 1).[2] In n-decane at 20 8C, the
absorption spectrum of 5 showed a shoulder band at l=


523 nm in addition to the p–p* transition band (lmax=


428 nm). As the temperature is increased to 65 8C, the
shoulder band disappeared with an increase in the intensity
of the p–p* transition band. Under these conditions, the ab-
sorption spectrum matches that in THF, except a small blue-
shift in the absorption maximum (lmax=506 nm).


The emission spectra of 4 and 5 in THF were broad with
an emission maximum of around lmax=520 nm. In n-decane
(1H10�4m) at 20 8C, the emission maximum at lmax=520 nm


Scheme 1. Synthesis of OPV derivatives 4 and 5.


Table 1. Optical parameters of OPV derivatives 4 and 5 in THF and n-
decane.[a]


Compd Solvent labs


[nm]
lem


[nm]
loge Ff t


[ns]


4
THF 442 520, 553 5.75 0.54 1.13
n-decane 427 536, 575 4.50 0.09 1.71 (61%)


0.74 (39%)


5
THF 447 511, 540 5.73 0.70 1.28
n-decane 428 541, 582 4.57 0.11 1.88 (68%)


0.83 (32%)


[a] Fluorescence quantum yields (�5% error) were determined using 10-
methylacridinium triflouromethanesulfonate as the standard (Fr=0.99 in
water).[18] All the measurements were carried out at a concentration of
1H10�5m, except the fluorescence quantum yield measurement in which
the absorbance at the excitation wavelength (lex=415 nm) was adjusted
at 0.1.
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exhibited strong quenching with a slight redshift, thus indi-
cating aggregation of the molecules. In addition, for 4 the
emission was broad in n-decane, whereas 5 exhibited a struc-
tured emission with three bands at l=540, 582, and 635 nm,
thereby indicating a better organization of the molecular
self-assembly in the latter. However, the emission spectrum
at 65 8C resembled those in THF as a result of breaking of
the aggregates. Molecules 4 and 5 and their aggregates in n-
decane (1H10�4m) are photochemically stable, which is es-
sential for any potential application of these molecules. This
stability is clear from the absorption and emission spectra,
which did not change even after irradiation at l=365 nm
for 48 h (see the Supporting Information).[19]


Aggregation and gelation properties : Even though 4 and 5
form aggregates in n-decane, significant differences in the
aggregate stability of these two molecules could be ob-
served, thus indicating the crucial role of the pentafluoro-
phenyl group. For example, comparison of the plots of the
melting temperature Tm of the aggregates at different con-
centration revealed a marked increase in the stability of the
aggregates of 5 (Figure 1b, Inset).


Compound 5 showed a sharp increase in the value of Tm


with increasing concentration compared with 4. In addition,
significant differences were observed in the spectral features
of 4 and 5, as indicated by the sigmoidal plots of the fraction
of aggregates versus temperature (see the Supporting Infor-
mation). These observations could be attributed to a rela-
tively strong and organized self-assembly of 5 because of the
possible arene–perfluoroarene (ArH–ArF) interaction and
additional C�F···H�C hydrogen-bonding interaction, which


strengthens the p stacking. This argument is supported by
the fact that 5 forms a stable organogel from hydrocarbon
solvents, whereas 4 failed to form gels. The remarkable var-
iation in the gelation abilities of 4 and 5 points toward the
importance of the ArH–ArF interaction in the fluorinated
OPV, which allows the extended self-assembly of these ag-
gregates to form fibers. The critical gelator concentrations
(CGCs) of 5 in n-decane, cyclohexane, and toluene at 20 8C
are 0.72, 0.76, and 0.97 mmol, respectively, thus indicating
that in these solvents 5 behaves as a super gelator (see the
Supporting Information).[11c] Plots of the gel melting temper-
atures Tgel versus concentration in n-decane, cyclohexane,
and toluene revealed that 5 is a better gelator of n-decane
(see the Supporting Information). The viscoelastic nature of
the gels was confirmed by rheological studies by using fre-
quency sweep experiments that indicated that the elastic
modulus G’ and the viscous modulus G’’ values are inde-
pendent of the oscillation frequency range of 0.01–10 rads�1


at a strain of 5% (Torque value=1.2H102 mNm). Complex
viscosity showed a linear decrease with increasing frequency,
thus indicating that the unbroken matrices of the gel show
good tolerance to external forces and are mechanically
strong. The G’ value is nearly an order of magnitude higher
than G’’, thereby indicating that the gel is elastically stron-
ger and dominates over the viscous properties. When the ge-
lator concentration was increased, the G’ value, which is
considered to be the measure of resistance to elastic defor-
mation or “stiffness”, also increased, thus revealing a gradu-
al increase in the viscoelastic solidlike behavior of the gels
(see the Supporting Information).


Morphological studies : Transmission electron microscopy
(TEM) studies of a dilute solution of 5 in n-decane, drop-
cast onto a carbon-coated grid showed the formation of
short fibrous structures 1—3 mm in length and approximate-
ly 10–100 nm in width, which form bundles of fibers (see
Figure 2a). Interestingly, as the concentration was increased
from 2.5H10�5–5H10�5 m, the length of the fibers gradually
increased without much change in the width (Figure 2b). It
must be noted that at these concentrations, the length of the
fibers formed are significantly shorter than the fibers
formed by the previously reported OPV gels, in which spon-
taneous self-assembly was observed that lead to supramolec-
ular tapes several micrometers in length.[2] A further in-
crease in concentration to 7.5H10�5m showed elongated
fibers with an increase in the fiber length with widths of ap-
proximately 10–100 nm (Figure 2c). The observed concen-
tration-dependent control of the fiber growth of 5 is remark-
able when compared with the spontaneous supramolecular-
tape formation of hydrogen-bond-assisted self-assemblies of
linear p systems, as reported earlier.[2g,f] Interestingly, TEM
analysis of 4 from n-decane (5H10�5m) showed the forma-
tion of clustered short aggregates. These aggregates failed to
form extended fibers on increasing concentration (Fig-
ure 2d).


Polarizing optical microscopy (POM) studies of a gel of 5
in n-decane (0.72 mmol) exhibited birefringent fibrous ag-


Figure 1. Absorption (a and c) and emission (b and d) of 4 and 5, respec-
tively, in THF (1H10�5m) and n-decane (1H10�4m ; lex=415 nm). (b)
THF at 20 8C, (c) n-decane at 20 8C, and (d) n-decane at 65 8C.
Insets: a) photograph of nongeling aggregates of 4, b) plot of the melting
temperature Tm of 4 and 5 versus concentration, c) photograph of a gel
of 5 in n-decane (0.72 mmol), and d) photographs of a gel of 5 at 20 8C
and a sol at 65 8C under illumination with 365-nm light. A=absorption,
Iem=emission intensity, C=concentration.
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gregates on cooling from the isotropic solution, whereas no
defined morphology was observed for 4, thus revealing the
anisotropic organization of the molecules in the former case
(see the Supporting Information). Possible molecular pack-
ing of 5 in the gel state could be achieved from previous re-
ports that pertain to the crystal packing in fluorinated
OPVs.[7] In analogy to these reports, it is believed that the
electrostatic potential of the opposite sign assists the aggre-
gation of molecules into a brick-wall-type arrangement in
which each molecule overlaps with nearly two halves of the
neighboring molecules in the row below and above and vice
versa (Figure 3a).[7] This behavior is supported by the elec-


tron-density distribution in 5, which showed an inverse elec-
trostatic potential with a partial positive charge at the inner
portion of the fluorinated ring (Figure 3b).[4a] It has already
been reported that the free energy of formation of benzene
and the hexafluorobenzene dimer is negative, and introduc-
tion of one fluorine atom to a phenyl ring decreases the
stacking repulsion between the phenyl rings by approxi-
mately 2 kJmol�1.[20]


In addition to the favorable ArH–ArF stacking interac-
tions, intermolecular C�F···H�C interactions may further
support the brick-wall-type arrangement.[4,7] Such a con-
trolled organization of 5 will lead to an extended lamellar-
type assembly in solution, thus resulting in the formation of
fibers that lead to the gelation of solvents. Evidence for the
proposed packing mode could be obtained from X-ray dif-
fraction (XRD) patterns of a xerogel of 5 in n-decane (Fig-
ure 3c). The diffraction signal observed at 3.69 Q in the
wide-angle region matches well with the reported value for
benzene–hexafluorobenzene co-crystals.[4a,6c,21] A diffraction
peak with d-spacing of 28.23 Q corresponds to the side-wise
packing of the alkyl side chains of the OPVs in the same
plane. The d-spacings of 9.3, 6.9, and 4.3 Q may correspond
to the packing of the alkyl side chains in the brick-wall-type
assembly of the OPVs.[2g]


Effect of DMA in the gelation and optical properties of 5 :
Surprisingly, 5 was found to gelate pure DMA (2.65 mmol)
and DMA/n-decane mixtures (Figure 4a). These gels were


Figure 2. TEM images (unstained) of 5 at different concentrations
a) 2.5H10�5, b) 5H10�5, and c) 7.5H10�5m and d) a TEM image of 4 (5H
10�5m) in n-decane.


Figure 3. a) A probable molecular-packing diagram of 5 in the gel state.
b) Electron-density distributions of 4 and 5 calculated with TITAN soft-
ware (Wavefunction, Inc). In the computation experiments, the hexadecy-
loxy side chains in the OPV structure were replaced with methoxy
groups. c) XRD pattern of a xerogel of 5 in n-decane; inset: a zoomed
region between 15–308.


Figure 4. a) Photograph of the 5+DMA gel in n-decane on illumination
with 365-nm light at 20 8C. b) TEM image (unstained) of 5 (5H10�5m) in
the presence of DMA (0.5m) in n-decane. c, d) Confocal laser scanning
microscopy images (40H) of the gels of 5 in the absence and presence of
DMA, respectively, in n-decane ([5]=0.72 mmol, [DMA]=7.2 mmol,
lex=453 nm, lem=520–580 nm).
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fairly stable, even though a slight decrease in the stability
was observed in the presence of DMA when compared to
pure n-decane gels (see the Supporting Information). A plot
of Tgel against the weight% of DMA for a n-decane gel of 5
showed a decrease with a difference of 5 8C in pure DMA.
This observation indicated the intercalation of DMA in be-
tween the self-assembly of 5 in the gel state. TEM analysis
of 5 in n-decane (5H10�5m) containing different amounts of
DMA (0.5m) revealed the formation of short, bundled fi-
brous assemblies a few micrometers in length and 10–
100 nm in width (Figure 4b). Although the size of the fibers
decreased in presence of DMA, the overall morphology re-
mained more or less the same. Interestingly, the addition of
DMA to the n-decane gel of 5 resulted in a considerable in-
crease in the emission intensity when compared to that of
the n-decane gel. This behavior is clear from a comparison
of the fluorescence of the confocal laser scanning microsco-
py (CLSM) images (Figure 4c,d) of the gels of 5 before and
after the addition of DMA.


The remarkable increase in fluorescence upon the addi-
tion of DMA could be ascribed either to breaking of the
self-assembly or to exciplex formation between 5 and DMA
in the gel state. The former possibility is ruled out because 5
forms gels in the presence of DMA. Moreover, TEM and
confocal analysis confirmed the presence of fibers, thus indi-
cating the self-assembly of 5 in the presence of DMA.
Hence, the reason for the enhanced emission could be the
result of exciplex formation between 5 and DMA. More-
over, DMA is chosen as the donor solvent because its role
in exciplex formation is well known.[12] The intercalation of
DMA in the brick-wall-type assembly of 5 in n-decane in
the gel state allows proximity between the two moieties,
which facilitates supramolecular exciplex formation when
the latter is excited (see the Supporting Information).[22] In
agreement with Jenekhe and Osaheni, it is reasonable to
expect excimer formation in such an assembly because the
OPV 5 is already organized into a potential excimer-forming
configuration in the supramolecular assembly.[13]


For better insight into the phenomenon, quantitative stud-
ies were performed by adding different amounts of DMA to
a gel of 5 (8.3H10�5m) in n-decane, and a gradual increase
in the emission intensity when excited at l=415 nm was
seen (Figure 5a). Upon the addition of 0.83m DMA, the in-
tensity of the weak structured emission of the gel increased
with broadening. The possibility of breaking of the self-as-
sembly for the observed fluorescence enhancement is ruled
out because the absorption spectrum of the gel did not vary
much upon the addition of DMA (Figure 5, inset). This ob-
servation also reveals that there is no ground-state charge-
transfer interaction between 5 and DMA, which was also es-
tablished from the comparison of the excitation spectra of 5
and 5+DMA monitored at l=565 nm at 20 8C in n-decane
(see the Supporting Information). In both cases, the excita-
tion spectra exhibited the broad absorption of the self-as-
sembled OPVs. Therefore, as stated previously, the likely
cause of the increase in emission intensity could be attribut-
ed to exciplex formation. This argument is supported by the


report by Wang and Bazan on exciplex formation between
DMA and distyrylbenzene derivatives.[5c] Because the mono-
mer emission was already shifted toward a longer wave-
length as a result of gelation, a further shift in the emission
was not observed for the supramolecular exciplex. However,
when compared to the monomer emission, the exciplex
showed a 50-nm redshift. The absolute quantum yields of 5
in the gel form (10.83%) showed a maximum threefold en-
hancement to 31.29% upon the addition of DMA.[23] The
fluorescence decay profiles of 5 showed a monoexponential
decay of 1.28 ns in the monomeric state (Figure 5c). The ex-
ciplex of 5 with DMA in the gel state exhibited a biexpo-
nential decay with lifetimes of 0.82 and 3.26 ns (31 and
69%, respectively). As the temperature was increased, the
broad emission became more intense with a blue shift, thus
indicating breaking of the exciplex to the corresponding
monomers (see the Supporting Information).


The time-resolved emission spectrum (TRES) of 5 ob-
tained at 56 ps after the excitation at l=440 nm exhibited a
broad emission that did not show any major shift with time
(Figure 5d, inset). However, the TRES of 5 in the presence
of DMA exhibited a relatively narrow emission at 56 ps
with a maximum around l=500 nm (Figure 5d). After a
time delay of 1.7 ns, a broad emission at l=550 nm was ob-
tained. It is important to note that the time delay required
for such a dynamic shift in the emission of 5 in the absence


Figure 5. Emission spectra of a) 5 (8.3H10�5m) and b) 4 (8.3H10�5m) in
n-decane at 20 8C (c), in n-decane at 65 8C (d), and in n-decane+


0.83m DMA at 20 8C (b) (lex=415 nm); inset: the corresponding
changes in the absorption spectra. c) Fluorescence decay profiles of 5 in
the monomeric state (*) and in the gel state in presence of DMA (&) in
n-decane monitored at l =565 nm (lex=440 nm). IRF= instrument re-
sponse function. d) TRES of 5 in the presence of 0.83 m DMA at 56 ps
(c) and 1.7 ns (b) after excitation at l =440 nm at 20 8C in n-decane
(8.3H10�5m); inset: the TRES of 5 in the absence of DMA in n-decane
at 56 ps (c) and 1.1 ns (b) after excitation at l =440 nm at 20 8C.
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of DMA is approximately 1.1 ns, which indicates fast excit-
ed-state decay dynamics. In the presence of DMA, this pro-
cess is delayed, which indicates the formation of an excited
complex between the intercalated DMA and 5.


Interestingly, the addition of DMA to the aggregates of 4
showed only a marginal increase in the emission, thus indi-
cating a weak interaction between the two in the excited
state (Figure 5b). It is also clear that DMA could not break
up the aggregates into monomers, in which case the emis-
sion intensity should have increased. Therefore, it is obvious
that the perfluoroarene moieties play an important role in
exciplex formation. Moreover, it must be noted that exci-
plex formation between 5 and DMA occurs only in the gel
state. In the solution state, the addition of DMA did not
result in any significant change in the emission spectrum or
fluorescence quantum yield of 5 (see the Supporting Infor-
mation). This observation in the solution state is analogous
to a report by Wang and Bazan and is ascribed to the effect
of conjugation length on exciplex formation.[5c] An increase
in the conjugation length of the acceptor may cause a drop
in the excited-state singlet energy more quickly than the
electron affinity and hence exciplex formation is not fa-
vored. However, this limitation could be overcome in the
case of 5 in the gel state. Thus, the ArH–ArF interaction
plays an important role in the gelation of OPVs and in mod-
ulating the photophysical behavior through supramolecular
exciplex formation.


Conclusion


In conclusion, we have unraveled the role of the ArH–ArF
interaction in the controlled growth of self-assembled archi-
tectures of linearly p-conjugated molecules on the nanome-
ter-to-micrometer scale. This strategy has been demonstrat-
ed for the first time in the hierarchical self-assembly of
OPVs in solution with controlled fiber size, which is other-
wise difficult to achieve. Moreover, the usually encountered
quenching of fluorescence emission of OPV gels could be
prevented to a great extent through exciplex formation. This
example of a p gel that forms supramolecular exciplexes ex-
clusively in the gel state with enhanced emission and con-
trolled size of the self-assembled architectures is unique.
Thus, the arene–perfluoroarene interaction has been demon-
strated not only to induce self-assembly of OPVs in solution,
thus leading to gelation, but also to be efficient in prevent-
ing the uncontrolled propagation and decreased fluores-
cence quantum yields of the self-assembly. These results
broaden the application of arene–perfluoroarene interac-
tions in the area of supramolecular chemistry.


Experimental Section


General methods : Unless otherwise stated, all the starting materials and
reagents were purchased from commercial suppliers and used without
further purification. The solvents were purified and dried by standard


methods prior to use. Melting points were determined with a Mel-Temp-
II melting point apparatus and are uncorrected. 1H and 13C NMR spectra
were measured on a 300 MHz Bruker Avance DPX spectrometer using
trimethylsilane (TMS) as an internal standard. Fourier-transform infrared
(FTIR) spectra were recorded on a Shimadzu IRPrestige-21 FTIR spec-
trophotometer. Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectra were obtained on a Perseptive Biosystems
Voyager DE-Pro MALDI-TOF mass spectrometer with a-cyano-4-hy-
droxycinnamic acid as the matrix. The starting bisaldehyde 1 was pre-
pared as reported previously.[2g]


Preparation of 4 and 5 : NaH (3.7 mmol) was added carefully to a solu-
tion of phosphonate ester 2 or 3 (1.12 mmol) and bis-formyl derivative 1
(0.56 mmol) in THF (35 mL) under argon. The reaction mixture was
stirred at 70 8C for 8 h, and the solvent was removed under reduced pres-
sure. The resultant residue was extracted with chloroform and washed
several times with saturated brine and water. The organic layer was dried
over anhydrous Na2SO4 and concentrated to give the corresponding
products. Further purification was carried out by column chromatography
(hexane/chloroform, 3:1) on silica gel (100—200 mesh).


4: Yield: 85%; m.p. 105–107 8C; 1H NMR (300 MHz, CDCl3, TMS): d=


0.85–0.87 (t, 18H, CH3), 1.24–1.87 (m, 168H, CH2), 4.04–4.06 (m, 12H,
OCH2), 7.11–7.16 (m, 8H, Ar-H), 7.34–7.38 (t, 6H, Ar-H), 7.46–7.55 ppm
(m, 10H, Ar-H); 13C NMR (CDCl3, 75 MHz): d=14.11, 22.69, 26.26,
26.34, 26.37, 28.30, 29.10, 29.37, 29.57, 29.73, 31.93, 69.19, 110.11, 110.54,
112.92, 114.08, 123.29, 126.49, 128.62, 135.38, 136.72, 138.35, 145.9 ppm;
FTIR (KBr): ñmax=692, 722, 750, 803, 849, 964, 1018, 1071, 1099, 1207,
1259, 1348, 1350, 1388, 1423, 1465, 1506, 1596, 2849, 2921 cm�1; MALDI-
TOF MS: m/z : calcd for 1929.19: found: 1929.27.


5: Yield: 86%; m.p. 114–116 8C; 1H NMR (300 MHz, CDCl3, TMS): d=


0.85–0.87 (t, 18H, CH3), 1.24–1.86 (m, 168H, CH2), 4.05 (t, 12H, OCH2),
7.07–7.16 (m, 8H, Ar-H), 7.64–7.5 (m, 4H, Ar-H), 7.7–7.76 ppm (d, 2H,
Ar-H); 13C NMR (CDCl3, 75 MHz): d=14.11, 22.71, 25.9, 26.32, 26.41,
28.33, 29.10, 29.36, 29.6, 29.75, 31.93, 69.10, 110.64, 111.01, 114.92, 116.08,
125.6, 126.51, 127.4, 128.62, 135.32, 137.71, 138.35, 145.93 ppm; FTIR
(KBr): ñmax=695, 721, 750, 801, 853, 1023, 1097, 1204, 1261, 1350, 1385,
1423, 1465, 1500, 1629, 2849, 2921, 2956 cm�1; MALDI-TOF MS: m/z:
calcd for 2107.61; found: 2107.22.


Optical measurements : Electronic absorption spectra were recorded on a
Shimadzu UV-3101 PC NIR scanning spectrophotometer and the emis-
sion spectra were recorded on a SPEX-Flourolog F112X spectrofluorime-
ter. Temperature-dependent studies were carried out with a thermistor
directly attached to the wall of the cuvette holder. Fluorescence quantum
yields Fs of OPVs in THF are reported relative to 10-methylacridinium
triflouromethanesulfonate (Fr=0.99 in water). The experiments were
done using optically matching solutions and the quantum yield is calcu-
lated by using Equation (1):[18]


Fs ¼ FrðArF s=AsFrÞðhs
2=hr


2Þ ð1Þ


where As and Ar are the absorbance of the sample and reference solu-
tions, respectively, at the same excitation wavelength; Fs and Fr are the
corresponding relative integrated fluorescence intensities, respectively;
and h is the refractive index of the solvents used.


Fluorescence quantum yield in the gel state : The fluorescence quantum
yield of gels was measured using a calibrated integrating sphere in an
SPEX Fluorolog spectrofluorimeter. A Xe arc lamp was used to excite
the sample placed in the sphere with l=415 nm as the excitation wave-
length.


The absolute fluorescence quantum yield was calculated based on the de
Mello method[23] by using Equation (2):


FPL ¼ ½EiðlÞ�ð1�AÞE0ðlÞ�=LeðlÞA ð2Þ


For Equation (2):


A ¼ ½LoðlÞ�LiðlÞ�=LoðlÞ ð3Þ


where Ei(l) and E0(l) are the integrated luminescence as a result of the
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direct excitation of sample and secondary excitation, respectively; A is
the absorbance of the sample calculated using Equation (3); Li(l) is the
integrated excitation when the sample is directly excited; L0(l) is the in-
tegrated excitation when the excitation light first hits the sphere and re-
flects into the sample; and Le(l) is the integrated excitation profile for
an empty sphere.


The fluorescence lifetimes and time-resolved emission spectra (TRES)
were measured by using the IBH (FluoroCube) time-correlated picosec-
ond single-photon counting (TCSPC) system. Details of the instrumental
set up are given in the Supporting Information.


Morphological studies : TEM was performed on a FEI, TEC NAI 30 G2
S-TWIN microscope with an accelerating voltage of 100 kV. Samples
were prepared by drop-casting solutions of OPV in n-decane onto
carbon-coated copper grids, and the TEM pictures were obtained without
staining.


CLSM images were recorded on a Leica-DMIR2 optical microscope
using UV light (l =453 nm) as the excitation source and the emission
was collected between l=520 and 580 nm with 40H magnification. The
samples were prepared by drop-casting a solution in n-decane onto a
glass slide followed by slow evaporation.


The samples for the XRD studies were prepared by transferring a hot so-
lution of OPV in n-decane onto a glass slide, which was allowed to cool
and dry slowly. The X-ray diffractograms of the dried films were record-
ed on a Phillips diffractometer by using Ni-filtered CuKa radiation.


Exciplex emission studies : Samples for exciplex emission studies were
prepared by transferring the required amount of the solutions of 4 or 5 in
n-decane and DMA from the stock solution to a 1-mm cuvette. During
these studies, the concentrations of 4, 5, and DMA were kept constant at
8.3H10�5 and 0.83 m, respectively. After thorough mixing, the solution
was heated to 50 8C and allowed to cool to room temperature. In the case
of 5, bright fluorescent gels were obtained. Samples for the solution-state
studies were also prepared in the same way by thorough mixing without
heating and cooling.


Detailed descriptions and the experimental data of the gelation, gel melt-
ing, spectroscopy, microscopy, and rheology studies are given in the Sup-
porting Information.
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Introduction


The existence of several structural isomers drastically com-
plicates the investigation, as well as the structure determina-
tion of higher fullerenes. Although combining some re-
straints, such as the isolated pentagon rule (IPR), together
with the presence of only five- and six-membered rings in
the molecule, with NMR spectroscopic studies usually pro-
vides a confirmation of the constitution of fullerene species,
a direct method of structure determination, such as X-ray
crystallography, is envisaged to solve the query of a single-
isomer recognition. The virtually spherical shape of all ful-
lerenes and their rotational mobility in the crystal lattice
define the poor quality of fullerene crystals. Up to date,
except for C60 and C70, no other ordered crystal structures of
pristine fullerenes have been reported. Derivatization is an
efficient approach to solving this problem.[1] In particular,
halogenation has emerged as a powerful tool for obtaining
well-crystallized C60 and C70 fullerene derivatives.[2] It was
found that a mixture of Br2 and TiCl4 acts as a selective
agent for the chlorination of C70 fullerene.[2e] Recently, we
have successfully employed this mixture in an attempt to


chlorinate C76 yielding C76Cl18, the first fully ordered crystal
structure of a chiral fullerene.[3] The next recoverable from
soot fullerene, C78, has five IPR isomers.[4] Although separa-
tion techniques applicable to the soluble C78 isomers (C78(1),
C78(2), and C78(3)) are commonly available,[5,6] only two
crystal structures including soluble C78 isomers as halogenat-
ed derivatives were reported thus far.[7] However, in these
cases, different structural isomers occupy the fullerene site,
which are presumably C78(2) and C78(3). The carbon connec-
tivities of the nonsoluble C78(5) fullerene were crystallografi-
cally confirmed through analysis of C78(5)ACHTUNGTRENNUNG(CF3)12.


[8] The last
elusive isomer C78(4) was recently discovered and character-
ized by our group.[9] Herein, we report the synthesis and
single-crystal X-ray determination of C78(3)Cl18 (structure I)
and C78(2)Cl18 (structure II), as well as the analysis of the
fully ordered crystal of C78(4)Cl18 (structure III).[9] A de-
tailed analysis of the crystal structures has clearly demon-
strated the presence of numerous short Cl···Cl intermolecu-
lar contacts, the nature of which has long been a matter of
interest and debate.[10–15]


The assumption that attractive interactions between halo-
gen atoms should be considered was based on thorough
analyses of crystal structures of halogenated hydrocar-
bons.[11] In this context, the halogen–halogen contacts in the
crystal structures occurred preferably in two definite geome-
tries, type I (q1= q2) and type II (q1 =180, q2=908), in which
q1 and q2 are the two C�Hal···Hal angles.[11] Type I contacts
can be explained by the nonspherical shape of covalently
bonded halogen atoms, which occupy a rather ellipsoidal
volume in space.[12] As a consequence, the effective atomic
radius of halogens along the extended C�Hal bond axis is
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smaller than the radius perpendicular to this axis. Previous
analyses of high-quality crystal structures (excluding struc-
tures containing further heteroatoms, which can independ-
ently play a major role in determining the packing) have
shown that short Cl···Cl distances of about 3.5 I or even
less in the case of head-to-head contacts (q1= q2=1808) can
be explained by close packing of anisotropic atoms.[13] In
type II contacts, one halogen atom acts as a donor while the
other acts as an acceptor. Such kinds of interaction between
electronegative atoms (N, O, and S), which act as Lewis
bases, and halogen atoms is well known as halogen bonding,
by analogy with hydrogen bonding.[14] However, it was
noted that “preferred orientations” are more typical for
iodine atoms and are not obviously present to establish spe-
cific Cl···Cl interactions.[13] Moreover, quantum-chemical cal-
culations have shown that Cl···Cl interactions can be classi-
fied as “nonbonding”.[13]


The formation of short Cl···Cl contacts is regarded as typi-
cal for chlorinated aromatic hydrocarbons that are charac-
terized by low C�Cl bond polarity (C�Cl distance of about
1.70–1.73 I) and rather rare in the case of highly polar C�
Cl bonds with C�Cl distances of 1.79–1.81 I. Taking into ac-
count the enormous extension of C�Cl bond lengths in the
presented C78Cl18 molecules (1.84–1.87 I), which should
lead to localization of a significant negative charge on the
Cl atoms, the participation of these Cl atoms in short Cl···Cl
contacts is largely unexpected. However, analyses of the re-
spective crystal structures of halogenated C78ACHTUNGTRENNUNG(2–4) ful-
lerenes, clearly point to the presence of attractive intermo-
lecular Cl···Cl interactions, the nature of which is presuma-
bly different from that of the halogen bonding described
previously.


Results and Discussion


C78(4)Cl18 forms solvent-free crystals in the hexagonal space
group P63/m. The quality of the crystals obtained has grant-
ed an accurate structure determination presenting all atoms
in ordered and fixed positions.[9] C78(3)Cl18 is displaying the
same overall packing as C78(4)Cl18, but the fullerene mole-
cules are disordered between three orientations. C78(2)Cl18
crystallizes in the hexagonal space group P63/mmc and is as
well characterized by fullerene disorder around the three-
fold crystallographic axis. Despite the statistical disorder in
structures I and II, the connectivities of both isomers can be
reliably derived from X-ray data. Both isomers C78(2)Cl18
and C78(3)Cl18, and the pristine C78(2) and C78(3), possess
C2v point-group symmetry and differ formally in the orienta-
tion of only one C�C bond. Virtually, both fullerene mole-
cules can be represented as a combination of two trimethyl-
trindane fragments, capping the cage from the top and
bottom, with three pyracylene fragments encircling it
(Figure 1). In the case of C78(2), two of the three pyracylene
fragments are disposed in such a manner that the central C�
C bond is perpendicular to the equatorial mirror plane,
whereas in the third one this bond is parallel to the same


plane. For C78(3), the situation is reversed. In both crystal
structures (I and II), the fullerene molecules are orientation-
ally disordered around the threefold axis. Since the symme-
try of both fullerene derivatives approaches D3h, the position
of all carbon atoms except those forming the central bond
in the pyracylene unit virtually superimpose under 1208 ro-
tation. As a consequence, the obtained disorder does not
obstruct the reliable structure determination because the
isomerNs identity is unambiguously given by the relative site
occupancies of the carbon atoms constituting the central
bond in the pyracylene subunit.


Analysis of crystal structure I gives the site occupancies of
the carbon atoms constituting the parallel and perpendicu-
lar—relative to the equatorial mirror plane—central bonds
in the pyracylene subunits of 0.65:0.35, respectively, which
assigns the structure to the C78(3) isomer (expected site oc-
cupancies of 0.67:0.33). The experimental site occupancies
of 0.36:0.64 in crystal structure II attribute it to the C78(2)
isomer (theoretically 0.33:0.67).


By superimposing DFT-optimized C78Cl18 structure
models, disorder around the threefold axis has been simulat-
ed. As can be seen from Figure 2, remarkable deviation
from D3h symmetry is observed only for the equatorial pyra-
cylene fragments. Comparing the superposition of three ori-
entations of the calculated structure with the results of X-
ray data refinement of C78(3)Cl18 reveals that only the
carbon atoms constituting the pyracylene fragments display
some prolongation of the experimentally obtained thermal
ellipsoids (see Figure 2, right), whereas the rest of the
carbon as well as the chlorine atoms are more symmetrical
with respect to the shape of their displacement ellipsoids,
which is in a good agreement with the presented model. It is
worth mentioning that chlorine atoms follow the partition-
ing of the carbon cage into chlorine-substituted trimethyl-
trindane and pyracylene fragments, resulting in a tiny en-
largement of the displacement ellipsoids of chlorine atoms
attached to the pyracylene entity (for further reference see
Figure S1 in the Supporting Information). Thus, in the case
of C78(2)Cl18 and C78(3)Cl18, not only the molecular structure
can be reliably determined, but also some bond distances in-


Figure 1. Stereoview of C78(2) showing the partitioning of the fullerene
cage into two trimethyltrindane (methyl groups are omitted for clarity)
and three pyracylene fragments.
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cluding intermolecular Cl···Cl contacts can be assessed with
satisfying accuracy.


The chlorination patterns of C78(2)Cl18, C78(3)Cl18, and
C78(4)Cl18 are presented in Figure 3. The difference between
these structures is formally in the position of the equatorial


double bonds. The stabilizing factor of the localization of
chlorine atoms is the formation of nine close-to-planar aro-
matic C�C rings and the absence of double bonds in the
pentagons, which is typical for halogenated fullerenes.[2k]


It has generally been assumed that the elongation of a C�
Cl covalent bond leads to localization of negative charge on
the Cl atom. The C�Cl bonds in all C78Cl18 molecules are
strongly elongated (1.84–1.88 I). According to an empirical
approach to the estimation of bond orders,[16] the order of
C�Cl bonds with lengths of about 1.87 I is only 0.65, which
should lead to a very high degree of polarity of these bonds


and consequently to localization of significant negative
charge on the Cl atom. However, within the crystal packing
of C78(3)Cl18 and C78(4)Cl18, the chlorine atoms form an ex-
tensive 3D Cl···Cl network with short intermolecular Cl···Cl
separations, which challenge the concept of “high polarity”
of C�Cl bonds. Since within the crystal of C78(3)Cl18 and
C78(4)Cl18 all 18 chlorine atoms are engaged in the forma-
tion of Cl···Cl contacts, and all of these are short, the re-
sponsible forces have to be inevitably attributed to some at-
tractive interactions between chlorine atoms. It is important
to mention that there are no other intermolecular contacts
besides Cl···Cl, which could “squeeze” the atoms together,
thus influencing the molecular packing. Thus, both crystal
structures appear to provide unambiguous evidence for the
attractive nature of these intermolecular interactions, and
challenge at the same time all explanations given so far, dis-
cussing this kind of “bonding”.


A closer look at the structure in Figure 4 reveals the pres-
ence of two- as well as three-centered contacts between the
chlorine atoms. The existence of such three-centered con-
tacts prompts each C78Cl18 molecule to form 24 short Cl···Cl
separations, all of about 3.34–3.45 I. Thus, even if the dis-
tance of 3.45 I in the two-centered contacts (structure III)
could be attributed to the close packing of anisotropic chlor-
ine atoms, the distances of 3.38 (structure I) and 3.34 I
(structure III) in the three-centered contacts are inexplica-
ble in terms of this model. Additional confirmation of the
attractive nature of Cl···Cl interactions can be obtained con-
sidering two- and three-centered Cl···Cl contacts in
C78(4)Cl18. In this case, structurally equal C�Cl bonds (ac-
cording to the inherent D3h point-group symmetry of
C78(4)Cl18) are involved in both types of interactions. It was
found that in the case of the three-centered Cl···Cl contacts,
the respective C�Cl bonds are elongated (1.862(11) I) in


Figure 2. Left: superposition of all three orientations of the pyracylene
(top) and trindane fragments (bottom) from the DFT-derived model of
C78(3)Cl18. The blue bonding pattern represents the two coinciding frag-
ments, whereas the orange pattern depicts the third. Right: ORTEP plots
of corresponding fragments in the crystal structure of C78(3)Cl18. Chlorine
bearing carbon atoms are presented in green.


Figure 3. Schlegel diagram of C78(2)Cl18 (left), C78(3)Cl18 (center), and
C78(4)Cl18 (right). The aromatic zones are double-marked and the chlor-
ine atoms are depicted by spheres. The difference between the structures
lies in the orientation of the equatorial C�C bonds (selected).


Figure 4. ORTEP projection of C78(3)Cl18 showing short two- and three-
centered Cl···Cl contacts (represented by g).


Chem. Eur. J. 2008, 14, 9585 – 9590 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9587


FULL PAPERChlorinated Derivatives of C78-Fullerene Isomers



www.chemeurj.org





comparison to those in which two-centered contacts are
formed (1.829(11) I). Moreover, the intermolecular Cl···Cl
distances of 3.34 I in the three-centered contacts are short-
er than those in the two-centered (3.45 I). Such elongation
of the C�Cl bonds involved in the shorter Cl···Cl separa-
tions, regions in which negative charge accumulation would
have generated a strong repulsive force, can only be ex-
plained by the attractive nature of the interactions between
chlorine atoms.


The first example of an unusually short intermolecular
Cl···Cl contact (3.21 I) between two “highly polar” Cl
atoms was reported more than 20 years ago in the crystal
structure of triphenylmethane chloride.[17] To our knowledge,
no other crystal structures of chlorinated hydrocarbons with
such short Cl···Cl separations between chlorine atoms in-
volved in highly elongated C�Cl bonds (above 1.85 I) have
ever been reported. Recently, we have found that the chlor-
ine atoms in the structure of C76Cl18 form a number of ex-
tremely short Cl···Cl contacts of about 3.14–3.21 I,[3] which
are about 0.45 I shorter than the sum of the van der Waals
radii. As a very interesting and important fact, all four elon-
gated C�Cl bonds (1.821(1)–1.850(1) I) are involved in
such contacts, whereas ten “usual” C�Cl bonds with lengths
of 1.777(1)–1.797(1) I do not form any short Cl···Cl con-
tacts. Some chlorinated C60 fullerenes—C60Cl28


[2d] and
C60Cl30


[2j]—also form short Cl···Cl contacts, although the C�
Cl bonds in these structures are not strongly elongated
(1.78–1.80 I). The structural similarity of the chlorine-bear-
ing fragments in triphenylmethane chloride,[17] C76Cl18,


[3] and
the present C78Cl18 molecules leads toward the assumption
that the tendency of forming short Cl···Cl contacts is due to
the unique bonding characteristics of carbon rather than the
nature of the chlorine atom itself. In all mentioned cases,
the corresponding chlorine atoms are connected to sp3-hy-
bridized carbon atoms, which in turn are directly connected
to three phenyl rings. The angular symmetry at the sp3


carbon atom is considerably distorted from tetrahedral. Ob-
viously, such geometry results in a partial rehybridization of
the corresponding carbon atom that assumes additional sp2


character. The three neighboring aromatic rings additionally
stabilize this configuration since the molecule adopts a more
extended aromatic state. As a result of the reduced overlap
efficiency between chlorine and carbon atom orbitals, the
corresponding C�Cl bonds are significantly elongated. Con-
sequently, the short intermolecular distances between these
chlorine atoms indicate that C�Cl bonds cannot be regarded
as highly polar, and significant localization of negative
charge on the chlorine atom is less probable. Thus, the elon-
gation of the C�Cl bonds and the absence of strong negative
charge on the Cl atoms leads to the assumption that the cor-
responding covalent bonds are partially homolytically disso-
ciated. This model would consistently explain all the fea-
tures discussed. The partial homolytic cleavage of C�Cl
bonds will impart a partial radical character to the chlorine
atoms, which breaks up the closed-shell character of chlor-
ine and enables it to undergo some weak intermolecular
bonding.


Within the crystal packing of C78(2)Cl18, each molecule
forms 12 Cl···Cl contacts with distances of about 3.39 I
(Figure 5). Such an orientation in the crystal leads to the for-


mation of two dissimilarly sized voids: the larger ones con-
tain disordered TiCl4 molecules, whereas the smaller ones
are occupied by Br2 molecules. The bromine molecule is dis-
ordered between six equivalent positions, each oriented
along the axis connecting two chlorine atoms as shown in
Figure 6. As can be concluded from the electron-density
map (see the Supporting Information), the bromine mole-
cule is fixed between two chlorine atoms (Figure 6). The
Cl···Br distance of 3.21 I is enormously short (the sum of
the van der Waals radii is 3.6–3.7 I). The fact that the Br2
molecule is oriented between two chlorine atoms rather
than avoiding any short interhalogen contacts, regardless of
the abundant space available (see Figure 6, right), as well as
the rigidity of the “molecular box” in which it is imprisoned,


Figure 5. ORTEP projection of C78(2)Cl18·Br2·TiCl4 in the crystal. TiCl4 is
omitted for clarity. Only one orientation of the Br2 molecule is presented.
Short contacts are depicted by g.


Figure 6. Left: Br2 in the “molecular box” Right: the orientation and rel-
ative distances between chlorine atoms and the bromine molecule ac-
cording to the X-ray experiment (depicted in black) and the orientation
of Br2 representing minimized interhalogen repulsions (depicted in gray).
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thus diminishing the influence of crystal-packing forces, con-
firms the attractive nature of halogen–halogen interactions
in the given system. The angle C-Cl···Br is close to 1208,
which represents an energetically unfavorable geometry for
a close-contact formation according to quantum-chemical
calculations.[13] In the case of Cl···Cl contacts, such an orien-
tation results in an exchange-repulsion energy of about
5 kcalmol�1,[13] and is expected to be even higher in the case
of Cl···Br contacts. It is easy to assume that the attractive
forces should be higher than 5 kcalmol�1, and notwithstand-
ing that such halogen–halogen “bonding” can be classified
as weak, the cumulative effect can constitute significant
values of energy. For example, in the case of C78(3)Cl18 and
C78(4)Cl18, the formation of 24 such “bonds” can provide an
amount of energy equal to about 120 kcalmol�1, which is
higher than the energy of a single C�C bond.


Experimental Section


Preparation of C78(2)Cl18, C78(3)Cl18, and C78(4)Cl18 : The pristine C78 full-
erene isomers—C78(2), C78(3), and C78(4)—were produced by evaporation
of graphite along the RF-furnace route, details of which have been re-
ported elsewhere.[18] Collected soot was soxhlet extracted with CS2 and
separated by three-step HPLC. Prior to separation, CS2 was substituted
for toluene. For the first step of separation (fraction collection), a Bucky-
prep column 20P250 mm was used. The second step, recycling HPLC,
was executed with a Buckyprep column 10P250 mm aiming at the sepa-
ration of the two main subfractions: the first one containing a mixture of
C78(1) and C78(2) fullerenes and the second one pure C78(3). Toluene was
used as a mobile phase for the first and second steps of separation with
flow rates of 20 and 5 mLmin�1, respectively. The final step of isolation
was performed with a 5C18-AR-II column 10P250 mm rendering chroma-
tographically pure C78(2) fullerene in five consecutive cycles. The compo-
sition of the mobile phase was adjusted to 45 v/v% acetonitrile in tolu-
ene, with a flow rate of 5 mLmin�1. The isolation and chlorination of
C78(4) were reported previously.[9] The new fullerene halides were ob-
tained through chlorination of the pristine fullerenes (0.5 mg each) in a
mixture of Br2/TiCl4 (1.5 mL, 1:100 v/v) in glass ampoules. The ampoules
were cooled with liquid nitrogen, evacuated, and sealed. Yellow crystals
in the case of C78(3) and C78(4), and red crystals in the case of C78(2)
formed directly on the glass wall after keeping the mixture at 100 8C for
one week. Subsequently, the ampoules were cut open and the excess sol-
vent decanted. The products were found to be stable in air for at least
one month.


Crystal data : X-ray diffraction data were obtained by using a Bruker
APEX II CCD difractometer (MoKa radiation (l =0.71073 I), graphite
monochromator). The crystal structures were solved and all atoms re-
fined in the anisotropic approximation by using SHELTXL.[19]


Crystal data for structure I, C78(3)Cl18 : Yellow crystal, 0.04P0.02P
0.01 mm; hexagonal; space group=P63/m ; a=13.0202(16), c=


18.726(5) I; V=2749.3(8) I3; Z=2; 2qmax=42.08 ; �13<h<13, �13<
k<13, �18< l<18; T=100(2) K; data/restraints/parameters=1025/0/147;
m=0.953 mm�1 (transmission min/max=0.977/0.991); final R value=


0.0434 (Rw=0.1316).


Crystal data for structure II, C78(2)Cl18·Br2·TiCl4 : Red crystal, 0.02P0.01P
0.01 mm; hexagonal; space group=P63/mmc ; a=14.6910(13), c=


17.045(2) I; V=3186.0(6) I3; Z=2; 2qmax =45.08 ; �15<h<15, �15<
k<15, �18< l<18; T=100(2) K; data/restraints/parameters=826/7/114;
m=2.365 mm�1 (transmission min/max=0.954/0.976); final R value=


0.0711 (Rw=0.2234).


Crystal data for structure III, C78(4)Cl18 : Yellow crystal, 0.02P0.02P
0.01 mm; hexagonal; space group=P63/m ; a=13.055(5), c=


18.762(14) I; V=2769(2) I3, Z=2; 2qmax =41.748 ; �13<h<13, �13<


k<13, �18< l<18; T=100(2) K; data/restraints/parameters=1018/0/
118; m =0.946 mm�1 (transmission min/max=0.964/0.988); final R value=


0.0601 (Rw=0.1629).


CCDC-662360 (structure I, C78(3)Cl18), 653031 (structure II,
C78(2)Cl18·Br2·TiCl4), and 686048 (structure III, C78(4)Cl18) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif


Computations : Quantum-chemical calculations were performed by using
the density-functional method of B3LYP/6-31G with Gaussian 03.[20]
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Introduction


Glutathione transferases (GSTs) have been described as the
most important enzymes involved in the metabolism of elec-
trophilic compounds.[1] They are enzymes of the cellular de-
toxification process, a mechanism responsible for metaboliz-
ing and expelling toxic xenobiotic and endobiotic com-
pounds from the cell.[2]


There are three different families of GSTs: cytosolic, mi-
tochondrial, and microsomal (also known as membrane-as-
sociated proteins in eicosanoid and glutathione metabolism
or MAPEG[3]). The cytosolic alpha, pi, and mu classes are
abundant and the most extensively studied GSTs.[4–50]


GSTs are �50 000 Da proteins forming homodimers or
heterodimers (both subunits have to derive from the same
class of isoenzymes[5]) and each monomer has binding sites
for each of the substrates, that is, a G-site for glutathione
(GSH) and an H-site for the hydrophobic electrophile
(Figure 1).


The G-site is only completed after dimerization, because
it is located in a cleft between the N-terminal domain of


Abstract: Glutathione transferases are
enzymes of the cellular detoxification
system that metabolize a vast spectrum
of xenobiotic and endobiotic toxic
compounds. They are homodimers or
heterodimers and each monomer has
an active center composed of a G-site
in which glutathione (GSH) binds and
an H-site for the electrophilic sub-
strate. When GSH binds to the G-site,
the pKa value of its thiol group drops
by 2.5 units; this promotes its deproto-
nation and, therefore, produces a
strong nucleophilic thiolate that is able
to react with the electrophilic substrate.


The mechanism behind the deprotona-
tion of the thiol group is still unknown.
Some studies point to the fact that the
GSH glutamyl a-carboxylate group is
essential for GSH activation, whereas
others indicate the importance of the
active-center water molecules. On the
basis of QM/MM calculations, we pro-
pose a mechanism of GSH activation
in which a water molecule, acting as a


bridge, is able to assist in the transfer
of the proton from the GSH thiol
group to the GSH glutamyl a-carboxyl-
ate group, after an initial GSH confor-
mational rearrangement. We calculated
the potential of mean force of this
GSH structural rearrangement that
would be necessary for the approach of
both groups and we then performed a
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ed proton transfer. The overall free-
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Figure 1. Wild-type enzyme GSTA1-1 monomers showing subunit 1
(white) and subunit 2 (blue). The H-site (green) and G-site (red) of subu-
nit 1 are identified. Residues of subunit 2 that belong to the G-site of
subunit 1 are also shown (orange).
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one subunit and the C-terminal domain of the other. It is an
essentially conserved pocket among all GST classes and
shows high specificity for GSH. On the other hand, the H-
site is found primarily in the C-terminal domain and its
structure varies among GSTs, which allows a vast spectrum
of electrophilic toxic compounds to bind to it. GST catalysis
of substitution reactions can be described by Equation (1).


GSHþR�X ðelectrophilic substrateÞ ! GSRþHþþX� ð1Þ


The electrophilic substrate (R�X) reacts with GSH to
form a less toxic and more soluble compound (GSR). The
product release, controlled by the C-terminal region, is the
rate-limiting process of the catalytic cycle of substrates that
react quickly.[12] In the first step of the mechanism, GSH is
activated into its anionic thiolate form, in order to become a
strong nucleophile and react with the electrophilic substrate.
When GSH binds to the G-site, the pKa value of the thiol
group drops from 9.2 to about 6.2–6.6 pH units,[15] which
promotes deprotonation of the GSH. The nature of the resi-
due that receives the proton from the thiol group, thereby
behaving like a base, is still unknown. We briefly review
here the more popular hypotheses for GSH activation that
can be found in the literature and that are crucial to better
understand our own proposal.


Active-center tyrosine : In the active center of alpha-, mu-,
and pi-class GSTs, the hydroxy group of a conserved tyro-
sine (in the theta class of GSTs, the tyrosine is replaced by a
serine residue[51]) is capable of establishing a hydrogen bond
with the glutathione sulfur atom[16–18] (Figure 2).


When the tyrosine is substituted by a phenylalanine, the
catalytic activity is dramatically reduced,[19–21] so it has been
suggested that tyrosine, behaving like a base, could receive
the proton from the GSH thiol group, thereby activating
it.[22]


In a later study, the tyrosine pKa value of the wild-type
enzyme GSTA1-1 was found to be 8.1, which is 2 units
below the value for free tyrosine in solution, and it was
noted that addition of GSH to the GST increases the pKa


value of the tyrosine by 1 unit.[23]


Since the optimal pH value for GST activity (�7.4) is
below the above-mentioned tyrosine pKa value, tyrosine
should be protonated and, therefore, should not behave like
a base but rather like a hydrogen-bond donor[23] to stabilize
the deprotonated form of the GSH thiolate.


GSH glutamyl a-carboxylate group : The glutamyl a-carbox-
ylate group has been found to be essential for cataly-
sis.[11,24, 25,52, 53] When a decarboxylated analogue of gluta-
thione, 4-aminobutyric acid–Cys–Gly (dGSH), is used as the
substrate for the wild-type enzyme GSTA1-1, the catalytic
activity drops 15 000-fold and the pKa value of the thiol
group increases from 6.7 to 9.2 pH units.[25] The same studies
also demonstrated that the T68E mutation, and to a lesser
extent the T68D mutation, restored part of the catalytic ac-
tivity (dGSH thiol group pKa value of 8.2 for the T68E
mutant). Why these mutations have such a great influence
on catalysis is still unclear. In the wild-type enzyme, the
threonine 68 side chain and the backbone establish hydro-
gen bonds with the a-carboxylate group of the GSH gluta-
mate. It was, therefore, proposed that the mutation of threo-
nine 68 to a glutamate would add a carboxylate group capa-
ble of taking the place of the a-carboxylate group of the
GSH glutamate, which is absent in dGSH. However, in a re-
cently obtained crystallographic structure of the GSTA1-1
T68E mutant complexed with an S-substituted dGSH, gluta-
mate 68 is not facing the substrate and a chloride ion is
taking the place of the a-carboxylate group of the GSH glu-
tamate. The presence of the chloride ion emphasizes the
propensity for that region to bind and stabilize negative


charges and, thus, provides indi-
rect evidence that the presence
of the carboxylate group of glu-
tamate 68 in that pocket would
be energetically favorable. The
exact reason why the chloride
ion takes the place of the gluta-
mate is unclear.[26]


Nevertheless, the proposal
that the GSH glutamyl a-car-
boxylate group is able to accept
the proton of the thiol group
should be taken into account.


Active-center water molecule :
Supported by some crystallo-
graphic structures of cytosolic
GSTs, it has been suggested
that water molecules in the
active center could assist the
proton release and extru-
sion.[6,28]


Figure 2. Stereoview of the G-site model, later used to perform the QM/MM calculations. The high layer
(78 atoms) is represented by sticks; the low layer is represented by thin tubes. Also shown are atoms A and B;
these define distance d, which was taken as the reaction coordinate.
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Potentiometric studies with alpha-, mu-, and pi-class
GSTs indicate that the proton from the GSH thiol group is
released into the surrounding solution after the formation of
the binary GST–GSH complex, which seems to make it a
process independent of any enzymatic reaction.[15, 27]


From studies of the kinetics of GST–GSH binding, it was
also suggested[15] that the process follows a multistep mecha-
nism. First is the rate-limiting step in which the precomplex
Enzyme and GSH form a more stable Enzyme*–GSH Mi-
chaelis complex. Two fast events then occur, namely GSH
ionization followed by proton extrusion. However, even
though the pKa value of a buried water molecule is difficult
to determine, it will be far greater than 14 (the value for
pure water) because the more hydrophobic environment of
the protein would not stabilize a hydronion ion as much as
bulk water does. As the optimal pH value for GST activity
is �7.4, this mechanism alone seems unlikely to occur. Ad-
ditionally, radial-distribution-function (RDF) analysis of
GSTA1-1 based on 3 ns long molecular dynamics simula-
tions, which we have performed, point to well-defined water
coordination spheres in GSH. Around one of the oxygen
atoms of the glutamyl a-carboxylate group, the most suita-
ble for reaction with the thiol, we found an extremely well-
defined O–OW RDF peak for the first coordination sphere
that corresponds to one water molecule. On the other hand,
the first coordination sphere around the thiol group com-
prises more than five water molecules. Therefore, the impor-
tance of water for catalysis seems to be strongly indicated.


Our mechanistic proposal : Herein, we present a water-as-
sisted proton-transfer mechanism that unites the suggested
roles of the GSH glutamyl a-carboxylate group and the
active-center water molecules in GSH activation. We pro-
pose that, after an initial conformational rearrangement of
GSH, a water molecule, acting as a bridge, is able to transfer
the proton from the GSH thiol group to the GSH glutamyl
a-carboxylate group. A detailed theoretical study of this
mechanism proposal was performed and confirmed the ade-
quacy of the mechanism.


Methodology


Water-assisted proton-transfer mechanism : We used
GSTA1-1, one of the most studied alpha-class
GSTs,[4,6,8,10–12,16, 17,21, 23,25,26, 54] as our model and divided our
study into two parts.


In part 1, we calculated the energy involved in the confor-
mational rearrangement of GSH to allow the simultaneous
interaction of a water molecule with both the thiol and the
glutamyl a-carboxylate groups. In fact, we first tried to per-
form a QM/MM scan but, due to the difficulty in obtaining
optimized structures, we opted for the work described
herein. To obtain the energy associated with the approach
of the two GSH groups, we calculated the potential of mean
force (PMF) with the umbrella sampling method. This calcu-
lation was performed at the MM level for several reasons.


No bond-making or bond-breaking processes were occurring
and, therefore, a QM methodology was not strictly necessa-
ry. Steric strain plays a significant role in conformational re-
arrangements and such strain is better captured by the full
enzyme environment with its mechanical tensions explicitly
considered; the use of an MM methodology allows the sam-
pling of the conformational space.


In the second part of our work, we calculated the energy
necessary to actually transfer the proton. By starting from a
final PMF calculation structure, a G-site active-center
ONIOM model was built. We then performed a scan of the
approach of the water proton to the most suitable oxygen
atom of the GSH glutamyl a-carboxylate group and we ob-
served that the thiol group proton was simultaneously trans-
ferred to the water molecule.


A full description of parts 1 and 2 follows. Basically, these
form our mechanistic proposal of GSH activation.


Part 1—Conformational rearrangement of GSH :


Molecular dynamics : The crystallographic structure of
GSTA1-1 complexed with GSH was obtained from the Pro-
tein Data Bank[55] (file code 1PKW). A water molecule was
later added and placed between the GSH thiol and the glu-
tamyl a-carboxylate groups.


The gamma glutamyl group of GSH had to be parameter-
ized as there are no parameters in the AMBER99 force
field for this species.[56, 57] The dihedral values, angles, bonds,
and van der Waals parameters were based on the
AMBER99 force field. Atomic point charges were calculat-
ed with the Gaussian software package, by following the
methodology used in the AMBER99 force field of fitting
the HF/6-31G*-generated electrostatic potential to atomic
point charges by using the ESP (RESP) algorithm.


All of the molecular dynamics simulations and subsequent
analyses were carried out by using the Gromacs software
package conjugated with the Amber99 force field.[56–59] The
enzyme models were solvated with �17 000 single-point-
charge water molecules[60] and then submitted to 100 steps
of steepest descent energy minimization to remove bad con-
tacts between the solvent and the protein. Subsequently, the
system was equilibrated for 200 ps with the protein atoms
restrained by weak harmonic constraints to allow for the
structural relaxation of the water models. 26 (13+13) pro-
duction simulations of 150 ps were performed with time
steps of 0.002 ps and with the trajectories saved at 1 ps inter-
vals.


In all simulations, periodic boundary conditions were
used. The temperature and pressure were maintained as
constant by using Berendsen temperature coupling and pres-
sure coupling (parameters: tT=0.1 ps, Tref = 300 K, Pref =


1 bar).[61] The particle-mesh Ewald (PME)[62] method was
applied to compute electrostatic interactions, with a cut-off
of 1.0 nm. In terms of van der Waals interactions, a twin-
range cut-off with a neighbor-list cut-off of 1.0 nm and a van
der Waals cut-off of 1.0 nm was used.
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Potential of mean force calculations : The above-mentioned
simulations were performed in order to calculate the PMF
associated with the approach of the thiol group to the a-car-
boxylate group. The PMF represents the free-energy change
as a function of a coordinate of the system. In our study, dis-
tance d between atoms A and B (see Figure 2) was taken as
the reaction coordinate. It should also be mentioned that
the position of the water molecule was constrained in the re-
action-coordinate pathway.


The PMF calculus was performed by following the um-
brella sampling method.[63] In the umbrella sampling
method, a series of simulation windows is performed along a
reaction coordinate and each window is restrained by impos-
ing a harmonic umbrella biasing potential, U’(d), as defined
by Equation (2), in which k is the force constant.


U0ðdÞ ¼ 1=2kðd�d0Þ2 ð2Þ


Distance d between the hydrogen (atom A) and oxygen
(atom B) atoms (Figure 2) was steadily decreased in each
window by 0.04 M. After the last d value, the reverse process
was also performed. The force constant was calibrated to
allow overlapping of the windows along the reaction coordi-
nate (K=50–125 kcal mol�1). A total of 7 forward and 7
backward 150 ps windows were performed, which resulted
in an overall total of 2100 ps production simulations.


The unbiased probability distribution of d values, in both
the forward and backward directions, was used to calculate
the free energy associated with the approach of the thiol
group to the glutamyl a-carboxylate group by the constant-
temperature weighted histogram analysis method
(WHAM).[64] The WHAM method allows the calculation of
the PMF by computation of the unbiased distribution func-
tion as a weighted sum over the individual biased distribu-
tions of each window.


Part 2—Proton transfer study in GSH :


ONIOM model : We built a G-site model from a final PMF
calculation structure. This model included all of the atoms
critical to catalysis, including the water molecule positioned
between the thiol and the glutamyl a-carboxylate groups
(143 atoms in total). In order to optimize the computation
time, we resorted to the ONIOM[65–67] method, which allows
a division of the model into different theoretical levels. This
method has recently been used in the catalytic study of im-
portant enzymes with excellent results.[68–73]


Figure 2 shows the G-site active-center ONIOM model
that was used. The high layer includes GSH, the water mole-
cule, and the atoms that directly interact with GSH and that
could have an important role in the proton transfer
(78 atoms). DFT with the B3LYP functional[74,75] and the 6-
31G(d) basis set, as implemented in Gaussian 03,[76] was
used in geometry optimization. The low layer includes the
rest of the model atoms that complete the G-site pocket.
This layer was treated with the semiempirical PM3MM


method.[77,78] Hydrogen atoms were used as link atoms at
the truncated bonds.


Energy calculations : A QM/MM ONIOM scan of the ap-
proach of the water proton to the most suitable oxygen
atom of the GSH glutamyl a-carboxylate group was per-
formed. Approximate structures of the three stationary
points (reagents (R), transition state (TS), and product (P))
were taken from the scan. The stationary points were later
freely optimized and their nature was confirmed by frequen-
cy calculations.


After obtaining the three stationary points, we recalculat-
ed the energy of the entire model with a higher theoretical
level. We performed single-point calculations by using DFT
with the B3LYP functional for the entire system and the 6-
311++GACHTUNGTRENNUNG(2d,2p) basis set, as implemented in Gaussian 03. A
continuum model was used as an approximation of the
effect of the whole-protein environment, as described in
previous studies.[79–81] We chose the C-PCM model[82, 83]with a
dielectric constant of 4, which is normally in conformity
with the experimental protein data. Zero-point corrections
and thermal and entropic effects were also added to obtain
the final energy values (T= 310.15 K, P= 1 bar).


Results and Discussion


Water-assisted proton-transfer mechanism : As mentioned
above, our GSH-activation mechanism can be divided into
two steps: the GSH structural rearrangement that allows for
a water molecule to interact simultaneously with the thiol
and the glutamyl a-carboxylate groups, followed by the
actual water-assisted proton transfer.


Figure 3 shows the energy barrier obtained for these two
events, the PMF curve of the GSH structural rearrange-
ment, and the QM/MM scan of the proton transfer.


The PMF curve obtained has a minimal hysteresis; this re-
futes the possibility of systematic error and emphasizes the
accuracy of the calculations. In plot 1, only the PMF curve
that results from the sum of the data from all of the forward
and backward processes is shown. The PMF calculation
demonstrates that the bent GSH, with a water molecule
bridging both active groups, is actually more stable than the
initial open GSH conformation. In fact, this conformational
rearrangement has a difference in free energy (DG) of
�1.62 kcal mol�1.


The QM/MM scan of the actual proton transfer points to
an energy barrier that is consistent with what would be ex-
pected for an enzymatic reaction.


Figure 4 shows the free energies of the three stationary
structures R, TS (difference in free energy for the formation
of the TS, DG� =13.39 kcal mol�1), and P, after free optimi-
zation and correction for zero-point energy and thermal and
entropic effects. This is an endergonic reaction (overall dif-
ference in free energy of the reaction, DGr = 3.19 kcal
mol�1), which gives rise to a strong nucleophile (sulfur par-
tial charge of �0.778) that is prone to react with the electro-


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9591 – 95989594


M. J. Ramos et al.



www.chemeurj.org





philic substrate. The three stationary structures are shown in
Figure 5.


From Figure 5, we can observe that the side chains of
Arg15, Thr68, Gln67, and Arg131b are hydrogen bonded to
GSH. On the other hand, Tyr9 is near the GSH thiol group
but not close enough to make a significant interaction. As
distance s decreases, the thiol proton gradually gets closer
to the water oxygen atom. This movement is compensated
by a shortening of the hydrogen bond between Tyr9 and the
nascent thiolate. At the transition state, the thiol proton, as
well as the proton characterized by distance s, is partially


bonded to the water oxygen atom and Tyr9 assumes the role
of stabilizing the partial negative charge in the thiol sulfur
atom, which increases from �0.079 in R to �0.649 at the TS.
After the TS, the GSH carboxylate group receives the
proton from the water molecule and the thiol proton is
transferred to the water molecule. This gives rise to the
product, a strong nucleophilic GSH thiolate with a negative
partial charge of �0.778. In P, amino acid Tyr9, which is
even closer to the sulfur atom, is capable of establishing a
strong ionic H-bond interaction with the thiolate. On the
other hand, the Thr68 side chain, which was hydrogen
bonded to the GSH glutamyl carboxylate oxygen atom, be-
comes hydrogen bonded to the water molecule. This is be-
cause the protonated carboxylate group is now neutral and
cannot establish a strong charged interaction (the partial
negative charge on the GSH glutamyl carboxylate oxygen
atom decreases from �0.629 in R to �0.447 in P).


The role played by the water molecule : To further elucidate
the role of water, we have additionally calculated the poten-
tial of mean force associated with the GSH structural rear-
rangement that is necessary for the thiol and the glutamyl
a-carboxylate groups to interact directly, that is, without the
bridging water molecule. The method used for the PMF cal-
culation was similar to the one described in the methodolo-
gy section for the water-assisted proton-transfer mechanism
proposal. However, as both active groups need to be closer,
a total of 13 forward and 13 backward 150 ps windows were
performed, which resulted in an overall 3900 ps production
simulation.


The results showed that the GSH thiol and glutamyl a-
carboxylate groups approach to a distance d of 0.2 nm is
highly energy consuming (DG=15.88 kcal mol�1). Subse-
quent to these calculations, we have built a G-site model


Figure 3. Water-assisted proton-transfer mechanism. a) Calculated free energy versus the SH�COO distance d. The curve represents the sum of all of the
data obtained from the PMF forward and backward processes. The initial and final PMF GSH structures from GSTA1-1 (top left-hand side) are shown.
b) Potential energy surface of the water-assisted proton transfer. The distance s, between atom C (the water proton) and atom B (the GSH glutamyl a-
carboxylate oxygen atom) decreased at each scan point. The initial and final structures from the G-site model (top left-hand side) are shown.


Figure 4. Water-assisted proton-transfer free energies of the three station-
ary points, the reagent (R), transition state (TS), and product (P). The
distance s, between the water proton and the glutamyl a-carboxylate
oxygen atom, is also indicated.
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based on a final PMF structure and performed a QM/MM
ONIOM scan of the direct proton transfer between the thiol
and the glutamyl a-carboxylate groups. With the exclusion
of the water molecule, the G-site model used was similar to
the one shown in Figure 2. The energy barrier associated
with this scan only was 19.44 kcal mol�1. Therefore,
15.88 kcal mol�1 were needed for the GSH conformational
rearrangement plus 19.44 kcal mol�1 for the actual proton
transfer. This means that the total energy required for
proton transfer without the assistance of a water molecule is
35.32 kcal mol�1. Therefore, the importance of water for de-
creasing the energy barrier of GSH activation seems to be
strongly indicated.


Conclusion


The water-assisted proton-transfer mechanism proposed
here is in agreement with the known experimental data and
seems to adequately explain the GSH activation. The initial


GSH conformational rearrangement, which allows a water
molecule to interact directly with the thiol and the glutamyl
a-carboxylate groups, has a DG value of �1.62 kcal mol�1.
The energy barrier of the actual proton transfer (13.39 kcal
mol�1) is in conformity with the experimental value ob-
tained for the GST-catalyzed conjugation of GSH with 1-
chloro-2,4-dinitrobenzene (CNDB), a common electrophi-
lic substrate (rate of catalysis (kcat = (88	3) s�1, DG�


=15.06 kcal mol�1[11]).
We have also demonstrated the fundamental role of water


in effectively diminishing the GSH-activation energy barrier.
The barrier to direct proton transfer between the glutamyl
a-carboxylate and thiol groups, 35.32 kcal mol�1, is too high
for a catalyzed reaction.


The crystallographic structure we used shows a molecule
of water hydrogen bonded to the GSH glutamyl a-carboxyl-
ate group but not bridging the two GSH active groups.
Without the bridging water molecule, the open conforma-
tion of GSH is more stable. It is possible that a small barrier
might exist to move the water molecule to the bridging posi-


Figure 5. G-site model for highlighted amino acid side chains that directly interact with GSH. Characterization of the three stationary points of the
water-assisted proton transfer, the reagent (R), transition state (TS, in stereoview), and product (P). Relevant distances [nm], together with the distance
s, are shown.
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tion, which results in the rearrangement of GSH from the
open to the closed conformation (DG=�1.62 kcal mol�1).
The potential energy surface for these rearrangements is
usually very flat, with multiple minima, and is surely not
rate limiting. On the other hand, the different GSH hydra-
tion pattern observed in the crystallographic structure could
result from a reduced water content in the crystals. Given
the energetic proximity between the two conformations, any
small difference between the simulated and experimental
systems may lead to a shifting towards one or the other side
of the equilibrium.


Acknowledgements


We thank the FundaÅ¼o para a CiÞncia e Tecnologia for financial support
linked to project no. POCI/QUI/61563/2004, as well as for a PhD grant
(grant no. SFRH/BD/32127/2006) for D.F.A.R.D. and B.M. is supported
by the Swedish Research Council.


[1] R. N. Armstrong, Chem. Res. Toxicol. 1991, 4, 131 –140.
[2] P. D. Josephy, B. Mannervik, Molecular Toxicology, Oxford Universi-


ty Press, New York, 2006.
[3] P. J. Jakobsson, R. Morgenstern, J. Mancini, A. Ford-Hutchinson, B.


Persson, Protein Sci. 1999, 8, 689 – 692.
[4] I. Sinning, G. J. Kleywegt, S. W. Cowan, P. Reinemer, H. W. Dirr, R.


Huber, G. L. Gilliland, R. N. Armstrong, X. Ji, P. G. Board, J. Mol.
Biol. 1993, 232, 192 – 212.


[5] B. Mannervik, H. Jensson, J. Biol. Chem. 1982, 257, 9909 – 9912.
[6] H. Dirr, P. Reinemer, R. Huber, Eur. J. Biochem. 1994, 220, 645 –


661.
[7] E. V. Koonin, A. R. Mushegian, R. L. Tatusov, S. F. Altschul, S. H.


Bryant, P. Bork, A. Valencia, Protein Sci. 1994, 3, 2045 –2054.
[8] A. Gustafsson, M. Etahadieh, P. Jemth, B. Mannervik, Biochemistry
1999, 38, 16268 –16275.


[9] H. W. Dirr, L. A. Wallace, Biochemistry 1999, 38, 15631 –15640.
[10] C. S. Allardyce, P. D. McDonagh, L. Y. Lian, C. R. Wolf, G. C. Rob-


erts, Biochem. J. 1999, 343 (Part 3), 525 –531.
[11] M. Widersten, R. Bjornestedt, B. Mannervik, Biochemistry 1996, 35,


7731 – 7742.
[12] B. S. Nieslanik, M. J. Dabrowski, R. P. Lyon, W. M. Atkins, Biochem-


istry 1999, 38, 6971 – 6980.
[13] L. Y. Lian, Cell Mol. Life Sci. 1998, 54, 359 –362.
[14] G. Ricci, A. M. Caccuri, M. Lo Bello, M. W. Parker, M. Nuccetelli,


P. Turella, L. Stella, E. E. Di Iorio, G. Federici, Biochem. J. 2003,
376, 71 –76.


[15] A. M. Caccuri, G. Antonini, P. G. Board, M. W. Parker, M. Nicotra,
M. Lo Bello, G. Federici, G. Ricci, Biochem. J. 1999, 344 (Part 2),
419 – 425.


[16] A. J. Oakley, M. Lo Bello, A. Battistoni, G. Ricci, J. Rossjohn, H. O.
Villar, M. W. Parker, J. Mol. Biol. 1997, 274, 84–100.


[17] A. D. Cameron, I. Sinning, G. LSHermite, B. Olin, P. G. Board, B.
Mannervik, T. A. Jones, Structure 1995, 3, 717 –727.


[18] S. Raghunathan, R. J. Chandross, R. H. Kretsinger, T. J. Allison,
C. J. Penington, G. S. Rule, J. Mol. Biol. 1994, 238, 815 –832.


[19] S. Liu, P. Zhang, X. Ji, W. W. Johnson, G. L. Gilliland, R. N. Arm-
strong, J. Biol. Chem. 1992, 267, 4296 – 4299.


[20] R. H. Kolm, G. E. Sroga, B. Mannervik, Biochem. J. 1992, 285
(Part 2), 537 – 540.


[21] G. Stenberg, P. G. Board, B. Mannervik, FEBS Lett. 1991, 293, 153 –
155.


[22] A. Karshikoff, P. Reinemer, R. Huber, R. Ladenstein, Eur. J. Bio-
chem. 1993, 215, 663 –670.


[23] R. Bjçrnestedt, G. Stenberg, M. Widersten, P. G. Board, I. Sinning,
T. A. Jones, B. Mannervik, J. Mol. Biol. 1995, 247, 765 –773.


[24] A. E. Adang, J. Brussee, A. van der Gen, G. J. Mulder, Biochem. J.
1990, 269, 47–54.


[25] A. Gustafsson, P. L. Pettersson, L. Grehn, P. Jemth, B. Mannervik,
Biochemistry 2001, 40, 15835 –15845.


[26] E. Grahn, M. Novotny, E. Jakobsson, A. Gustafsson, L. Grehn, B.
Olin, D. Madsen, M. Wahlberg, B. Mannervik, G. J. Kleywegt, Crys-
tallogr. D Biol. Crystallogr. 2006, 62, 197 –207.


[27] A. M. Caccuri, M. Lo Bello, M. Nuccetelli, M. Nicotra, P. Rossi, G.
Antonini, G. Federici, G. Ricci, Biochemistry 1998, 37, 3028 –3034.


[28] A. Parraga, I. Garcia-Saez, S. B. Walsh, T. J. Mantle, M. Coll, Bio-
chem. J. 1998, 333 (Part 3), 811 –816.


[29] I. Hubatsch, M. Ridderstrom, B. Mannervik, Biochem. J. 1998, 330
(Part 1), 175 – 179.


[30] C. M. Paumi, P. K. Smitherman, A. J. Townsend, C. S. Morrow, Bio-
chemistry 2004, 43, 2345 –2352.


[31] V. Adler, Z. Yin, S. Y. Fuchs, M. Benezra, L. Rosario, K. D. Tew,
M. R. Pincus, M. Sardana, C. J. Henderson, C. R. Wolf, R. J. Davis,
Z. Ronai, Embo J. 1999, 18, 1321 – 1334.


[32] A. S. Johansson, B. Mannervik, J. Biol. Chem. 2001, 276, 33061 –
33065.


[33] Y. Sugioka, Y. Fujii-Kuriyama, T. Kitagawa, M. Muramatsu, Cancer
Res. 1985, 45, 365 – 378.


[34] K. Satoh, A. Kitahara, Y. Soma, Y. Inaba, I. Hatayama, K. Sato,
Proc. Natl. Acad. Sci. USA 1985, 82, 3964 –3968.


[35] H. Ikeda, S. Nishi, M. Sakai, Biochem. J. 2004, 380, 515 – 521.
[36] A. Okuda, M. Imagawa, M. Sakai, M. Muramatsu, Embo J. 1990, 9,


1131 – 1135.
[37] J. A. Green, D. T. Vistica, R. C. Young, T. C. Hamilton, A. M.


Rogan, R. F. Ozols, Cancer Res. 1984, 44, 5427 –5431.
[38] V. Gupta, J. P. Jani, S. Jacobs, M. Levitt, L. Fields, S. Awasthi, B. H.


Xu, M. Sreevardhan, Y. C. Awasthi, S. V. Singh, Cancer Chemother.
Pharmacol. 1995, 36, 13–19.


[39] T. C. Hamilton, M. A. Winker, K. G. Louie, G. Batist, B. C. Behrens,
T. Tsuruo, K. R. Grotzinger, W. M. McKoy, R. C. Young, R. F.
Ozols, Biochem. Pharmacol. 1985, 34, 2583 – 2586.


[40] A. Hall, C. N. Robson, I. D. Hickson, A. L. Harris, S. J. Proctor,
A. R. Cattan, Cancer Res. 1989, 49, 6265 –6268.


[41] S. Tsuchida, K. Sato, Crit. Rev. Biochem. Mol. Biol. 1992, 27, 337 –
384.


[42] K. D. Tew, A. Monks, L. Barone, D. Rosser, G. Akerman, J. A. Mon-
tali, J. B. Wheatley, D. E. Schmidt, Jr., Mol. Pharmacol. 1996, 50,
149 – 159.


[43] D. J. Waxman, Cancer Res. 1990, 50, 6449 –6454.
[44] Y. Niitsu, Y. Takahashi, N. Ban, T. Takayama, T. Saito, T. Katahira,


Y. Umetsu, T. Nakajima, M. Ohi, T. Kuga, S. Sakamaki, T. Matsuna-
ga, Y. Hirayama, H. Kuroda, H. Homma, J. Kato, K. Kogawa,
Chem.-Biol. Interact. 1998, 111–112, 325 – 332.


[45] A. D. Lewis, J. D. Hayes, C. R. Wolf, Carcinogenesis 1988, 9, 1283 –
1287.


[46] S. Kuzmich, L. A. Vanderveer, E. S. Walsh, F. P. LaCreta, K. D. Tew,
Biochem. J. 1992, 281 (Part 1), 219 – 224.


[47] B. Mannervik, Y. C. Awasthi, P. G. Board, J. D. Hayes, C. Di Ilio, B.
Ketterer, I. Listowsky, R. Morgenstern, M. Muramatsu, W. R. Pear-
son, Biochem. J. 1992, 282 (Part 1), 305 – 306.


[48] S. Ouwerkerk-Mahadevan, G. J. Mulder, Chem.-Biol. Interact. 1998,
111–112, 163 – 176.


[49] I. Cacciatore, A. M. Caccuri, A. Di Stefano, G. Luisi, M. Nalli, F.
Pinnen, G. Ricci, P. Sozio, Farmaco 2003, 58, 787 –793.


[50] D. Burg, D. V. Filippov, R. Hermanns, G. A. van der Marel, J. H. van
Boom, G. J. Mulder, Bioorg. Med. Chem. 2002, 10, 195 –205.


[51] A. M. Caccuri, G. Antonini, M. Nicotra, A. Battistoni, M. Lo Bello,
P. G. Board, M. W. Parker, G. Ricci, J. Biol. Chem. 1997, 272,
29681 – 29686.


[52] A. E. Adang, J. Brussee, D. J. Meyer, B. Coles, B. Ketterer, A. van
der Gen, G. J. Mulder, Biochem. J. 1988, 255, 721 –724.


[53] A. E. Adang, D. J. Meyer, J. Brussee, A. van der Gen, B. Ketterer,
G. J. Mulder, Biochem. J. 1989, 264, 759 –764.


[54] B. Mannervik, P. G. Board, J. D. Hayes, I. Listowsky, W. R. Pearson,
Methods Enzymol. 2005, 401, 1–8.


Chem. Eur. J. 2008, 14, 9591 – 9598 F 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 9597


FULL PAPERMechanism of Glutathione Activation



http://dx.doi.org/10.1021/tx00020a001

http://dx.doi.org/10.1021/tx00020a001

http://dx.doi.org/10.1021/tx00020a001

http://dx.doi.org/10.1006/jmbi.1993.1376

http://dx.doi.org/10.1006/jmbi.1993.1376

http://dx.doi.org/10.1006/jmbi.1993.1376

http://dx.doi.org/10.1006/jmbi.1993.1376

http://dx.doi.org/10.1111/j.1432-1033.1994.tb18666.x

http://dx.doi.org/10.1111/j.1432-1033.1994.tb18666.x

http://dx.doi.org/10.1111/j.1432-1033.1994.tb18666.x

http://dx.doi.org/10.1021/bi991482y

http://dx.doi.org/10.1021/bi991482y

http://dx.doi.org/10.1021/bi991482y

http://dx.doi.org/10.1021/bi991482y

http://dx.doi.org/10.1021/bi991179x

http://dx.doi.org/10.1021/bi991179x

http://dx.doi.org/10.1021/bi991179x

http://dx.doi.org/10.1021/bi9601619

http://dx.doi.org/10.1021/bi9601619

http://dx.doi.org/10.1021/bi9601619

http://dx.doi.org/10.1021/bi9601619

http://dx.doi.org/10.1021/bi9829130

http://dx.doi.org/10.1021/bi9829130

http://dx.doi.org/10.1021/bi9829130

http://dx.doi.org/10.1021/bi9829130

http://dx.doi.org/10.1042/BJ20030860

http://dx.doi.org/10.1042/BJ20030860

http://dx.doi.org/10.1042/BJ20030860

http://dx.doi.org/10.1042/BJ20030860

http://dx.doi.org/10.1006/jmbi.1997.1364

http://dx.doi.org/10.1006/jmbi.1997.1364

http://dx.doi.org/10.1006/jmbi.1997.1364

http://dx.doi.org/10.1016/S0969-2126(01)00206-4

http://dx.doi.org/10.1016/S0969-2126(01)00206-4

http://dx.doi.org/10.1016/S0969-2126(01)00206-4

http://dx.doi.org/10.1006/jmbi.1994.1336

http://dx.doi.org/10.1006/jmbi.1994.1336

http://dx.doi.org/10.1006/jmbi.1994.1336

http://dx.doi.org/10.1016/0014-5793(91)81174-7

http://dx.doi.org/10.1016/0014-5793(91)81174-7

http://dx.doi.org/10.1016/0014-5793(91)81174-7

http://dx.doi.org/10.1111/j.1432-1033.1993.tb18077.x

http://dx.doi.org/10.1111/j.1432-1033.1993.tb18077.x

http://dx.doi.org/10.1111/j.1432-1033.1993.tb18077.x

http://dx.doi.org/10.1111/j.1432-1033.1993.tb18077.x

http://dx.doi.org/10.1021/bi010429i

http://dx.doi.org/10.1021/bi010429i

http://dx.doi.org/10.1021/bi010429i

http://dx.doi.org/10.1107/S0907444905039296

http://dx.doi.org/10.1107/S0907444905039296

http://dx.doi.org/10.1107/S0907444905039296

http://dx.doi.org/10.1107/S0907444905039296

http://dx.doi.org/10.1021/bi971903g

http://dx.doi.org/10.1021/bi971903g

http://dx.doi.org/10.1021/bi971903g

http://dx.doi.org/10.1021/bi035936+

http://dx.doi.org/10.1021/bi035936+

http://dx.doi.org/10.1021/bi035936+

http://dx.doi.org/10.1021/bi035936+

http://dx.doi.org/10.1093/emboj/18.5.1321

http://dx.doi.org/10.1093/emboj/18.5.1321

http://dx.doi.org/10.1093/emboj/18.5.1321

http://dx.doi.org/10.1074/jbc.M104539200

http://dx.doi.org/10.1074/jbc.M104539200

http://dx.doi.org/10.1074/jbc.M104539200

http://dx.doi.org/10.1073/pnas.82.12.3964

http://dx.doi.org/10.1073/pnas.82.12.3964

http://dx.doi.org/10.1073/pnas.82.12.3964

http://dx.doi.org/10.1042/BJ20031948

http://dx.doi.org/10.1042/BJ20031948

http://dx.doi.org/10.1042/BJ20031948

http://dx.doi.org/10.1007/BF00685726

http://dx.doi.org/10.1007/BF00685726

http://dx.doi.org/10.1007/BF00685726

http://dx.doi.org/10.1007/BF00685726

http://dx.doi.org/10.1016/0006-2952(85)90551-9

http://dx.doi.org/10.1016/0006-2952(85)90551-9

http://dx.doi.org/10.1016/0006-2952(85)90551-9

http://dx.doi.org/10.3109/10409239209082566

http://dx.doi.org/10.3109/10409239209082566

http://dx.doi.org/10.3109/10409239209082566

http://dx.doi.org/10.1016/S0009-2797(97)00169-5

http://dx.doi.org/10.1016/S0009-2797(97)00169-5

http://dx.doi.org/10.1016/S0009-2797(97)00169-5

http://dx.doi.org/10.1093/carcin/9.7.1283

http://dx.doi.org/10.1093/carcin/9.7.1283

http://dx.doi.org/10.1093/carcin/9.7.1283

http://dx.doi.org/10.1016/S0009-2797(97)00159-2

http://dx.doi.org/10.1016/S0009-2797(97)00159-2

http://dx.doi.org/10.1016/S0009-2797(97)00159-2

http://dx.doi.org/10.1016/S0009-2797(97)00159-2

http://dx.doi.org/10.1016/S0014-827X(03)00135-6

http://dx.doi.org/10.1016/S0014-827X(03)00135-6

http://dx.doi.org/10.1016/S0014-827X(03)00135-6

http://dx.doi.org/10.1016/S0968-0896(01)00269-3

http://dx.doi.org/10.1016/S0968-0896(01)00269-3

http://dx.doi.org/10.1016/S0968-0896(01)00269-3

http://dx.doi.org/10.1074/jbc.272.47.29681

http://dx.doi.org/10.1074/jbc.272.47.29681

http://dx.doi.org/10.1074/jbc.272.47.29681

http://dx.doi.org/10.1074/jbc.272.47.29681

www.chemeurj.org





[55] H. M. Berman, T. Battistuz, T. N. Bhat, W. F. Bluhm, P. E. Bourne,
K. Burkhardt, Z. Feng, G. L. Gilliland, L. Iype, S. Jain, P. Fagan, J.
Marvin, D. Padilla, V. Ravichandran, B. Schneider, N. Thanki, H.
Weissig, J. D. Westbrook, C. Zardecki, Crystallogr. D Biol. Crystal-
logr. 2002, 58, 899 –907.


[56] W. D. Cornell, P. Cieplak, C. I. Bayly, I. R. Gould, K. M. Merz, Jr.,
D. M. Ferguson, D. C. Spellmeyer, T. Fox, J. W. Caldwell, P. A. Koll-
man, J. Am. Chem. Soc. 1995, 117, 5179 – 5197.


[57] J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman, D. A. Case, J.
Comput. Chem. 2004, 25, 1157 –1174.


[58] B. H. E. Lindahl, D. van der Spoel, J. Mol. Model. 2001, 7, 306 –317.
[59] E. J. Sorin, V. S. Pande, Biophys. J. 2005, 88, 2472 –2493.
[60] H. Berendsen, J. P. M. Postma, W. F. van Gunsteren, Intermolecular


Forces, D. Reidel Publishing, Dordrecht, 1981, pp. 331 – 342.
[61] H. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola,


J. R. Haak, J. Chem. Phys. 1984, 81, 3584 –3590.
[62] U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, L. G.


Pedersen, J. Chem. Phys. 1995, 103, 8577 –8593.
[63] G. M. Torrie, J. P. Valleau, J. Comput. Phys. 1977, 23, 187 –199.
[64] S. Kumar, D. Bouzida, R. H. Swendsen, P. A. Kollman, J. M. Rosen-


berg, J. Comput. Chem. 1992, 13, 1011 – 1021.
[65] D. Bakowies, W. Thiel, J. Phys. Chem. 1996, 100, 10580 – 10594.
[66] S. Dapprich, I. Komaromi, K. S. Byun, K. Morokuma, M. J. Frisch, J.


Mol. Struct. THEOCHEM 1999, 461, 1 –21.
[67] P. C. Cosman, J. K. Rogers, P. G. Sherwood, K. Zeger, IEEE Trans.


Image Process 2000, 9, 982 – 993.
[68] S. F. Sousa, P. A. Fernandes, M. J. Ramos, Proteins Struct. Funct.


Bioinf. 2007, 66, 205 – 218.
[69] S. F. Sousa, P. A. Fernandes, M. J. Ramos, J. Comput. Chem. 2007,


28, 1160 –1168.
[70] N. M. F. S. A. Cerqueira, P. A. Fernandes, L. A. Eriksson, M. J.


Ramos, Biophys. J. 2006, 90, 2109 –2119.
[71] N. M. F. S. A. Cerqueira, P. A. Fernandes, L. A. Eriksson, M. J.


Ramos, J. Comput. Chem. 2004, 25, 2031 –2037.


[72] A. T. Carvalho, P. A. Fernandes, M. J. Ramos, J. Phys. Chem. B
2006, 110, 5758 –5761.


[73] A. T. Carvalho, P. A. Fernandes, M. J. Ramos, J. Comput. Chem.
2006, 27, 966 –975.


[74] C. T. Lee, W. T. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785 – 789.
[75] A. D. Becke, J. Chem. Phys. 1993, 98, 5648 –5652.
[76] Gaussian 03 (Revision C.02), M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuceria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, 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, C.
Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 2003.


[77] J. J. P. Stewart, J. Comput. Chem. 1989, 10, 209 –220.
[78] J. J. P. Stewart, J. Comput. Chem. 1989, 10, 221 –264.
[79] P. E. M. Siegbahn, Abstr. Pap. Am. Chem. Soc. 1998, 216, U101 –


U101.
[80] P. E. M. Siegbahn, J. Am. Chem. Soc. 1998, 120, 8417 –8429.
[81] M. R. A. Blomberg, P. E. M. Siegbahn, G. T. Babcock, J. Am. Chem.


Soc. 1998, 120, 8812 –8824.
[82] V. Barone, M. Cossi, J. Phys. Chem. A 1998, 102, 1995 –2001.
[83] M. Cossi, N. Rega, G. Scalmani, V. Barone, J. Comput. Chem. 2003,


24, 669 –681.
Received: May 18, 2008


Published online: September 12, 2008


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9591 – 95989598


M. J. Ramos et al.



http://dx.doi.org/10.1107/S0907444902003451

http://dx.doi.org/10.1107/S0907444902003451

http://dx.doi.org/10.1107/S0907444902003451

http://dx.doi.org/10.1107/S0907444902003451

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1002/jcc.20035

http://dx.doi.org/10.1002/jcc.20035

http://dx.doi.org/10.1002/jcc.20035

http://dx.doi.org/10.1002/jcc.20035

http://dx.doi.org/10.1529/biophysj.104.051938

http://dx.doi.org/10.1529/biophysj.104.051938

http://dx.doi.org/10.1529/biophysj.104.051938

http://dx.doi.org/10.1063/1.470117

http://dx.doi.org/10.1063/1.470117

http://dx.doi.org/10.1063/1.470117

http://dx.doi.org/10.1016/0021-9991(77)90121-8

http://dx.doi.org/10.1016/0021-9991(77)90121-8

http://dx.doi.org/10.1016/0021-9991(77)90121-8

http://dx.doi.org/10.1002/jcc.540130812

http://dx.doi.org/10.1002/jcc.540130812

http://dx.doi.org/10.1002/jcc.540130812

http://dx.doi.org/10.1021/jp9536514

http://dx.doi.org/10.1021/jp9536514

http://dx.doi.org/10.1021/jp9536514

http://dx.doi.org/10.1016/S0166-1280(98)00475-8

http://dx.doi.org/10.1016/S0166-1280(98)00475-8

http://dx.doi.org/10.1016/S0166-1280(98)00475-8

http://dx.doi.org/10.1016/S0166-1280(98)00475-8

http://dx.doi.org/10.1109/83.846241

http://dx.doi.org/10.1109/83.846241

http://dx.doi.org/10.1109/83.846241

http://dx.doi.org/10.1109/83.846241

http://dx.doi.org/10.1002/prot.21219

http://dx.doi.org/10.1002/prot.21219

http://dx.doi.org/10.1002/prot.21219

http://dx.doi.org/10.1002/prot.21219

http://dx.doi.org/10.1002/jcc.20577

http://dx.doi.org/10.1002/jcc.20577

http://dx.doi.org/10.1002/jcc.20577

http://dx.doi.org/10.1002/jcc.20577

http://dx.doi.org/10.1002/jcc.20127

http://dx.doi.org/10.1002/jcc.20127

http://dx.doi.org/10.1002/jcc.20127

http://dx.doi.org/10.1021/jp053275f

http://dx.doi.org/10.1021/jp053275f

http://dx.doi.org/10.1021/jp053275f

http://dx.doi.org/10.1021/jp053275f

http://dx.doi.org/10.1002/jcc.20404

http://dx.doi.org/10.1002/jcc.20404

http://dx.doi.org/10.1002/jcc.20404

http://dx.doi.org/10.1002/jcc.20404

http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1063/1.464913

http://dx.doi.org/10.1002/jcc.540100208

http://dx.doi.org/10.1002/jcc.540100208

http://dx.doi.org/10.1002/jcc.540100208

http://dx.doi.org/10.1002/jcc.540100209

http://dx.doi.org/10.1002/jcc.540100209

http://dx.doi.org/10.1002/jcc.540100209

http://dx.doi.org/10.1021/ja9736065

http://dx.doi.org/10.1021/ja9736065

http://dx.doi.org/10.1021/ja9736065

http://dx.doi.org/10.1021/ja9805268

http://dx.doi.org/10.1021/ja9805268

http://dx.doi.org/10.1021/ja9805268

http://dx.doi.org/10.1021/ja9805268

http://dx.doi.org/10.1021/jp9716997

http://dx.doi.org/10.1021/jp9716997

http://dx.doi.org/10.1021/jp9716997

http://dx.doi.org/10.1002/jcc.10189

http://dx.doi.org/10.1002/jcc.10189

http://dx.doi.org/10.1002/jcc.10189

http://dx.doi.org/10.1002/jcc.10189

www.chemeurj.org






DOI: 10.1002/chem.200801163


Structure–Activity Relationships in Cholapod Anion Carriers: Enhanced
Transmembrane Chloride Transport through Substituent Tuning


Beth A. McNally,[b] Atanas V. Koulov,[b] Timothy N. Lambert,[b] Bradley D. Smith,*[b]


Jean-Baptiste Joos,[a] Adam L. Sisson,[a] John P. Clare,[a] Valentina Sgarlata,[a]


Luke W. Judd,[a] Germinal Magro,[a] and Anthony P. Davis*[a]


Introduction


The selective transport of ions through bilayer membranes
is a key process in biology.[1] Nature uses a combination of
gated channels and ATP-driven transporters to establish and
manage ion concentrations in cellular compartments. Dis-
ruption of this system can have major effects. For example,
the malfunction of ion channels leads to a range of medical
problems (channelopathies),[2] while the blocking or promo-


tion of ion transport underlies the biological activity of
many natural products.


One such family of natural products are the ionophore an-
tibiotics (valinomycin, monensin, gramicidin A etc.).[3] These
compounds provide passages for ions across cell membranes,
either by self-assembling to form channels or by binding and
carrying the ions. Although both cation and anion transport
are important to biology, the naturally-derived ionophores
are strongly biased towards cations. The above-mentioned
are all cationophores, as are nearly all other ion-transporting
secondary metabolites. There are very few anion-transport-
ing natural products,[4] and none which mirror the action
and availability of the major cationophores.[5] Anionophores
would be useful tools for biological research and could have
therapeutic applications. For example a number of channe-
lopathies, including the well-known genetic disorder, cystic
fibrosis, result from defective anion channels.[2,6] It is realis-
tic to hope that anionophores could compensate for the
missing activity, in “channel replacement therapies”.[7]


These possibilities have stimulated recent interest in the
design and study of synthetic anion transporters.[8] The work
has encompassed self-assembling channels,[9] monomeric
channels[10] and receptors acting as mobile carriers.[11]


Among the latter, we have described the “cholapods” 1 and


Abstract: Chloride transport by a
series of steroid-based “cholapod” re-
ceptors/carriers was studied in vesicles.
The principal method involved prein-
corporation of the cholapods in the
vesicle membranes, and the use of luci-
genin fluorescence quenching to detect
inward-transported Cl�. The results
showed a partial correlation between
anion affinity and transport activity, in
that changes at the steroidal 7 and 12
positions affected both properties in
concert. However, changes at the ster-


oidal 3-position yielded irregular ef-
fects. Among the new steroids investi-
gated the bis-p-nitrophenylthiourea 3
showed unprecedented activity, giving
measurable transport through mem-
branes with a transporter/lipid ratio of
1:250000 (an average of <2 transporter
molecules per vesicle). Increasing


transporter lipophilicity had no effect,
and positively charged steroids had low
activity. The p-nitrophenyl monourea
25 showed modest but significant activ-
ity. Measurements using a second
method, requiring the addition of
transporters to preformed vesicle sus-
pensions, implied that transporter de-
livery was problematic in some cases.
A series of measurements employing
membranes of different thicknesses
provided further evidence that the
cholapods act as mobile anion carriers.
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2 (see below).[11a,b] These steroid-based compounds possess
preorganised anion-binding sites capable of very high affini-
ties, allied to lipophilic frameworks which promote solubility


in apolar media (such as membrane interiors).[12] They can
transport chloride and nitrate ions through vesicle mem-
branes at very low loadings (down to cholapod/lipid ratios
of 1:250000), and are also active in cultured epithelial cells.
The mobile carrier mechanism was supported by the de-
pendence of rates on transporter concentration and mem-
brane fluidity.[11a]


Practical applications of these transporters, especially in
medicine, will require high activities so that useful ion fluxes
can be obtained at low doses. Intuitively one might expect a
correlation between anion affinities and transport activities,
and early work suggested that this was the case. Affinities
for Et4N


+Cl� in chloroform (Ka, Cl�, CHCl3) rose from 3.4J
106


m
�1 for 1a, via 5.2J108


m
�1 for 1e, to 1011


m
�1 for 2, and


transport activities increased accordingly. Compound 2 is
among the strongest of the cholapod anion receptors,[13,14] so
one might conclude that further advances would be difficult.
However, transporters 1 and 2 represent a small fraction of
cholapod structural space, and we were interested to explore
a wider range of molecules. We now describe a study of 16
cholapods which gives a clearer picture of the relationships
between structure, anion affinity and chloride transport ac-
tivity. Our results show that the correlation between affinity
and activity is imperfect, and reveal a new champion among
cholapod anion transporters. We also provide further sup-
port for the mobile carrier mechanism, and show that even
simple ureas can be moderately effective as chloride anion
transporters.


Results and Discussion


Cholapod structure and synthesis : This study encompassed
the previously-reported transporters 1d, 1e, and 2 along
with the series of cholapods 3–15 shown in Figure 1. All pos-
sess the 7a,12a-bis ACHTUNGTRENNUNG(thio)ureidyl motif, which tends to afford
high anion affinities.[12, 14] The choice of 7a,12a-substituent
varied between phenylureidyl, p-nitrophenylureidyl and p-
nitrophenylthioureidyl (for numbering, see 1). The NH acid-
ities of these units increase in the order listed, with corre-
sponding enhancements of anion affinities. The 3a-substitu-


ents included OAc, which makes essentially no contribution
to binding,[15] and a number of H-bond donor units which
again promote binding according to their acidities. Addition-
ally, receptors 12 and 13 incorporated cationic NMe3


+


groups, to test the possibility of transport via electroneutral
complexes. Finally cholapods 14 and 15 were employed as
eicosyl ester analogues of 1e and 2 respectively, to explore
the effect of molecular size and lipophilicity.


The syntheses of 1d,e,[11a] 4,[14] 6,[16] 7,[16] 12,[17] 13[17] and
15[18] have been described previously. The remaining com-
pounds were prepared from intermediates 16,[19] 17a,[19] and
17b[20] through straightforward deprotections and derivatisa-
tions.[21]


Measurement of transport rates and binding constants—
methodology : Chloride transport by the cholapods was as-
sayed using large unilamellar vesicles (LUVs, 200 nm aver-
age diameter), with back-transport of nitrate to maintain
electroneutrality. The vesicles were prepared from a mixture
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and cholesterol (7:3), chosen to mimic the outer
leaflet of animal cell plasma
membranes. Two methods were
used to detect the passage of
chloride ions across the mem-
branes. The first involved the
use of lucigenin (18), a chlo-
ride-sensitive fluorescent dye,
to detect inward-flowing chlo-
ride ions.[11b] Briefly, the chola-
pod was mixed with lipid at the
appropriate molar ratio (1:250, 1:2500, 1:25000 or 1:250000).
The mixture was solvated with an aqueous solution of
NaNO3 (225 mm) containing lucigenin (1 mm) and the result-
ing suspension was used to prepare vesicles via freeze-thaw
cycles and extrusion. The vesicle suspension was separated
from external lucigenin by size exclusion chromatography,
diluted with aqueous NaNO3 (225 mm), and placed in the
cuvette of a fluorescence spectrometer. Aqueous NaCl was
added (25 mm final concentration), and chloride influx was
followed by the decrease in fluorescence intensity.


The second method employed a chloride-selective ion-ex-
change electrode (ISE) to detect chloride ions emerging
from the vesicles.[11a] In this case the vesicles were formed
from the POPC/cholesterol mixture without the addition of
transporter. The lipid mixture was solvated with aqueous
NaCl (500 mm), then external NaCl was replaced with
NaNO3 by dialysis. The ISE was placed in the suspension
and the transporter was added as a solution in a small
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amount of organic solvent. Chloride efflux was followed
through the increase in signal from the electrode.


The methods differ in two key respects. Firstly, the lucige-
nin-based assay allows preincorporation of the transporter
in the vesicle membranes, while the ISE method requires
that transporter be added from outside to start the experi-
ment. This results from the need to place the chloride inside
the vesicles in the latter case; clearly these vesicles cannot
be prepared from membranes containing transporters. The
ISE-based assay is therefore affected by two factors, i) in-
trinsic transport ability and ii) the ability of the transporter
to partition into the vesicles from an aqueous dispersion.
Secondly the ISE-based assay requires quite high concentra-
tions of chloride (�0.5m) in the vesicles to ensure an ade-
quate signal. In contrast, the lucigenin method works well
for the lower chloride concentrations typically found in bio-
logical systems.


Of the two methods, the lucigenin-based assay is thus sim-
pler to interpret (measuring only intrinsic transport ability)
and is also more relevant to biological conditions. It there-
fore served as the mainstay of the present study, while the
ISE method was used to provide supporting and comple-
mentary information.


In addition to transport rates, the study also required a
comparison of anion affinities. Binding constants are very
sensitive to medium, and the relevant medium in this case is
the apolar membrane interior. It was therefore appropriate
to use an apolar, water-immiscible solvent such as chloro-
form. Cholapod anion affinities in water-saturated chloro-
form were measured using our previously-reported extrac-
tion-based method, with Et4N


+ as counterion.[14] The tech-
nique involves the equilibration of cholapods dissolved in
chloroform with salts Et4N


+X� dissolved in water, followed
by 1H NMR analysis to determine the amount of extracted
salt. Binding constants Ka (X�, CHCl3) can be calculated
from the extraction constant Ke, and the distribution con-
stant Kd for the salt between chloroform and water in the
absence of receptor (Ka=Ke/Kd). Depending on the anion,
Kd may be determined by direct measurement, or by calibra-
tion using a receptor which can be studied by both extrac-
tion and NMR titration. The method is especially useful for
powerful receptors, such as the cholapods, because of its
high dynamic range; unlike most titration methods, it does
not suffer from an upper limit for measurable Ka values.


Figure 1. Cholapod anion receptors assayed for chloride transport activity in this work.
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Transport by cholapods pre-incorporated in vesicle mem-
branes (lucigenin method): The lucigenin-based assay was
applied to all the cholapods under study at a transporter/
lipid mole ratio of 1:250,[22] and also to the more effective
systems at lower loadings (transporter/lipid 1:2500, 1:25000
and 1:250000). Rates were quantified by fitting the fluores-
cence output to a first-order decay and thus determining an
observed first-order rate constant kobs (s�1). Representative
decay curves are shown in Figure 2. The rates were uncor-


rected for background influx of chloride, which according to
control experiments occurred at ca. 0.0007 s�1 (t1=2


=1430 s).
Of the 16 cholapods studied, 12 were electroneutral


methyl esters (1d, 1e, 2 and 3–11). The kobs values for these
compounds at transporter/lipid=1:250 are given in Table 1,
where they are related to the binding constants to Et4N


+Cl�


and Et4N
+NO3


� in chloroform. Transport rates for the lower
cholapod concentrations are listed in Table 2, and the full
set of kobs is summarised as a bar chart in Figure 3. Results
at the different loadings were mostly, though not fully, self-
consistent. The order of presentation in Table 1 and Table 2,
and Figure 3, represents a consensus activity scale, taking ac-
count of all transporter concentrations.


The first point to note is that activities rise to very high
levels. The most powerful transporter is the 3-acetoxy-7,12-
bis-p-nitrophenylthiourea 3. As shown in Figure 2b, this
compound promotes chloride equilibration in a few seconds,


even at 3/lipid 1:2500. At 3/lipid 1:25000, the half-life is 26
seconds, while at 1:250000 the effect is still measurable. In
this last case, the transporter is operating at the level of a
few molecules per vesicle. A rough calculation[21] suggests
that a 200 nm diameter vesicle should be composed of
�400000 lipid molecules, so that the average loading at
1:250000 is < 2 cholapods per vesicle.


Figure 2. Chloride transport into vesicles (POPC/cholesterol 7:3) induced
by preincoporated cholapods, as indicated by the decay in lucigenin fluo-
rescence. a) Cholapod 1e at transporter/lipid 1:250, 1:2500 and 1:25000.
b) Cholapod 3 at transporter/lipid 1:250, 1:2500, 1:25000 and 1:250000.


Table 1. Transport activities (lucigenin method) and anion affinities for
electroneutral methyl ester cholapods. Transport rates kobs are for chlo-
ride influx into vesicles with preincorporated cholapods at cholapod/lipid
1:250.[a]


Cholapod kobs (1:250) [s�1] Ka to Et4N
+X� in CHCl3 [m�1][b]


X=Cl X=NO3


3 0.82 2.0J109 2.5J108


4 0.43 1.2J1010 3.2J109


2 0.13 1.1J1011[c] 8.5J109


1e 0.19 5.2J108[d] 1.7J108[d]


5 0.083 1.5J109 6.6J108


6 0.040 2.8J108 1.1J108


1d 0.017 1.5J107[d] 1.0J107[d]


7 0.012 1.8J107 8.5J106


8 0.0087 1.0J109 3.0J108


9 0.0036 6.3J107 2.1J107


10 0.0012 1.5J108 6.1J107


11 0.0011 5.9J107 3.7J107


[a] Lipids were composed of POPC/cholesterol (7:3). Transport rates are
the average of three individual experiments with S.D. � 5.0%. [b] Mea-
sured by extraction (see text). Errors are estimated at � 15%, assuming
a 1:1 binding model. [c] Ref. [11b]. [d] Ref. [11a].


Table 2. Chloride transport rates induced by preincorporated cholapods
at lower cholapod/lipid mole ratios.[a]


Cholapod kobs [s�1] for cholapod/lipid 1:x
1:2500 1:25000 1:250000


3 0.34 0.039 0.0042
4 0.081 0.018 0.0018
2 0.074 0.012 0.0012
1e 0.022 0.0030
5 0.028 0.0014
6 0.014 0.0016


[a] Procedures and materials as for Table 1.


Figure 3. Transport rates kobs from Tables 1 and 2, shown on a logarithmic
scale and colour coded according to transporter/lipid ratio.
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Turning to the relationship between structures and activi-
ties, it seems that variation of the urea groups in positions 7
and 12 has predictable, concordant effects on both anion af-
finities and transport effectiveness. For the sequence
(1d ;1e ;3), mutation from phenylurea to p-nitrophenylurea
to p-nitrophenylthiourea yielded the expected increases in
binding constants and corresponding increases in transport
rates. The same correlation was observed for the pairings
(6 ;4), (8 ;2) and (9 ;5). In contrast, the effect of the substitu-
ent in position 3 is more difficult to understand. From the
series of bis-phenylureas 6, 1d, and 7–11, one concludes that
the 3-substituents promote transport in the order shown in
Figure 4 (top row). However, their effects on anion affinity
are quite different (Figure 4, bottom row). Thus 3a-acetoxy
(as present in 3) is a good substituent for transport but does
not promote binding, 3a-trifluoroacetamido is good for both
functions, and 3a-p-nitrophenylsulfonamido is the most ef-
fective for binding but only moderate for transport. The re-
sults from 7a,12a-bis-p-nitrophenylureas 4, 1e and 5, and
thioureas 3 and 2, are also consistent with Figure 4.


This irregular correlation between affinities and transport
rates cannot yet be fully explained. Two of the simpler hy-
potheses seem unlikely. Firstly, an increase in receptor
strength beyond a certain point can be counterproductive
for transport, because high affinities inhibit anion release.
However, in this case the transport rates should pass
through a maximum as affinities are raised, and no such re-
lationship is observed for the cholapods. Secondly, the re-
sults could be affected by differential partitioning of the
cholapods between membrane and aqueous phase. Howev-
er, experiments employing eicosyl esters 14 and 15 demon-
strated that increasing hydrophobicity made very little dif-
ference to transport activity. Results for 14 are shown in
Figure 5, superimposed upon the almost identical data ob-
tained for methyl ester analogue 1e. Such similarities are
only likely if both methyl and eicosyl esters are fully concen-
trated in the membrane. If this is true for both 14/1e and
15/2, it is probably also true for the remaining cholapods.


Other factors affecting transport activities could be; a)
variations in the kinetics of anion binding at the membrane/


aqueous interfaces; b) variations in cholapod–anion complex
mobility within the membrane; c) different levels and/or ef-
fects of cholapod aggregation within the membrane;[23] or
d) variations in binding selectivity for the anions involved in
the transport process (chloride and nitrate), and also for the
anionic centres in the membrane phospholipids.[24] Although
further work will be required to clarify the picture, the
trends in Figure 4 should serve as empirical rules for the
design of high performance cholapods.


Finally, the two cationic cholapods 12 and 13 were found
to have little or no transport activity. Again, this could be
due in principle to the cholapods partitioning into the aque-
ous phase. However, previous work has shown that 12 can
mediate the translocation of phosphatidylserine head groups
in vesicles, and that the corresponding eicosyl ester is equal-
ly active.[17] By the argument used previously, this strongly
suggests that 12 and (presumably) 13 locate within the mem-
brane. The most likely explanation for their low chloride
transport activity is the formation of extremely stable elec-
troneutral complexes[25] which only slowly release anions
into the aqueous phase.


Transport by externally added cholapods (ISE method): A
majority of the cholapods were also studied using the ISE-
based method, in which the transporter was added external-
ly to preformed vesicles. The results are gathered in Table 3.
In this case, initial rates were determined from the slope of
the ISE output, expressed as % of total signal variance per
second. The relative activities are significantly different
from those obtained by the lucigenin method. For example,
while 4 and 1e retain their positions near the top of the
table, 2 and 3 are among the least effective. The major
source of difference is presumed to be the mode of trans-
porter addition. While some cholapods disperse readily in
the aqueous medium and rapidly partition into the mem-
branes, others appear to form aggregates or precipitates
which are not available to the vesicles. Biological applica-
tions will require delivery to cell membranes, so the data
highlight an issue which should be addressed in future work.


Figure 4. Relative effects of cholapod 3a substituents on chloride trans-
port (top row) and anion binding in chloroform (bottom row).


Figure 5. Chloride transport into vesicles (POPC/cholesterol 7:3) by pre-
incorporated eicosyl ester cholapod 14 (c) compared to methyl ester
1e (a). The lucigenin method was used. Results are shown for trans-
porter/lipid=1:250, 1:2500 and 1:25000. Similar results were obtained in
a comparison between eicosyl ester 15 and methyl ester 2.
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In the mean time cholapods 1e, 6 and especially 4, provide
good levels of activity with both modes of addition.


Effect of bilayer thickness on transport rate—Further evi-
dence for the carrier mechanism : Mechanistic understanding
is critical for the optimisation of cholapod transport activi-
ties. A key question is that of mobile carrier vs. stationary
channel. Thus far, two lines of evidence have suggested that
the cholapods act as carriers.[11a] Firstly, concentration–activi-
ty studies have shown no sign of cooperative behaviour.
More than one cholapod would be required to form a sta-
tionary channel and, unless self-association is exceptionally
strong, this should lead to a second- or higher-order concen-
tration dependence. In fact, the concentration dependence
for 1d was found to be less than first-order.[11a] Secondly,
transport rates were sensitive to the fluidity of the mem-
brane. In dipalmitoylphosphatidylcholine (DPPC) vesicles,
which show a gel/liquid crystalline phase transition at 41 8C,
the cholapods were inactive in the less fluid gel phase. How-
ever they transported chloride effectively above the transi-
tion temperature, implying that mobility within the mem-
brane was required for activity.[11a]


Given the importance of this issue, we have sought further
confirmation that the carrier mechanism is indeed correct.
A useful probe is the dependence of transport rates on
membrane thickness. Research by LOuger and co-workers
on the cation carrier valinomycin showed a simple correla-
tion between transport rates and membrane hydrocarbon
chain lengths.[26] For a stationary channel, this type of rela-
tionship is not expected. Rates should be similar for a range
of membrane thicknesses, but should fall off dramatically
once the channel can no longer span the bilayer.[27] We
therefore tested cholapods for chloride transport in vesicles
formed from the six phosphatidylcholines (PCs) 19–24 (acyl
chain lengths C14–C24). Unsaturated lipids were employed to
maintain the fluid phase. One set of experiments employed
the ISE method with cholapod 6, and membranes formed
from pure PC and also from PC/cholesterol 7:3. A second
series employed the lucigenin method with cholapod 1e and
the PC/cholesterol vesicles.


Results from the lucigenin experiments are shown in
Figure 6. As expected for the carrier mechanism, the trans-
port rates decreased steadily as the lipid chain lengths in-


creased. The scale of the change was roughly similar to that
for valinomycin. Moving from PC 20 (C16 acyl) to PC 23
(C22 acyl), kobs decreased by a factor of 16, while the corre-
sponding figure for valinomycin was 10.[26,28] The results
from the ISE experiments were essentially similar to those
obtained by the lucigenin method. The presence of choles-
terol in the membranes slowed transport by a small amount
in most cases, but did not affect the general trend. These ex-
periments provide a third argument for favouring the carri-
er, as opposed to channel, mechanism for anion transport by
cholapods.


Chloride transport by a monourea—A remarkably simple
anionophore : All the cholapod transporters discussed in this
paper feature two axially directed urea groups, positioned


Table 3. Transport activities for externally added cholapods (ISE
method).[a]


Cholapod Initial transport
rate [% s�1]


Cholapod Initial transport
rate [% s�1]


4 0.61 10 0.033
6 0.54 11 0.026
1e 0.52 9 0.017
1d 0.085 13 0.010
8 0.084 2 0.010
5 0.059 3 0.008


[a] Cholapod/lipid mole ratio 1:250. Lipids were composed of POPC/cho-
lesterol 7:3. Rates are the average of three individual experiments with
S.D. � 5.0%.


Figure 6. Chloride transport by cholapod 1e into vesicles formed from
lipids 19–24, assayed by the lucigenin method. a) Fluorescence decay
curves. Traces are labelled according to the number of carbons in the
lipid acyl chains. b) Dependence of kobs (logarithmic scale) on lipid acyl
chain length.
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such that they can cooperate in anion binding. As a final
step in our structure–activity studies, we were interested to
determine how a single urea group might perform. p-Nitro-
phenylurea 25 was chosen as a lipophilic monourea with rel-
atively powerful H-bond donors. The extraction method was
used to determine an apparent Ka of �8000m


�1 for 25 +


Et4N
+Cl� in water-saturated chloroform.[29] At relatively


high concentrations, 25 was found to be a fairly effective
chloride transporter. At a trans-
porter/lipid ratio of 1:150, it
promoted chloride efflux from
vesicles with kobs =0.0056 s�1


(see Figure 7). Comparison with
Table 1, and considering the dif-
ference in loadings, suggests
that it is roughly equivalent to
cholapod 9 (which is a far


stronger receptor). Although it is interesting that such a
simple structure can show significant activity, the results
confirm the value of the cholapod design. The monourea 25
is about fifty times less efficient than cholapod 1e, in which
two p-nitrophenylurea units are preorganised on the steroi-
dal scaffold.


Conclusion


In previous work we have shown that cholapods can be ex-
tremely effective as chloride transporters. Herein we present
a study encompassing an extended and varied range of these
anionophores. Structure–activity relationships have been in-
vestigated using a method in which transporters are prein-
corporated in vesicle membranes. The results are puzzling in
some respects; some imply that binding strength and trans-
port rates are correlated, while others show that additional
factors are also significant (see Figure 4). However, impor-
tantly, we have found that very high transport activities can
be achieved. Our new champion, 3, achieves a transport half
life of 26 seconds at the very low transporter/lipid ratio of
1:25000. It is measurably effective even at transporter/lipid


1:250000 (less than two transporter molecules per vesicle).
We have also shown that increased lipophilicity confers no
advantage, and that a positive charge is strongly deleterious.
The comparison with simple monourea 25 confirms the ben-
efit of the preorganized cholapod architecture. Results with
a second measurement method, involving the addition of
cholapod to preformed vesicles, demonstrate that transport-
er delivery to the vesicle membranes occurs with varying ef-
fectiveness. Finally, experiments with membranes of differ-
ent thicknesses have provided further support for the
mobile carrier mechanism.


In future work, we will improve our understanding of
cholapod anion transport by applying further techniques, es-
pecially conductivity measurements in membrane patches.
This new knowledge will aid the optimisation of transport
properties. We will also seek to improve transporter delivery
to preformed synthetic and biological membranes. Opti-
mised cholapod anionophores should be valuable as tools
for membrane transport research, and may uncover new
modes of biological activity.


Experimental Section


General : Where not previously reported, cholapods were prepared and
characterised as described in the Supporting Information. Other materi-
als and equipment were sourced as follows: lipids, Avanti Polar Lipids,
Inc.; POPC, Genzyme; cholesterol, Sigma; lucigenin, Molecular Probes;
Lipofast hand held extruder, Avestin; polycarbonate membranes
(200 nm), Avestin; quartz cuvettes, Fischer-Scientific; chloride selective
electrode, Fisher-Scientific. Fluorescence spectra were obtained using a
Jobin-Yvon Fluoromax-3 fluorimeter with FT WinLab software and ex-
ternal water bath cooling unit.


Preparation of unilamellar vesicles : All lipids and cholesterol were
stored in a �20 8C freezer as solids or as chloroform solutions (10 or
20 mgmL�1). The chloroform solutions were combined with a solution of
cholapod as appropriate to give the desired lipid or lipid–cholapod mix-
ture in a ten mL round bottom flask. The chloroform was removed using
a rotary evaporator followed by evacuation on a high vacuum pump line
for 1–3 h. The aqueous solution to be placed inside the vesicles (1 mL)
was added and the lipid film was resolvated by vortexing in the presence
of a glass ring. The lipid solution subsequently underwent nine freeze-
thaw cycles and was extruded twenty-nine times through a 200 nm poly-
carbonate membrane to give the vesicle suspension.


Lucigenin assay (typical procedure): A suspension of unilamellar vesicles
(200 nm mean diameter, 20 mm lipid concentration) composed of POPC/
Cholesterol (7:3 molar ratio) and cholapod, and containing aqueous
NaNO3 (225 mm) and lucigenin (1 mm), was prepared. A portion of this
suspension (500 mL) was loaded onto a Sephadex G-50 column and
eluted with aqueous NaNO3 (225 mm) to remove the un-encapsulated lu-
cigenin. The elution process was monitored with a hand-held UV/Vis
lamp. The vesicles were then diluted with aqueous NaNO3 (225 mm) to a
final 25 mL total volume (0.4 mm lipid). An aliquot of this suspension
(3 mL) was placed in a cuvette, and aqueous NaCl (25 mm) was added.
The lucigenin fluorescence was monitored at 450/505 ex/em with a 3 nm
slit width, with the temperature maintained at 25 8C. The results shown in
the Figures are representative traces of three individual experiments. The
lucigenin fluorescence quenching curves were fitted by non-linear com-
puter methods to the first order decay equation (Io�It)/ ACHTUNGTRENNUNG(Io�If)=1�e�kobst


where Io is initial fluorescence intensity, It is intensity at time t, If is inten-
sity at time final. The results for kobs in Tables 1 and 2 are the average of
three individual experiments with S.D. � 5.0%.


Figure 7. Chloride transport into vesicles (POPC/cholesterol, 7:3) by p-
nitrophenylurea 25 at transporter/lipid 1:150, assayed by the lucigenin
method.
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Ion-selective electrode (ISE) assay (typical procedure): A suspension of
unilamellar vesicles (1 mL, 30 mm in lipid) composed of POPC/cholester-
ol (7:3 molar ratio) prepared using aqueous NaCl (500 mm) was dialysed
against aqueous NaNO3 (500 mm) using spectra/pore 12–14000 MWCO
dialysis tubing (Fisher Scientific) for ten to twelve hours. The resulting
suspension was diluted to 1 mm lipid concentration with aqueous NaNO3


(500 mm). A solution of the appropriate cholapod (5 mm) was prepared
in THF. Typically, 4 mL of this solution was added to 5 mL of the vesicle
suspension for a final transporter concentration of 4 mm. Chloride release
was monitored for six minutes using a chloride selective electrode with
the temperature maintained at 25 8C. At the end of the experiment the
vesicles were lysed with polyoxyethylene 8 lauryl ether detergent to
obtain 100 percent chloride release. The results in Table 3 are the average
of three individual experiments with S.D. �5.0%. Additional experimen-
tal details and typical transport data are described in ref. [11a].
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Origin of Diastereocontrol in the Oxy-Michael Reactions of d-Lactol Anions:
A Computational and Experimental Study
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Introduction


Despite being reported by Loydl[1] as early as 1878 in his
synthesis of malic acid, the full synthetic utility of the oxy-
Michael reaction was not realised until recent years.[2] These
developments have included many examples of stereoselec-
tive oxy-Michael additions that compliment the stereoselec-
tive aldol reactions in the synthesis of (protected) b-hydroxy
carbonyl (or carboxyl) compounds. It is worth mentioning
that many examples of oxy-Michael reactions require either
the reaction to be intramolecular or the use of oxygen nu-
cleophiles that are more complex than simple alcohols to
overcome the thermodynamic preference of the retro-Mi-
chael reaction.[2] A highly diastereoselective, intramolecular
oxy-Michael reaction under substrate-control has been re-


ported by Evans,[3] whereas Enders reported a range of
highly diastereoselective reagent-controlled oxy-Michael ad-
ditions of N-formylnorephedrine to 2-alkyl-1-nitroethenes
(however, the stereoselectivity is much reduced when 2-aryl-
1-nitroethenes are employed).[4] An alternative diastereose-
lective approach employing intramolecular delivery of a
hemiacetal nucleophile by using a glucose-derived chiral
auxillary was reported by Watanabe to give high yields and
diastereoselectivities.[5]


More recently, enantioselective catalytic oxy-Michael re-
actions have been reported that use several modes of cataly-
sis. Jacobsen demonstrated that the addition of aldoximes to
a,b-unsaturated imides proceeds with excellent enantiocon-
trol when catalysed by (salen)aluminium complex Lewis
acid catalysts,[6] whereas Maruoka reported a Brønsted acid-
catalysed addition of simple alcohols that proceeded with
low to moderate stereoselectivity.[7] Other organocatalytic
approaches have also been successful, including the secon-
dary amine-catalysed addition of benzaldoxime to a,b-unsa-
turated aldehydes developed by Jørgensen;[8] and the bifunc-
tional Brønsted acid-base catalytic intramolecular oxy-Mi-
chael reactions for boronic hemiesters developed by Falck.[9]


Organocatalysed intramolecular oxy-Michael reactions have
also been reported by Scheidt[10] and separately by Hinter-
mann[11] in the enantioselective syntheses of flavanones.
Many of these reactions have been found to be of use in the
synthesis of natural products.[2]


Recently, our group reported that the oxy-Michael addi-
tion of the “naked” anion of enantiopure d-lactol 1 to nitro-
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olefins proceeds with excellent diastereoselectivity both
across the tetrahydropyranyl (THP) ring and at the newly
formed stereocentre b to the nitro group in adduct 2
(Scheme 1).[12] This reaction has been extended to a range of
Michael acceptors[13] and has found use in the syntheses of
biologically active b-amino alcohols.[14]


The high C6–C2 stereocontrol has also been observed in
the reactions of the corresponding potassium salts with alkyl
and acyl halides and with acetic anhydride.[15] The reaction
of the anomeric hydroxyl of protected glucosides with alkyl
halides[16] or trichloroacetonitrile[17] in the presence of
sodium hydride in polar, aprotic solvents also occurs with
high kinetic preference for the formation of the b-anomer.
It is reasonable to suggest that the origin of the cis-selectivi-
ty in all these lactolate reactions is similar but, to date, no
computational study of these systems in solution has been
reported. Herein, we report our work leading to a model to
explain the stereochemical outcome of these reactions.


Computational Methods


All calculations were performed by using Jaguar.[18] Energy
minimizations and transition-state searches were performed
by using a continuum solvent model for THF at the B3LYP/
6-31+ G(d) level[19] previously used by Salpin to study the
gas phase acidity of d-glucose.[20] Energies were refined at
the MP2/6-31++G ACHTUNGTRENNUNG(d,p) level. Transition states were found
to have exactly one imaginary frequency that was followed
by GoodmanKs Quick Reaction Coordinate.[21] Frequencies
were determined at the B3LYP/6-31 +G(d) level and scaled
by 0.98.[22] Energies are quoted as free energies at 195 K
(�78 8C) at the MP2/6-31++G ACHTUNGTRENNUNG(d,p) ACHTUNGTRENNUNG(THF)//B3LYP/6-31+


G(d) ACHTUNGTRENNUNG(THF) level[23] with ZPE and thermochemical correc-
tions determined by vibrational analysis for the species in
THF solution. Solvation effects were modelled by using the
Jaguar Poisson-Boltzmann/SCRF continuum approach with
a variable cavity.[24] Tight SCF and geometry convergence
criteria were applied throughout.


Results and Discussion


Locating the transition states for the oxy-Michael reaction
of lactol 1 with any nitroolefin proved very computationally
demanding. Owing to this, it was decided to initially investi-


gate the cis selectivity across the THP ring in the reaction
between the anion derived from (R)-6-methyl-d-lactol 1
with chloromethane as a simple model system. As stated
earlier, the selectivity in such alkylation reactions is high.[15]


The use of a crown ether in the Michael addition reaction
means that the “naked” anion assumption is valid.[25]


Deprotonation of an anomeric mixture of lactol 1 with
potassium hexamethyldisilazide and addition of crown
ether[12] sets up an equilibrium of “naked” anions 3–6 and
their open-chain forms that can then be reacted with an
electrophile (Scheme 2). Assuming that the alkylation is ir-


reversible and, therefore, under kinetic control, a full analy-
sis of the stereoselectivity requires determination of the
equilibrium ratios of anions 3–6,[26] the activation energy for
their interconversion and the activation energy for the reac-
tions of lactolates 3–6 with an electrophile. The calculated
relative energies of anions 3–6 and the lowest-energy open-
chain form 7 (found by a molecular mechanics conformation
search[27] followed by DFT re-optimisation and single-point
calculation on the ten lowest energy conformers) are shown
in Scheme 2.


Diequatorial anion 3 dominates the equilibrium, whereas
species 6 with the axial alkoxide is more prevalent than the
other conformer of the trans isomer 4 with the axial methyl
group. The concentrations of diaxial anion 5 and open-chain
forms are low. All located twist-boat conformations were
over 9 kcal mol�1 higher in energy than 3. The calculated cis/
trans ratio at 195 K is 180:1.


The solvation energies of the equatorial anions 3 and 4
are approximately 5 kcal mol�1 greater than those for the


Scheme 1. Diastereoselective oxy-Michael reactions of d-lactols.
KHMDS: potassium hexamethyldisilazide.


Scheme 2. The anionic equilibrium. Energies are quoted as Gibbs free
energies in kcal mol�1 above anion 3. Numbers in square brackets are
imaginary frequencies.
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axial anions 5 and 6 showing that the preference for the alk-
oxide to be equatorial is due to this larger solvation energy
that more than cancels out classical anomeric effects ob-
served in previous gas-phase calculations.[20] This greater sol-
vation energy arises from the larger dipole moment of the
equatorial anions (11.8 for equatorial alkoxide 3 compared
with 8.7 D for the equivalent axial alkoxide 6),[28] which
leads to it being stabilised by the polar solvent. This is con-
sistent with the effect reported by Wiberg for the conforma-
tional preference of trans-1,2-difluorocyclohexane in the gas
and solution phase.[29]


Anion 3 has a long O1�C2 bond (1.501 compared to
1.429 O in the protonated form minimised under the same
conditions and 1.418 O found in a crystal structure of the
oxy-Michael adduct of 1 with b-methyl-b-nitrostyrene[2b])
and a short O7�C2 bond (1.321 O), and the geometry at C2
is distorted considerably from tetrahedral (bond angles: f-
ACHTUNGTRENNUNG(O1-C2-H)=102.9, f ACHTUNGTRENNUNG(O7-C2-C3)= 115.18), which is consis-
tent with donation of the alkoxide electron density to the
C2�O1 s*. The energy difference between anions 3 and 4
(4.3 kcal mol�1) is much greater than the A value of a
methyl group on a THP ring (2.3 kcal mol�1).[30] This was un-
expected because the elongated O1�C2 bond is expected to
decrease the 1,3-diaxial interactions. However, on closer in-
spection of anion 3, the geometrical distortion at C2 pushes
the axial proton closer to that on C6 than it is in lactol 1
(H–H distances: 2.286 and 2.384 O, respectively) leading to
increased steric compression. This distortion is also observed
in the anion 4 with the axial methyl group and this is be-
lieved to be the cause of the increased A value calculated
here. No such distortion is seen in axial alkoxides 5 and 6.


The interconversion pathways of anions 3–6 were studied
by driving the O1�C2 bond length (allowing minimisation
of all other variables) and re-optimisation at the saddle
point. Whilst pathways could be found connecting anions 3
and 6 with equatorial methyl groups to open forms via tran-
sition-states 8 and 9, respectively, no transition state con-
necting anions 4 and 5 with the open chain could be found.
However, it is reasonable to assume that rapid ring-flipping
pathways[31] allow equilibration of 3Q5 and 4Q6, hence, that
the activation barrier to anion equilibration is 14.1 kcal
mol�1 (Scheme 2).


When studying the reaction of anions 3–6 with chlorome-
thane, two pathways were found for the reaction of the
equatorial anions 3–4 with the electrophile approaching
such that the dihedral (for anion 3) y(C3-C2-O7-C(H3)) =


�178.7 (10) or 58.38 (11—disfavoured by a steric clash with
the axial proton on C3). Only one of these pathways could
be found for the reaction of axial alkoxides (for anion 6
y(C3-C2-O7-C(H3)) =�155.98, 15). The other approach
would place the electrophile over the THP ring resulting in
substantial steric compression with the axial groups on C4
and C6 (Scheme 3). No pathways were found in which the
electrophile approaches antiperiplanar to the C2�O1 bond,
which is consistent with this pathway being deactivated by
donation of alkoxide electron density in this region to the
C2�O1 s* (Scheme 3).


The activation energy for alkylation (24.2 kcal mol�1) is
much greater than that for anion equilibration (14.1 kcal
mol�1). The consequence of this is a Curtin–Hammett
system in which the diastereoselectivity across the THP ring
in the alkylation is determined only by the relative energies


Scheme 3. Alkylation of lactolate anions by chloromethane. Energies are quoted as Gibbs free energies in kcal mol�1 above anion 3 (+MeCl). Numbers
in parentheses are free energies relative to transition-state 10. Numbers in square brackets are imaginary frequencies.
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of transition-states 10–15. The energies in Scheme 3 predict
a kinetic cis/trans ratio (i.e. , of products cis-16/trans-16) at
195 K of 70:1. In previous experimental studies, the trans
isomer is hardly ever observed in these reactions by
1H NMR spectroscopic analysis,[12,15] consistent with the re-
action producing this high diastereoselectivity. The differ-
ence in solvation energies between transition-states 10 and
15 accounts for the majority of the calculated energy differ-
ence between them (3.1 of the 3.6 kcal mol�1). The energy
difference between transition-states 10 and 12 (1.6 kcal
mol�1) is much closer to the A value of a methyl group on a
cyclohexane ring (1.7 kcal mol�1)[30] than it was in the anions
3 and 4. The geometry at C2 in transition-state 10 is closer
to tetrahedral than that in anion 3, making the distance be-
tween the axial protons on C2 and C6 larger (2.328 O) and
reducing the steric 1,3-diaxial compression discussed earlier.


Our calculations suggest that the cis diastereoselectivity in
the alkylation of the anion of lactol 1 is a result of the pref-
erence for both the C6 substituent and the alkoxide to
occupy equatorial positions in the transition state for steric
and solvation reasons, respectively. With these structures lo-
cated, attention was turned to the reaction with nitroolefins.
The high diastereoselectivity at the b-centre in adduct 2 is
consistent across a wide range of alkyl and aryl-substituted
nitroethenes,[12] so the reaction between 1-nitropropene and
the anion of lactol 1 was studied to reduce computational
demand. Despite this, location of the oxy-Michael transition
states proved difficult. A full study would require at least 12
such transition states to be located (corresponding to the six
transition-states 10–15 with approaches leading to both the
R and S configurations at Cb). The reaction is, however,
highly cis selective so the major transition state must corre-
spond to one of the cis structures 10, 11 and 14 shown in
Scheme 3. Additionally, the diequatorial structures 3, 10 and
11 are always much lower in energy than the corresponding
diaxial species 5 and 14, so it is reasonable to assume that
the reaction proceeds through the addition of diequatorial
anion 3 to the electrophile. Taking this into account, the ste-
reoselectivity in the oxy-Michael reaction can be investigat-
ed by studying the reaction of nitropropene with anion 3
alone.


Transition-state searches on the reaction between nitro-
propene and lactolate 3 identified only transition-state 17
leading to (R)-19 and transition-state 18 leading to (S)-19
(Scheme 4).


Both these transition states involve the approach of the
electrophile approximately antiperiplanar to the endocyclic
C2�C3 bond. Extensive dihedral driving about the exocyclic
C2�O7 bond and the newly forming O7�Cb bond and re-
searching (see the Supporting Information for details) did
locate species 20, but vibrational analysis identified this as a
second-order saddle point (Figure 1). Following the second
imaginary frequency in either direction by QRC led back to
the previously located transition-state 17 without passing
through any local minima. No corresponding saddle point of
any order could be located that would lead to (S)-19. Spe-
cies 20 is 4.4 kcal mol�1 higher in energy than 17 and is de-


stabilised by a steric interaction with the axial proton on C3.
This suggests that the reaction proceeds in such a way that
the electrophile approaches antiperiplanar to the C2�C3
bond. The dihedral driving studies also show that there is a
strong preference for the nitropropene to approach with the
C=C double bond antiperiplanar to the exocyclic C2�O7
bond—a result of electrostatic repulsion between the residu-
al negative charge on the lactolate oxygen atoms and the de-
veloping nitronate anion.


The calculated energy difference between transition-states
17 and 18 suggests a kinetic diastereoselectivity at Cb of
10:1 in favour of (R)-19—much lower than the experimental
results for all nitroalkenes, but the computation does predict
the correct facial selectivity. Attempts to extend this compu-
tational study to any of the electrophiles that have been pre-
viously used experimentally[12] led to geometry convergence
failure. The distance between the methyl group on Cb and
the axial proton on C2 in major transition-state 17 (3.025 O)
is longer than that in the minor transition-state 18 (2.843 O),
which suggests that the stereoselectivity may increase as this
methyl group is changed to a larger function.


During optimisation of the reaction, it was noticed that
the use of sodium bis(trimethylsilyl)amide and [15]crown-5
in place of the optimal potassium bis(trimethylsilyl)amide
and [18]crown-6 did lead to a reduced stereoselectivity at
Cb,[1] which showed that the counter-ion–crown ether com-
plex can still influence the course of the reaction. For the
factors discussed here, the conclusions drawn from these cal-


Scheme 4. Oxy-Michael addition transition states. Energies are quoted as
Gibbs free energies in kcal mol�1 above anion 3+nitropropene. Numbers
in parentheses are free energies relative to transition-state 17. Numbers
in square brackets are imaginary frequencies.


Figure 1. Second-order saddle point located with electrophile APP to
C2H. Energies are quoted as Gibbs free energies in kcal mol�1 above
anion 3+nitropropene. Numbers in parentheses are free energies relative
to transition-state 17. Numbers in square brackets are imaginary frequen-
cies.
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culations on the oxy-Michael reaction are more tentative
than those drawn from the alkylation reaction above.


The solvation energy of major transition-state 17 is
5.4 kcal mol�1 greater than that for the minor transition-state
18 and this more than accounts for the energy difference be-
tween them. This suggests that the stereocontrol in this reac-
tion is controlled once again by preferential solvation of the
transition state leading to the R diastereomer of adduct
19—a result of the greater dipole moment on 17 (14.3 com-
pared to 13.1 D). The methyl group on C6 is distant to the
Cb substituent (4.765 O in major transition-state 17 and
5.048 O in minor transition-state 18). This suggests that the
role of this substituent is solely to control the conformation
of the THP ring and it does not interact with the electro-
phile.


In the original work,[1] nitropropene was not tested as an
electrophile. In light of the differences in the predicted dia-
stereomeric ratio from the current calculations (10:1) and
that obtained with the larger electrophiles used in the previ-
ous work (for example, b-nitrostyrene giving 99:1), we revis-
ited the reaction with nitropropene 21 with the 6R enantio-
mer of lactol 1 (in the computational studies, the 6S enantio-
mer was used in keeping with previous experimental
work[12]). The reaction was much less clean than that with
other electrophiles (probably due to reaction pathways in-
volving deprotonation of the g-carbon atom), but we ob-
served a 32:1 ratio of diastereomers in favour of (bS)-22
(Scheme 5). This corresponds to a difference in transition-
state energies of 1.3 kcal mol�1 compared to the calculated
0.9 kcal mol�1. The discrepancy between these activation en-
ergies is within the expected error of the techniques used
here.


Further experimental studies into this stereochemical
model were also undertaken by modifying lactol 1 (Table 1).
The use of lactols 1 and 23b shows that increasing the size
of the C6 substituent from methyl to hexyl leads to no meas-
urable change in the stereoselectivity at Cb, which is consis-
tent with this group serving only as a conformational lock.
However, when a tert-butyl group was placed here (as in
lactol 23c) the selectivity was diminished, which is consis-
tent with the fact that this group lies closer to the substitu-
ent on Cb on the major transition-state 17 than it does in
the minor one, 18. The installation of geminal dimethyl
groups on C3 in lactol 23a has no measurable effect on the
stereoselectivity of the reaction, which is consistent with the


calculated transition states in which the electrophile ap-
proached antiperiplanar to the C2�C3 bond, distant from
these groups.


The stereochemical outcome is an indirect result of the
preference for the nitro group to be as far from the endocy-
clic oxygen atom as possible in the transition state. When
the reaction is performed in the absence of crown ether, the
Lewis acidic counterion would be expected to give rise to a
cyclic transition state.[25,32] This would lead to a change in
stereoselectivity, as observed experimentally, but a full com-
putational study of this would be far too demanding on cur-
rent computational resources.


Conclusion


The stereoselectivity in the oxy-Michael reaction of d-lactol
anions can be explained as follows. The reaction proceeds
through a cis diequatorial transition state due to the prefer-
ence for the methyl group on C6 and the reacting anomeric
alkoxide to be equatorial for steric and solvation reasons.
The nitroolefin approaches the lactolate antiperiplanar to
the C2�C3 bond to minimise steric compression and with
the C=C double bond antiperiplanar to the exocyclic C2�
O7 bond to minimise electrostatic repulsions. Finally, with
the (S)-lactol 1 the reaction proceeds with R selectivity
owing to preferential solvation of transition-state 17. The cis
selectivity across that THP ring is predicted accurately by
the computational study, and the predicted selectivity in the
oxy-Michael reaction also agrees with experiment when the
reaction is conducted with nitropropene. Further predictions
of this model about the effects of the lactol structure on the
stereoselectivity of this reaction have all been realised ex-
perimentally.


Previous explanations for the increased reactivity of equa-
torial alkoxides invoke lone-pair interactions present in the
b-anomer of the anions of glucosides making equatorial alk-
oxides more reactive.[17] Whilst there is evidence for the
equatorial alkoxides being more reactive (alkylation transi-
tion-state 15 lies 25.7 kcal mol�1 above axial anion 6, where-
as the corresponding transition-state 10 lies 24.1 kcal mol�1


above equatorial anion 3), the reaction is a Curtin–Hammett


Scheme 5. Stereoselective oxy-Michael reaction with nitropropene. d.r.=
diastereomeric ratio.


Table 1. Lactol modification and stereoselectivity.


Lactol R1 R2 Product Yield [%] d.r. at Cb[a]


1 Me H 2 99 >98:2
23a Me Me 24a 60 >98:2
23b n-Hex H 24b 55 >98:2
23c tBu H 24c 62 6:1


[a] Determined by 1H NMR spectroscopic analysis on the crude reaction
product. The cis/trans ratio across the THP ring was >98:2 in all cases.
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system in which the relative energies of the alkylation tran-
sition state alone decided the stereochemical outcome of the
reaction, so it is the differences observed there that must be
the origin of stereocontrol in this reaction.
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Phosphorescent Thymidine Triphosphate Sensor Based on a Donor–
Acceptor Ensemble System using Intermolecular Energy Transfer


Tae-Hyuk Kwon,[a, b] Hee Jin Kim,[a] and Jong-In Hong*[a]


Introduction


Artificial receptor molecules that enable the direct detection
of nucleotides have received considerable attention on ac-
count of their responsibility for genetic information storage
and transfer in cells. Therefore, recognition of a specific nu-
cleotide is challenging.[1a] As an example, the colorimetric
adenosine 5’-triphosphate (ATP) receptor[2] and fluorescent
quenching guanosine 5’-triphosphate (GTP) receptor[3] have
been reported. The ZnII complex of a marcrocyclic tetra-
ACHTUNGTRENNUNGamine (Zn2+–cyclen, cyclen=1,4,7,10-tetraazacyclodode-
cane) is known to be a thymidine receptor because of the
strong affinity of Zn2+ for the imide part of the thymine
base and the two complementary hydrogen bonds between
the two NH groups of Zn2+–cyclen and the two carbonyl
oxygen atoms of the thymine base.[1a,4] It is known that thy-
midylate synthase is necessary to produce thymidine triphos-
phate, an essential building block for DNA replication and


cell division.[1b] Because of the central role of thymidylate
synthase in growing cells, it has been used as a target in
cancer therapy for many years.[1b] We believe that the devel-
opment of a thymidine 5’-triphosphate (TTP) sensor would
enable monitoring of thymidylate synthase. However, with
the exception of a TTP sensor, which shows fluorescence
quenching through a photoinduced-electron-transfer mecha-
nism,[4b] there is no report on a TTP sensor that shows lumi-
nescence enhancement. Furthermore, until recently, fluores-
cent sensors have been used as analytical tools for examin-
ing biological events. However, they might have several
problems, such as strong pH dependence, high photobleach-
ing rates, low photostability, small Stokes shifts, and short
lifetimes.[5] To overcome these problems, this paper introdu-
ces two concepts, energy transfer and phosphorescence
(Figure 1). The former will be very useful for enhancing
both the signal and signal-to-noise ratio.[6] In addition, tran-
sition-metal complexes using phosphorescence can over-
come the problems of organic fluorophores.[5] Based on
these concepts, this paper proposes a new paradigm for the
phosphorescent TTP sensor.


Results and Discussion


Ensemble system : These concepts for a TTP phosphorescent
sensor are based on an emission enhancing ensemble system
using intermolecular energy transfer, which shows a high
sensitivity and selectivity for TTP among the nucleotides
and other various anions. This sensor system consisted of an


Abstract: An ensemble sensor system
that exhibited selective luminescence
enhancement upon binding to thymi-
dine 5’-triphosphate (TTP) in HEPES
buffer over other nucleotides was de-
veloped. The ensemble system consist-
ed of an energy acceptor (FIrpic–
bis(Zn2+–dipicolylamine conjugate,
FIrpic=bis[(4,6-difluorophenyl)-pyridi-


nato-N,C2+]picolinate) derivative) and
an energy donor (mCP–Zn2+–cyclen,
mCP=N,N’-dicarbazolyl-3,5-benzene).


Among the nucleotides, the selective
recognition and luminescence enhance-
ment for TTP was achieved by the
strong binding of the thymine unit to
Zn2+–cyclen (cyclen=1,4,7,10-tetraaza-
cyclododecane) and intermolecular
energy transfer between the mCP and
FIrpic moieties.
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energy acceptor (acceptor (A)=compound 2, Scheme 2) de-
rived from an iridiumACHTUNGTRENNUNG(III) complex linked covalently to the
ZnII–DPA (DPA=N,N’-di(2-picolyl)amine) complex as a
binding site for the triphosphate unit of nucleotide guests
(ATP, CTP (cytosine 5’-triphosphate), GTP, and TTP), and
an energy donor (donor (D)=compound 1, Scheme 1) de-
rived from the N,N’-dicarbazolyl-3,5-benzene (mCP) deriva-
tive appended with the Zn2+–cyclen unit (Figure 1). Iridium-
ACHTUNGTRENNUNG(III) bis[(4,6-difluorophenyl)-pyridinato-N,C2+]picolinate
(FIrpic), which is a well-known sky-blue dopant material in
organic light-emitting diodes, was selected as an energy-ac-
ceptor moiety on account of its high quantum efficiency
(FPL=0.42). mCP was chosen as an energy-donor unit that
demonstrates higher singlet and triplet energies than the ac-
ceptor moiety.[7]


Binding mode : It is expected that both bis ACHTUNGTRENNUNG(Zn2+–DPA) and
Zn2+–cyclen units can be used as multiple bindings for the
triphosphate and nucleobase moieties. For example, the bis-
ACHTUNGTRENNUNG(Zn2+–DPA) moieties generate an anion-binding site
through the formation of a well-known phenoxo-bridged di-
nuclear metal complex,[8] and two sets of oxygen anions on
each phosphorus of a triphosphate moiety bind to the dinu-
clear zinc complex by binding the two metal ions to give
rise to two hexacoordinated Zn2+ ions.[8] Zn2+–DPA can
also weakly bind with a nucleobase unit of nucleotides, such
as imide nitrogen and carbonyl oxygen atoms of the thymine
base. Indeed, the Job plot shows 2:1 binding when com-
pound 2 is titrated with TTP in a buffer solution (Figure S1
in the Supporting Information). However, it is believed that
the bis ACHTUNGTRENNUNG(Zn2+–DPA) moiety of 2 binds mainly with the tri-
phosphate unit of TTP. This is because the binding affinity
between bis ACHTUNGTRENNUNG(Zn2+–DPA) and the triphosphate[8] is much
stronger than that between bis ACHTUNGTRENNUNG(Zn2+–DPA) and the imide
moiety.


Zn2+–cyclen acts as a mono-
topic receptor for deoxythymi-
dine (dT) and uridine (U) from
all the nucleosides at a physio-
logical pH in aqueous solution
through Zn2+–cyclen/imide N�


binding and two complementa-
ry hydrogen bonds between the
two NH groups of Zn2+–cyclen
and the two carbonyl oxygen
atoms of the thymine base.[4d]


The outstanding Lewis acid
properties of a Zn2+–cyclen
complex tend to bind with
anionic ligands at the vacant
fifth coordination site rather
than with neutral nitrogen do-
nors.[4b] Therefore, there ap-
pears to be a slight interaction
between the Zn2+–cyclen com-
plex and the donor sites of nu-


cleobases, such as 2’-de ACHTUNGTRENNUNGoxy ACHTUNGTRENNUNGguanosine (dG), 2’-deoxyadeno-
sine (dA), and 2’-deoxycytidine (dC).[4b] However, the Zn2+


–cyclen complex can also act as a good monotopic receptor
for phosphate moieties in aqueous solution.[4d] Indeed, the
Job plot shows 2:1 stoichiometry when compound 1 is titrat-
ed with TTP in aqueous solution (Figure S2 in the Support-
ing Information). Hence, in this ensemble system, there may
be a competitive binding mode between the Zn2+–cyclen/tri-
phosphate and bis ACHTUNGTRENNUNG(Zn2+–DPA)/triphosphate. However, Zn2+


–cyclen mainly binds with a nucleobase unit in this ensemble
system because the binding constant for bis ACHTUNGTRENNUNG(Zn2+–DPA)/tri-
phosphate (logK�6–7)[8] is much larger (ca. 3 orders) than
that for Zn2+–cyclen/triphosphate (logK�3–4).[4d] To fur-
ther remove any possibility of Zn2+–cyclen/triphosphate
binding, two equivalents of compound 2 were used in the
experiment.[9] As a result, it was confirmed that compound 2
binds mainly with the triphosphate unit of TTP, whereas the
nucleobase unit of TTP interacts with compound 1
(Figure 1).[9]


Synthesis : Schemes 1 and 2 outline the synthesis of the
phosphorescent donor-acceptor ensemble system. Donor 1
was obtained by the three consecutive reactions of alkyl-
ACHTUNGTRENNUNGation (80% yield), tert-butoxycarbonyl (Boc) deprotection
(90% yield), and zinc insertion (48% yield; Scheme 1). Ac-
ceptor 2 was composed of the iridium complex (6) and bis-
ACHTUNGTRENNUNG(Zn2+–DPA) derivative (3). Compound 3 was synthesized
from 4-(2-aminoethyl)phenol, which was protected with
Boc2O and then treated with a solution of DPA and formal-
dehyde in ethanol. Compound 3 was finally obtained after
removing the Boc group with 10% TFA, in an overall yield
of 16% (Scheme 2). Compound 6 was coupled with ethyl
bromoacetate to give compound 7 in 58% yield after hy-
drolysis followed by an acid treatment. Amide coupling be-
tween compounds 7 and 3 in the presence of N,N’-diisopro-
pylethylamine (DIPEA), benzotriazol-1-yl-oxytripyrrolidi-


Figure 1. Proposed binding mode between the donor (1), TTP, and the acceptor (2).


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9613 – 96199614



www.chemeurj.org





Scheme 1. Synthesis of Compound 1.


Scheme 2. Synthesis of Compound 2.
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nophosphonium hexafluorophosphate (PyBOP), and 1-hy-
droxybenzotriazole (HOBt), followed by zinc insertion af-
forded the acceptor 2 of the ensemble system in 19% yield.


Photophysical studies : It was previously reported that the
phosphorescent FIrpic acceptor coupled with the dendrimer
mCP donor by a nonconjugated bridge showed a dramatic
increase in emission intensity compared with that of the ac-
ceptor without the donor or just the donor–acceptor blend-
ing system when excited at the donor absorption (lex=
310 nm).[6] This is because the singlet–singlet (S–S) and trip-
let–triplet (T–T) energy transfer (ET) can occur efficiently.[6]


As shown in Figure 2a, there is a good overlap between the
emission spectrum of 5mCP and the absorption spectrum of
FIrpic over 350 nm (1MLCT and 3LC region), which ensures
S–S ET from mCP to FIrpic. The T–T ET from 5mCP to
FIrpic can also occur because the triplet energy of 5mCP is
higher than that of FIrpic. Table 1 and Figure 2b shows the


photoluminescence (PL) data of compound 1 and UV and
PL data of compound 2 in solution in buffer, CH2Cl2, and
DMSO. These data are similar to Figure 2a. The lumines-
cence of compound 2 results from both 1MLCT (metal-to-
ligand charge transfer, dp(Ir)!p* ACHTUNGTRENNUNG(N-O)) and 3LC (ligand
centered) in a FIrpic moiety. Photophysical properties of
compound 2 are very sensitive to the polarity of the envi-
ronment due to the MLCT character.[10] Therefore, its emis-
sion maximum is found at 475 nm, which is almost identical
to that of FIrpic, but emission spectral shape is dependent
on the solvent environment (Figure 2b).[11] The absorption
spectrum of compound 2 in buffer shows relatively weak
MLCT absorption compared with that of FIrpic in 2-methyl-
tetrahydrofuran (2-MeTHF). However, the inset of Fig-
ure 2b clearly shows the MLCT region of compound 2, and
the spectral overlap between the absorption spectrum of 2
over 350 nm and the emission spectrum of 1. We can also
assume that 1 and 2 have similar triplet energy values to
those of 5mCP and FIrpic, respectively.[12] Therefore, the
donor–acceptor ensemble system composed of 1 and 2 is ex-
pected to exhibit a good ET from the donor to the acceptor
through both the S–S and T–T ET mechanisms. Without
TTP, a large amount of donor emission still remained and
there is a little acceptor emission intensity upon excitation
at the donor (1) absorption peak (lex=310 nm) (Figure 4
and Figure S3 in the Supporting Information). This is be-
cause the distance between the donor and the acceptor is
too far away for efficient intermolecular energy transfer in
the absence of TTP. However, the donor emission was re-
duced dramatically in the 1:1:2 mixture of 1+TTP+2 com-
pared with that of 1+TTP (lex=310 nm), as shown in
Figure 3. In addition, the acceptor emission intensity in 1+


TTP+2 upon excitation at 310 nm increases more than
three times compared with that upon excitation at the ac-
ceptor absorption (lex=380 nm). This increase is because ef-
ficient intermolecular S–S and T–T ET can occur in this en-
semble system. Furthermore, it shows little change in lumi-
nescence upon the addition of various anions, such as I�,
Cl�, NO3


�, CO3
2�, NO3


2�, and ClO4
�, when excited at


310 nm (Figure 4). This observation means that the 1:1:1 en-
semble system does not form in the presence of other
anions. Only nucleotides with two strong binding sites can
form an ensemble system that enables intermolecular
energy transfer.


Figure 2. a) UV spectra of FIrpic and PL spectra of 5mCP and FIrpic in
0.02 mm 2-MeTHF at 298 and 77 K. The structures of 5mCP and FIrpic
are also shown.[6] b) UV spectra of 2 (&) in 0.01 mm buffer solution, and
PL spectra of 1 in 0.01 mm buffer (*), and PL spectra of 2 in 0.01 mm


buffer (~), DMSO (!), and CH2Cl2 (^), respectively. Inset shows the
magnification of the MLCT region of 2.


Table 1. Photophysical properties of 1 and 2.


1 2


absorption [nm]
(eL104 cm�1m


�1)
H2O


[a] 221 (29), 289
(0.45)
322 (0.11), 338
(0.11)


222 (28), 253 (21)
300 (0.86), 372
(0.12)


emission [nm]
H2O


[a] 351, 362 (sh) 475, 507
DMSO[b] – 475, 500 (sh)
CH2Cl2


[b] – 4756, 527


[a] 0.01 mm of 1 or 2 in HEPES buffer solution [b] 0.01 mm solution.
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Energy transfer efficiency and TTP selectivity : Table 2
shows the ET efficiency obtained using the steady-state PL
method. The ET efficiency was determined from the extent
of luminescence quenching of the donor in the presence of
the acceptor.[6] This was measured from the relative ratio be-
tween the integrated area of 1+NTP (ID) and that of the re-
sidual donor peak in 1+NTP+2 (ID–A) at 298 K. A decrease
in donor emission intensity of the 1+TTP+2 system results
from intermolecular ET. The ET efficiency from the donor
to the acceptor at 298 K was calculated to be 91, 74, 76, and


79% for TTP, ATP, GTP, and CTP, respectively (Table 2;
also see the Supporting Information). ET efficiency appears
to increase according to the binding strength between the
Zn2+–cyclen unit and nucleobase. Therefore, TTP shows the
highest ET efficiency of all nucleotides due to Zn2+–cyclen/
imide N� binding and two complementary hydrogen bonds
between the two NH groups of Zn2+–cyclen and the two
carbonyl O atoms of the thymine base.
Due to the highest ET efficiency of TTP among the nucle-


otides examined, the residual donor emission was greatly
decreased and the emission intensity of the acceptor in 1+


TTP+2 was enhanced slightly compared with those of the
other nucleotide ensemble systems when excited at the
donor absorption (lex=310 nm). In contrast, there was no
selectivity when it was excited at the acceptor absorption
(lex=380 nm; see the Supporting Information for more de-
tails). The acceptor (2) emission intensity (IA) in the TTP
ensemble system increases only 1.2 times compared with the
other ensemble systems, as shown in the inset of Figure 5a.
However, if the ET efficiency is considered, the current en-
semble system shows good selectivity for TTP from all nu-
cleotides. Figure 5b shows that TTP can be recognized selec-
tively when the acceptor (2) emission intensity (IA) is divid-
ed by the residual donor (1) emission intensity (ID). The


Figure 3. PL spectra of 1 (10 mm) and TTP (10 mm) upon excitation at
310 nm (&) and 1 (10 mm), TTP (10 mm), and 2 (20 mm) upon excitation at
310 nm (*) and 380 nm (~) upon excitation at 310 nm. respectively, in
HEPES buffer at 298 K and pH 7.4.


Figure 4. Photoluminescence spectra of 1 (10 mm) and various anions
(TTP (&), I�(*), Cl� (~), ClO4


� (!), CO3
2� (^), NO3


� (3)) (each 10 mm)
and 2 (10 mm) in HEPES buffer at 298 K and pH 7.4, upon excitation at
310 nm.


Table 2. Energy transfer efficiency.


FET
[a] [%]


TTP 91
ATP 74
GTP 76
CTP 79


[a] The ET efficiency was measured from the relative ratio between the
integrated area of 1+NTP (ID) and that of the residual donor peak in
1+NTP+2 (ID–A). Energy transfer efficiency (%)= (1�ID–A/ID)L100.


Figure 5. PL spectra of the ensemble system excited at 310 nm and TTP
selectivity. a) Donor emission intensity (ID) of compound 1 (10 mm), TTP
(10 mm), and 2 (20 mm) ensemble system, excited at 310 nm. The inset
shows the relative acceptor emission intensity at 476 nm (IA). b) The rela-
tive ratios when the acceptor emission intensity (IA) at 476 nm is divided
by the residual donor emission (ID) at 348 nm.
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ratio of IA/ID in the TTP ensemble system shows more than
four times the enhancement compared with that of other nu-
cleotide ensemble systems. This ensemble system also dis-
played a relatively small energy transfer effect for ADP,
AMP, and H2PO4


2� (Figure S6 in the Supporting Informa-
tion). Therefore, TTP selectivity was achieved.
As a result, this phosphorescent ensemble system can be


used for the selective recognition of TTP due to its intermo-
lecular ET efficiency.


Conclusion


A phosphorescent TTP sensor was developed through a
donor–acceptor ensemble system using intermolecular ET.
Out of all nucleotides, TTP shows the best ET efficiency
ACHTUNGTRENNUNG(>90%) due to the strong binding between Zn2+–cyclen
and the nucleobase. This system can be used for the selec-
tive sensing of TTP from the nucleotides on account of the
intermolecular ET.


Experimental Section


Reagents : Buffer A solution contained 10 mm HEPES adjusted to pH 7.4
with NaOH. To make compounds 1 and 2 soluble in aqueous solvent, a
cosolvent system (H2O/DMSO=24:1) was used. The tetrasodium salt of
TTP and the di ACHTUNGTRENNUNGsodium salt of GTP were purchased from Fluka. The diso-
dium salt of ATP was purchased from Sigma. The disodium salt of CTP
was purchased from Aldrich. DIPEA, HOBt, and PyBOP were pur-
chased from Aldrich. Analytical thin-layer chromatography was per-
formed on Kieselgel 60F-254 plates obtained from Merck. Column chro-
matography was carried out on Merck silica gel 60 (70–230 mesh). All
solvents and reagents were commercially available and used without fur-
ther purification unless otherwise noted.


Instruments : 1H and 13C NMR spectra were recorded using an Advance
300 MHz Bruker spectrometer in CDCl3 and [D6]DMSO. UV/Vis spectra
were recorded on a Beckman DU 650 spectrophotometer. Mass spectra
were obtained using a MALDI-TOF mass spectrometer from Bruker or
a gas chromatography–mass spectrometer from JEOL. Fluorescence
spectra were recorded on a Jasco FP-7500 spectrophotometer.


Compound (4): This compound was prepared according to the literature
procedure.[6]


Compound (5): This compound was prepared according to the literature
procedure.[13]


Compound 8 : (10-(3,5-Bis-carbazole-9-yl-benzyl)-1,4,7-tris(tert-butyloxy-
carbonyl)-1,4,7,10-tetraazacyclododecane): A mixture of 5mCP-Br (4)
(100 mg, 0.188 mmol), 3Boc–cyclen (5, 170 mg, 0.360 mmol), K2CO3


(62.4 mg, 0.451 mmol) was heated at reflux in acetonitrile for 24 h. After
cooling to room temperature, the solvent was removed in vacuo and dis-
solved in ethyl acetate. The organic phase was washed with water,
washed with brine, and dried over Na2SO4. The solvent was evaporated
to give the crude product, which was purified by column chromatography
on silica gel using ethyl acetate/hexane (1:3, v/v) as the eluent to provide
the desired product as a white powder (132 mg, 78.5%). 1H NMR
(300 MHz, [D6]acetone): d =8.23 (d, J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 4H), 7.81 (s, 3H),
7.61 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 4H), 7.50 (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H), 7.31 (t, J-
ACHTUNGTRENNUNG(H,H)=7.4 Hz, 4H), 4.06 (s, 2H), 3.62 (br, 4H), 3.46 (br, 8H), 2.86 (br,
4H), 1.47 (s, 9H), 1.28 ppm (s, 18H); 13C NMR (125 MHz, CDCl3): d=


156.3, 155.9, 141.3, 140.7, 139.2, 128.0, 126.3, 124.7, 123.6, 120.4, 120.3,
109.6, 79.7, 79.5, 56.8, 56.0, 55.2, 50.3, 47.8, 28.7, 28.4 ppm; MALDI-TOF:
m/z calcd for C54H66N6O6 [M+2H]+ : 894.504; found: 894.417.


Compound 9 : Trifluoroacetic acid (0.26 mL) was slowly added to a solu-
tion of compound 8 (118 mg, 0.132 mmol) in CH2Cl2 (5 mL). After being
stirred at room temperature for 24 h, the solvent was removed in vacuo
and dissolved in CH2Cl2. The organic phase was washed with water and
dried over Na2SO4. The reaction mixture was concentrated under re-
duced pressure. The resulting crude powder was crystallized from
CH2Cl2/hexane to provide the desired product as a white powder (70 mg,
89.4%). 1H NMR (300 MHz, [D3]acetonitrile): d=8.22 (d, J ACHTUNGTRENNUNG(H,H)=


7.7 Hz, 4H), 7.78 (s, 3H), 7.64 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 4H), 7.50 (t, J ACHTUNGTRENNUNG(H,H)=


8.2 Hz, 4H), 7.34 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 4H), 4.10 (s, 2H), 3.20 (br, 4H)
3.02 (m, 8H), 2.88 ppm (br, 4H); 13C NMR (125 MHz, [D6]acetone): d=


140.9, 140.8, 139.4, 127.7, 126.3, 124.9, 123.4, 120.2, 120.2, 110.1, 56.5,
48.6, 45.0, 42.7, 42.6 ppm; HRMS (FAB): m/z calcd for C39H41N6


[M+H]+ : 593.3393; found: 593.3395.


Compound 1: Compound 9 (40 mg, 0.0612 mmol) in MeOH (1 mL) and
Zn ACHTUNGTRENNUNG(ClO4)2·6H2O in MeOH (1 mL) were combined and heated at reflux
for 1 h under nitrogen. Most of the solvent was removed in vacuo, and
the precipitated product was collected by filtration and dried in vacuo to
yield the product as a white powder (22 mg, 48.4%). M.p. 200 8C;
1H NMR (300 MHz, CD3CN): d=8.24 (d, J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 4H), 8.01 (d,
J ACHTUNGTRENNUNG(H,H)=15.9 Hz, 1H), 7.75 (d, J ACHTUNGTRENNUNG(H,H)=11.5 Hz, 2H), 7.62 (t, J ACHTUNGTRENNUNG(H,H)=


8.2 Hz, 4H), 7.56–7.50 (m, 4H), 7.36 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 4H), 4.21 (s,
1H), 4.10 (s, 1H), 3.22–2.74 ppm (m, 16H); 13C NMR (125 MHz,
CD3CN): d=140.7, 139.3, 138.5, 128.8, 128.0, 126.4, 125.4, 123.4, 120.5,
109.9, 55.9, 49.2, 47.6, 45.0, 44.5, 43.7, 42.5, 42.3, 41.7 ppm; HRMS
(FAB): m/z calcd for C39H40N6ZnClO4 [M]+ : 755.2091; found: 755.2072.


Compound 6 : This compound was prepared according to the literature
procedure.[6]


Compound 10 : A mixture of 6 (100 mg, 0.141 mmol), bromoacetic acid
ethyl ester (94 mg, 0.563 mmol), and K2CO3 (29 mg, 0.210 mmol) was
heated at reflux in THF for 24 h. After cooling to room temperature, the
solvent was removed in vacuo and the residue was dissolved in CH2Cl2.
The organic phase was washed with water, washed with brine, and dried
over Na2SO4. The solvent was evaporated to give the crude product,
which was purified by column chromatography on silica gel with CH2Cl2/
methanol (100:1, v/v) as the eluent to provide the desired product as a
yellow powder (75 mg, 67%). 1H NMR (300 MHz, [D6]DMSO): d=8.59
(d, J ACHTUNGTRENNUNG(H,H)=5.3 Hz, 1H), 8.31–8.23 (m, 2H), 8.11–8.01 (m, 2H), 7.74 (d,
J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 1H), 7.67 (d, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 1H), 7.56–7.49 (m, 2H),
7.37–7.33 (m, 2H), 6.87–6.76 (m, 2H), 5.68 (dd, J ACHTUNGTRENNUNG(H,H)=8.6, 2.2 Hz,
1H), 5.45 (dd, J ACHTUNGTRENNUNG(H,H)=8.6, 2.2 Hz, 1H), 4.99 (s, 2H), 4.15 (q, J ACHTUNGTRENNUNG(H,H)=


7.1 Hz, 2H), 1.18 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H); 13C NMR (125 MHz,
[D6]DMSO): d=170.2, 168.6, 163.5, 158.3, 153.9, 149.3, 148.5, 142.1,
139.8, 138.9, 130.4, 128.3, 126.4, 124.4, 124.0, 123.1, 114.1, 98.0, 66.2, 61.3,
14.4 ppm; MALDI-TOF: m/z calcd for C32H23F4IrN3O5 [M+H]+ :
798.120; found: 798.448.


Compound 7: A 1n aqueous solution of NaOH (1 mL) was added to a
solution of 10 (75 mg, 0.0941 mmol) in THF/H2O (1 mL/1 mL). After stir-
ring for 2 h at room temperature, the reaction mixture was acidified with
1n HCl. The solvent was removed in vacuo and dissolved in CH2Cl2. The
organic phase was washed with water and dried over Na2SO4. The solvent
was evaporated to give the desired product as a yellow powder (63 mg,
87%). 1H NMR (300 MHz, [D6]DMSO): d =13.3 (br, 1H), 8.59 (d, J-
ACHTUNGTRENNUNG(H,H)=5.3 Hz, 1H), 8.30–8.22 (m, 2H), 8.09–8.00 (m, 2H), 7.78 (d, J-
ACHTUNGTRENNUNG(H,H)=8.6 Hz, 1H), 7.67 (d, J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H), 7.58–7.49 (m, 2H),
7.39–7.33 (m, 2H), 6.86–6.73 (m, 2H), 5.68 (dd, J ACHTUNGTRENNUNG(H,H)=8.6, 2.1 Hz,
1H), 5.46 (dd, J ACHTUNGTRENNUNG(H,H)=8.6, 2.2 Hz, 1H), 4.92 ppm (s, 2H); 13C NMR
(125 MHz, [D6]DMSO): d=170.7, 170.0, 164.0, 158.5, 153.5, 149.4, 148.5,
142.2, 139.9, 138.7, 130.6, 128.3, 126.8, 124.5, 124.1, 123.4, 114.1, 98.0,
66.7 ppm; MALDI-TOF: calcd for C30H19F4IrN3O5 [M+H]+ : 770.089;
found: 770.530.


Compound 14 : A mixture of compound 7 (32 mg, 0.042 mmol), DIPEA
(11 mg, 0.085 mmol), PyBOP (21 mg, 0.041 mmol), and HOBt (3 mg,
0.040 mmol) was stirred in distilled CH2Cl2 (4 mL) for 1 h , followed by
slowly adding compound 3 in CH2Cl2 (1 mL). After stirring at room tem-
perature for 7 h, the mixture was diluted with CH2Cl2, and washed with
water and brine. The organic phase was dried over Na2SO4 and evaporat-
ed to dryness. The residue was purified by column chromatography on
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silica gel with CH2Cl2/methanol (20:1, v/v) as the eluent to provide the
desired product as a yellow powder (10 mg, 18.6%). 1H NMR (300 MHz,
[D6]DMSO): d=9.04 (br, 1H), 8.54–8.50 (m, 5H), 8.25 (d, J ACHTUNGTRENNUNG(H,H)=


8.3 Hz, 2H), 8.06–8.00 (m, 3H), 7.81 (d, J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 1H), 7.74–7.67
(m, 6H), 7.61–7.57 (m, 1H), 7.44 (t, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 1H), 7.38–7.27 (m,
8H), 7.11 (s, 2H), 6.90–6.76 (m, 2H), 5.66 (dd, J ACHTUNGTRENNUNG(H,H)=8.7, 2.2 Hz, 1H),
5.46 (dd, J ACHTUNGTRENNUNG(H,H)=8.6, 2.1 Hz, 1H), 4.65 (s, 2H), 4.01 (br, 12H), 3.02 (br,
2H), 2.66 ppm (t, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H); 13C NMR (125 MHz,
[D6]acetone): d =172.1, 167.1, 164.4, 163.9, 157.9, 155.6, 155.0, 153.9,
149.3, 149.0, 148.3, 142.5, 139.2, 138.5, 137.2, 131.8, 130.6, 129.8, 128.4,
125.7, 123.7, 123.5, 123.2, 122.9, 121.4, 114.3, 97.4, 68.3, 58.1, 55.1, 46.1,
34.2; HRMS (FAB): m/z calcd for C64H54F4IrN10O5 [M+H]+ : 1311.3844;
found: 1311.3820.


Compound 2 : An aqueous solution of ZnACHTUNGTRENNUNG(NO3)2·6H2O (7 mg,
0.024 mmol) was added dropwise to a solution of 14 (15 mg, 0.011 mmol)
in methanol (1.5 mL), and the mixture was stirred for 30 min at room
temperature. The solvent was evaporated to give the desired product as a
yellow powder (19 mg, 100%). M.p. 233 8C; MALDI-TOF: m/z calcd for
C64H52F4IrN10O5·2Zn·2NO3


� [M]+ : 1561.2027; found: 1561.2048.


Compound 11: This compound was prepared according to the literature
procedure.[11]


Compound 12 : DPA (4.17 g, 20.9 mmol) was added slowly to a solution
of 37% aqueous formaldehyde (1.86 g, 22.9 mmol) and ethanol (5 mL).
The reaction mixture was heated at reflux for 12 h, and compound 11
(2.36 g, 9.95 mmol) in ethanol (20 mL) was added. After being heated at
reflux for 5 d, the reaction mixture was cooled down to room tempera-
ture. The solvent was removed in vacuo and the residue was dissolved in
ethyl acetate. The organic phase was washed with water and dried over
Na2SO4. The solvent was evaporated to give the crude product, which
was purified by column chromatography on silica gel with CH2Cl2/metha-
nol (200:1, v/v) as the eluent to provide the desired product as a brown
sticky liquid (1.72 g, 26.2%). 1H NMR (300 MHz, [D6]acetone): d=10.95
(s, 1H), 8.52 (d, J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 4H), 7.72 (t, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 4H), 7.58
(d, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 4H), 7.22 (t, J ACHTUNGTRENNUNG(H,H)=6.1 Hz, 4H), 7.11 (s, 2H), 6.02
(s, 1H), 3.86 (s, 8H), 3.74 (s, 4H), 3.27 (q, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2H), 2.69 (t,
J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H), 1.37 ppm (s, 9H); 13C NMR (125 MHz, CDCl3):
d=159.0, 155.9, 154.3, 148.6, 136.3, 129.5, 128.6, 123.8, 122.8, 121.8, 78.3,
59.6, 54.7, 42.0, 35.2, 28.3; MALDI-TOF: m/z calcd for C39H46N7O3


[M+H]+ : 660.366; found: 660.588.


Compound 3 : Trifluoroacetic acid (2.2 mL) was added slowly to a solu-
tion of 12 (467 mg, 0.71 mmol) in CH2Cl2 (20 mL). After being stirred at
room temperature for 12 h, the solvent was removed in vacuo and the
residue was dissolved in CH2Cl2. The organic phase was washed with
water and neutralized with an aqueous solution of NaHCO3, and dried
over Na2SO4. The solvent was evaporated to give the desired product as
a brown sticky liquid (326 mg, 82.3%). 1H NMR (300 MHz, [D6]acetone):
d=8.52 (d, J ACHTUNGTRENNUNG(H,H)=4.4 Hz, 4H), 7.71 (t, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 4H), 7.58 ( d,
J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 4H), 7.22 (t, J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 4H), 7.12 (s, 2H), 3.86 (s,
8H), 3.79 (s, 4H), 3.41 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 2H), 2.76 ppm (t, J ACHTUNGTRENNUNG(H,H)=


7.4 Hz, 2H); 13C NMR (125 MHz, CDCl3): d=158.6, 154.6, 148.6, 136.6,
129.7, 126.8, 123.9, 123.1, 122.3, 59.9, 54.5, 41.2, 33.3; MALDI-TOF: m/z
calcd for C34H38N7O [M+H]+: 560.314; found: 560.500.
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Reactivity of the 4-Amino-5H-1,2-Oxathiole-2,2-Dioxide Heterocyclic
System: A Combined Experimental and Theoretical Study


Sonia de Castro,[a] M. Teresa Peromingo,[a] Angel E. Lozano,[b]


Mar2a-Jos4 Camarasa,[a] and Sonsoles Vel6zquez*[a]


Introduction


Sultones are versatile heterocyclic intermediates, the
chemistry, industrial applications, and biological properties
of which continue to be of interest.[1] Even though recent
chemical literature on saturated g-sultones has been de-
scribed,[2] research on the chemistry of a,b-unsaturated-g-
sultones,[3] and particularly of b-amino-substituted represen-
tatives of this family, is much more scarce. The 4-amino-5H-


1,2-oxathiole-2,2-dioxide (or b-amino-g-sultone) heterocyclic
system, first reported by us in 1988,[4] was generated by
treatment of a-mesyloxynitriles of sugars under non-nucleo-
philic basic conditions. The mechanism involves deprotona-
tion of the alkylsulfonate moiety at the a-position, in a basic
medium, and attack of the carbanion, thus generated, on the
cyano group through an intramolecular aldol-type cyclocon-
densation to give, eventually, the cyclic enamine system.
This unexpected synthetic event (the expected reaction
would have been a b-elimination to leave a cyano group at-
tached to a double bond) was later extended to other a-me-
syloxynitriles of sugars,[5] and non-carbohydrate templates
(adamantane derivatives).[6] We also reported the applica-
tion of this reaction to nucleoside templates, which led to
the discovery of a unique class of potent and specific anti-
HIV-1 agents called TSAO derivatives.[7–9] This aldol-type
cyclo-condensation was later renamed by other researchers
as a CSIC reaction (carbanion-mediated sulfonate intramo-
lecular cyclisation reaction) and further used with other al-
kanesulfonate or alkanesulfonamide substrates.[10–12]


The potentially rich chemical reactivity embodied in the
b-amino-g-sultone heterocyclic ring has been investigated,
although not in detail.[10a] Various synthetic studies for the


Abstract: The reactivity of the 4-
amino-5H-1,2-oxathiole-2,2-dioxide (or
b-amino-g-sultone) heterocyclic system
has scarcely been studied. Here we de-
scribe the reactivity of this system to-
wards electrophiles and amines on
readily available model substrates dif-
ferently substituted at the C-5 position.
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are able to undergo electrophilic reac-
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action conditions. On the other hand,
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atoms of the enaminic system, and a
possible enhancement in the reactivity
of spiranic substrates towards electro-
philes in the presence of amines. Ex-
perimental data consistent with this
predicted enhanced reactivity is also
presented.


Keywords: density functional calcu-
lations · heterocycles · reactive
intermediates · spiro compounds ·
sultones


[a] Dr. S. de Castro, M. T. Peromingo, Dr. M.-J. Camarasa,
Dr. S. Vel;zquez
Instituto de Qu>mica M?dica (C.S.I.C.)
C/Juan de la Cierva 3, 28006 Madrid (Spain)
Fax: (+34)915-644-853
E-mail : iqmsv29@iqm.csic.es


[b] Dr. A. E. Lozano
Instituto de Ciencia y Tecnolog>a de Pol>meros (C.S.I.C.)
Juan de la Cierva 3, 28006 Madrid (Spain)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800433, and contains general
experimental methods, synthesis and characterisation of compounds
4b, 5b, 6, 10b, 13, 21, 22, 24, 27, 28, 30a, 30b, 31b, 32b, 37–42, 44–46,
48–51, and 53, plus an additional figure showing the general structure
of TSAO nucleosides.


E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9620 – 96329620







direct and selective functionalisation of the C-3 or the
amino positions of the enamine system on TSAO com-
pounds have been performed.[13,14] However, the presence of
tert-butyldimethylsilyl groups (TBDMS) at positions 2’ and
5’, sensitive to basic and acid media, respectively, but essen-
tial for the antiviral efficacy of the TSAO compounds, re-
stricted the selection of smooth reaction conditions compati-
ble with such groups. The corresponding b-keto-g-sultone,
obtained by hydrolysis,[6,10a] has been transformed to b-
amino and b-keto sulfonic acids by reductive opening of the
ring.[11b] Moreover, chloroformylation of the b-keto-g-sul-
tone system led to unsaturated b-chloro-a-formyl-g-sultone
derivatives, which are useful intermediates for the synthesis
of heterocyclic compounds.[15] Finally, opening of the 4-
amino-5H-1,2-oxathiole-2,2-dioxide system on sugar deriva-
tives has also been carried out with a nucleophilic base such
as methanolic sodium methoxide.[5]


In this current work we describe the chemical reactivity of
the enamine system of the b-amino-g-sultone heterocyclic
ring on easily available simple model substrates, which
would allow exploration of a wider range of reaction condi-
tions than in TSAO derivatives. The behaviour of this
system towards electrophiles of different nature and amines
has been investigated. Our results revealed that the reactivi-
ty towards amines is highly dependent on the nature of the
C-5 substituents of the substrate. We also discuss the experi-
mentally observed chemical reactivity differences in the
light of molecular calculations. This study is able to justify
the experimental results based on electronic and geometrical
features of reactive and intermediate compounds. A further
analysis of these intermediates suggests an enhanced reactiv-
ity of spiranic substrates towards electrophiles, in the pres-
ence of bases, in comparison with non-spiranic substrates.
Experimental data consistent with this predicted enhance-
ment of reactivity is also presented.


Results and Discussion


The b-amino-g-sultone derivatives 5a,b were selected as
simple and readily available substrates for our studies
(Scheme 1). We first focused on achieving optimal reaction
conditions for the synthesis of the dibenzyl derivative 5a,


which involved cyanohydrine formation from the corre-
sponding commercially available ketones, followed by mesy-
lation and final ring closure with an appropriate base. Thus,
reaction of 1,3-diphenyl-2-propanone (1a) with sodium cya-
nide and sodium hydrogencarbonate in ether/water, accord-
ing to previously described conditions,[5,8,10a] afforded the cy-
anohydrine 2a (40%) together with unreacted starting ma-
terial (40%; Scheme 1). Better yields were obtained through
the TMS-protected cyanohydrines procedure.[16,17] Thus,
treatment of 1a with trimethylsilyl cyanide in the presence
of a catalytic amount of BF3·Et2O, followed by deprotection
of the trimethylsilyl cyanohydrine 3a with 3n hydrochloric
acid, afforded the cyanohydrine 2a in 70% yield. Further
improvement of this reaction was achieved when equimolec-
ular amounts of BF3·Et2O were used. Under these condi-
tions the two-step method could be performed in a one-pot
procedure and the cyanohydrine 2a was obtained in higher
yields (90%). Reaction of 2a with mesyl chloride (slowly
added at 0 8C) in dichloromethane, with triethylamine as
base at room temperature, gave the desired alkyl sulfonate
derivative 4a in low yield (25%) and the ketone derivative
1a (40%), used as starting material. Conversion of the cya-
nohydrine back to the ketone material could be avoided
when the mesyl chloride was slowly added at �20 8C and
the reaction was then stirred at 0 8C. The desired alkyl sulfo-
nate derivative 4a was then obtained in 80% yield. The cyc-
lisation-base step in TSAO derivatives is usually carried out
either with Cs2CO3 or DBU.


[7–9] Compound 4a failed to cy-
clise by using DBU as the base. Instead, b-elimination of
the tertiary mesylate group was observed (compound 6,[18]


Scheme 1). However, the b-amino-g-sultone derivative 5a
was readily obtained when Cs2CO3 or NaH were used as
bases (80% or 62% yield, respectively).
The synthesis of b-amino-g-sultone derivative 5b, bearing


a benzyl and an ethyl substituent at the C-5 position, was
carried out in a similar way, using these conditions and start-
ing from commercially available 1-phenyl-2-butanone 1b
(Scheme 1). The 1H NMR spectra of compounds 5a,b
showed the presence of two singlets at 6.33 and 5.21 ppm
for 5a, and at 6.19 and 5.40 ppm for 5b. The high-field sig-
nals disappeared on rapid exchange with D2O and were as-
signed to the NH2 group. The downfield singlets that disap-
peared on slow exchange with D2O were assigned to H-3.
The slow exchange could be due to an imine-enamine tauto-
meric equilibrium.[5]


The b-amino-g-sultone ring has two electron-rich centres
at C-3 and 4-amino, respectively. We first examined the re-
activity of the model b-amino-g-sultone derivatives 5a,b to-
wards C-electrophiles such as alkyl halides. Thus, reaction of
5b with benzyl bromide in the presence of NaH at room
temperature afforded the 4-N- and 3-C-benzylated deriva-
tives 7 (21%) and 8 (10%) together with the N,C-dialkylat-
ed compound 9a (15%) and unreacted starting material
(Scheme 2). Longer reaction times and increasing amounts
of the electrophile and the base (1 or 2 additional equiva-
lents) afforded, exclusively, the N,C-dialkylated derivative
9a in a 51% yield. Similarly, reaction of 5b with methylScheme 1.
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iodide in the presence of KOH also afforded the N,C-dialky-
lated derivative 9b in 47% yield. These results were similar
to those obtained in TSAO nucleosides.[13] We next studied
the reaction of 5a with dimethylformamide dimethylacetal
to give the protected amino compound, and its reaction with
alkyl halides in order to alkylate regioselectively the C-3 po-
sition of the sultone ring. The 4-dimethylaminomethylen-
ACHTUNGTRENNUNGamino derivatives 10a,b were easily prepared in excellent
yields (97%) by the condensation reaction of 5a,b with an
excess of dimethylformamide dimethylacetal.[19] However,
all attempts to alkylate 10a,b with methyl iodide in the pres-
ence of different bases (NaH or KOH) were unsuccessful
and unreacted starting material was recovered, in spite of
the expected increased nucleophilicity of C-3 due to the
electron-donating effect of the dimethylaminomethylen-
ACHTUNGTRENNUNGamino substituent at C-4.
Next, we turned out our attention to the reaction of the


model substrates with a,b-unsaturated reagents (Michael ac-
ceptors) as C-electrophiles. It appears that in this case alky-
lation of the enamine system, in the presence of DMAP,
takes place exclusively through the amine, albeit in low
yields. Thus, treatment of sultone 5b with 1.2 equivalents of
methyl propiolate in acetonitrile in the presence of DMAP
at 0 8C for two hours gave a 10:1 mixture of E/Z Michael
adducts 12 (Scheme 2) in 17% yield, together with unreact-
ed starting material (45%). When this reaction was carried


out at room temperature overnight, a mixture of compounds
12 (17%), 13 (10%) and unreacted starting material (40%)
was obtained. Formation of compound 13 could be ex-
plained by a second Michael addition of enamine 12 to
methyl propiolate. Prolonged reaction time or increased
equivalents of the electrophile and of the base led to the de-
composition of the starting material, but did not increase
the yields of the products. Interestingly, when the reaction
between 5b and methyl propiolate was carried out in the
presence of NaH as the base, the N-acylated derivative 14
was obtained in 40% yield.
To avoid acylation of the 4-amino group in the presence


of NaH, methyl propiolate was replaced by acrylonitrile as
the Michael acceptor. When model sultone 5b was reacted
with two equivalents of acrylonitrile in the presence of NaH
at room temperature for one hour, mixtures of the N,C-di
and the tri-Michael adducts 15 and 16 were isolated
(Scheme 2). Reduced amounts of acrylonitrile and base
(1 equiv) afforded mixtures of the N- and C-monoalkylated
17 and 18 and the N,C-dialkylated compound 16
(Scheme 2). Polyalkylation of the enamine system could be
explained by the higher reactivity of the Michael acceptor
(acrylonitrile vs methyl propiolate).
Reaction of the model b-amino-g-sultone derivatives 5a,b


with carbonyl electrophiles, such as isocyanates, occurs ex-
clusively at the 4-amino group of the enamine system in
good yields. Thus, reaction of 5a with chlorosulfonyl isocya-
nate in acetonitrile, followed by treatment with aqueous
NaHCO3, gave the 4-unsubstituted ureido derivative 19 in
46% yield (Scheme 3). Similarly, reaction of 5a,b with an
excess of ethoxycarbonyl or benzoyl isocyanate, in dry ace-
tonitrile at 80 8C, afforded the corresponding 4’’-N-acyl sub-
stituted ureido derivatives 20 (93%), 21 (60%), and 22
(81%) in good yields.


Treatment of compound 5b with an excess of benzoyl
chloride and DMAP as base in acetonitrile afforded the N-
benzoyl derivative 23 in 71% yield (Scheme 3) after a pro-


Scheme 2.


Scheme 3.
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longed reaction time (4 days) at room temperature. When
this reaction was carried out in a pressure reaction vessel at
80 8C (general N-acylation conditions used in TSAO nucleo-
side derivatives),[14] the initially observed N-acyl group of 23
underwent migration to the enaminic C-3 carbon to give the
C-acylated product 24 after three hours, in good yield
(69%). It should be noted that N-acylation of the b-amino-
g-sultone heterocyclic system at room temperature or C-acy-
lation with acyl chlorides has never been observed previous-
ly in TSAO nucleoside derivatives.[14]


Other carbonyl electrophiles such as aldehydes (previ-
ously unexplored in TSAO nucleoside substrates) react with
model sultone derivatives 5a,b exclusively at the C-3 posi-
tion of the enamine system (Scheme 3). Reaction of 5b with
benzaldehyde in dry THF in the presence of NaH at low
temperature (�78 8C) afforded the 3-hydroxyphenylmethyl
derivative 25 in low yield. Interestingly, when 5a,b was re-
acted with benzaldehyde under similar conditions at 70 8C,
the 3-benzoyl derivatives 26 and 24 were obtained in 88 and
77% yield, respectively. Similarly, reaction of 5b with 2-fur-
aldehyde and cyclohexanaldehyde at 70 8C afforded the 3-
acyl derivatives 27 and 28 in good yields (74 and 73%, re-
spectively). However, reaction of 5a,b with acetaldehyde,
propanaldehyde or unsaturated aldehydes, such as croton-
ACHTUNGTRENNUNGaldehyde, failed in all cases, and only decomposition of the
starting material was observed.
We next investigated the behaviour of the model sub-


strates 5a,b towards other electrophiles, such as halogen or
nitrogen electrophiles (Scheme 4). Compounds 5a,b reacted
with halogen electrophiles, also exclusively at the C-3 posi-
tion of the enamine system, in good yields. Bromo and iodo
substituents were easily introduced by using JohnsonOs con-
ditions,[20] which involves iodine in basic medium. Thus,
treatment of 5a with iodine in ethanol, and sodium bicar-
bonate as base, afforded the 3-iodo derivative 29 in 70%
yield. Similarly, reaction of 5a,b with bromine in ethanol
yielded the 3-bromo derivatives 30a,b in excellent yields (98
and 95%, respectively). On the other hand, nitrosation of
5a,b with sodium nitrite in acetic acid at 0 8C gave the
purple 3-nitroso derivatives 31a,b in 81 and 61% yield, re-
spectively (Scheme 4). These 3-functionalised derivatives


could be considered as useful intermediates for further func-
tionalisation of this heterocycle.
Modifications at the 4-position of the b-amino-g-sultone


heterocyclic system, which have been previously reported to
work smoothly in this system, such as acid hydrolysis of the
enamino system,[6,10a,12] or substitution of this amino group
by other amines through transamination reactions[14] were
next addressed in our substrates (Scheme 5). In good agree-


ment with previous results, hydrolysis of compounds 5a,b
with 1n HCl in methanol afforded the expected b-keto-g-
sultone derivatives 32a,b (Scheme 5) in good yields (85 and
76%, respectively). Alternative methods for the synthesis of
the b-keto-g-sultone heterocyclic system involved cyclisation
of a-(carboxyethyl)alkyl alkanesulfonates.[21]


1H and 13C NMR spectra of compounds 32a,b revealed
that they exist in solution in the keto (A) or enol (B) forms
depending on the choice of solvent. In CDCl3, the


1H NMR
spectra of 32a,b showed the disappearance of the singlets
assigned to the 4-NH2 and the H-3, and the presence of a
new AB system at d=2.99 and 3.23 ppm, corresponding to
the H-3 of the keto form A. In 13C NMR, the chemical shifts
for the C-4 ketone carbonyl are at d=200.6 and 200.8 ppm,
which are typical values for ketone carbonyls. However, in
[D6]DMSO, the


1H NMR spectra of 32a,b showed a broad
singlets at d=12.75 and 12.84 ppm, respectively, exchangea-
ble with D2O, which were assigned to the hydroxyl protons
of the corresponding enol tautomers (B). The singlets at d=


5.86 ppm for 32a and d=6.03 ppm for 32b were assigned to
the H-3 vinyl protons of the corresponding enol tautomers.
In 13C NMR, the enolic C-4 carbon appears at d=166.2 ppm
for 32a and d=166.2 ppm for 32b. These results indicate
that in [D6]DMSO, compounds 32a,b exist in enol form.
However, in contrast with TSAO derivatives,[14] trans-


ACHTUNGTRENNUNGamination reactions of 5a,b with an excess of H-Gly-
OMe.HCl or H-b-Ala-OMe.HCl as amines, heated in meth-
anol under reflux in a sealed tube for several days were un-
successful, and unreacted starting material was recovered
(Scheme 5).Scheme 4.


Scheme 5.
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The marked reactivity difference found between the
TSAO sultone system (in which the sultone moiety is fused
to the C-3’ position of the ribose ring of TSAO nucleosides,
Figure 1 below, Supporting Information) and the model sub-
strates 5a,b in the reactions with amines prompted us to in-
vestigate whether the spiranic (TSAO nucleosides) or non-
spiranic nature of the model substrates 5a,b could explain
the experimental reactivity differences. Thus, the spiro-fused
compounds 40, 41 and 42 (Scheme 6) containing the b-


amino-g-sultone moiety were chosen as simple spiranic
models and were subjected to transamination reactions. The
synthesis of the simpler derivatives 40 and 41, fused to a cy-
clopentane or a tetrahydrofuran ring, was carried out in a
similar way to that described for the model substrates 5a,b,
starting from the appropriate commercially available cyclic
ketone 34 and 35,[22] by cyanohydrine formation, mesylation
and base cyclisation. Thus, treatment of 34 and 35[22] with
trimethylsilyl cyanide in the presence of one equivalent of
BF3·Et2O afforded the corresponding cyanohydrines, which
were subsequently reacted with mesyl chloride in the pres-
ence of triethylamine as base to yield the desired alkyl sulfo-
nate derivatives 37 and 38 (72 and 63% overall yield, re-
spectively). Reaction of 37 and 38 with Cs2CO3 gave the de-
sired fused spiro sultone derivatives 40 and 41 in good yields
(91 and 70%, respectively). The spiro sultone compound 42
(Scheme 6) fused to a N-benzyl-3-pyrrolidine ring was simi-
larly prepared by reaction of N-benzyl-3-pyrrolidinone (36)
with potassium cyanide in water at 0 8C, in the presence of
sodium bicarbonate,[23] followed by mesylation (mesyl chlo-
ride/triethylamine) and base-cyclisation (Cs2CO3) to give the
desired fused spiro derivative 42 in good yield.
Interestingly, reaction of spiro sultone derivatives 40–42


with an excess of amines such as glycine or b-alanine ester
hydrochlorides in methanol under reflux, in a sealed tube
for 24 h, afforded the N-alkyl derivatives 43–46 (Scheme 7)
in moderate to good yields (40, 76, 67, and 62%, respective-
ly). Thus, remarkable differences in the reactivity of the b-
amino-g-sultone heterocyclic system towards amines be-
tween spiranic and non-spiranic substrates were observed.
Theoretical studies, mentioned below, were carried out to


rationalise these reactivity differences. As will be comment-
ed below, these studies further suggest that interaction of a
tertiary amine, and consequently a base, on the C-4 position
brings about an increase in the reactivity of spiranic sub-
strates towards electrophiles. To test this prognosis, the reac-
tivity of model spiranic b-amino-g-sultone derivatives 40–42


towards electrophiles, such as benzoyl chloride or methyl
propiolate, in the presence of DMAP as base, was next com-
pared with that of model non-spiranic substrates 5a,b. Inter-
estingly, spiro sultone derivatives 40–42 reacted with ben-
zoylchloride in the presence of DMAP in dry acetonitrile
very rapidly and efficiently (Scheme 7). It took only 1–5 h at
room temperature to go to completion, affording the N-ben-
zoyl derivatives 47–49 in good yields (70, 71, and 78%
yields, respectively). Thus, the rate of these N-benzoylations
was dramatically increased in spiro sultone derivatives at
room temperature (1–5 h for 40–42 compared with four days
for compound 5b). At higher temperature (80 8C in a sealed
tube) treatment of compound 42 with benzoylchloride and
DMAP in dry acetonitrile gave the expected C-benzoyl de-
rivative 50 in three hours in 67% yield. However, reaction
of the simpler spiro sultone derivatives 40 and 41 under sim-
ilar conditions with benzoylchloride and DMAP at 80 8C led
to product decomposition. Finally, reaction of compounds
40–42 with methyl propiolate and DMAP in acetonitrile at
�20 8C for 1–6 h gave a mixture of the N-alkylated deriva-
tives of E and Z configuration 51–53 (Scheme 7) in higher
yields than that of model non-spiranic substrates (45–57%
yield for 40–42 vs. 17% yield for compounds 5a,b). There-
fore, the reactivity of the enaminic system of spiro sultone
derivatives 40–42 towards benzoyl chloride, methyl propio-
late or amines appears to be higher than that of non-spiranic
substrates 5a,b.


Theoretical study : A comparative computational study be-
tween spiranic and non-spiranic b-amino-g-sultone sub-


Scheme 6.


Scheme 7.
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strates was carried out in order to rationalise the experimen-
tal results described in this paper. All the b-amino-g-sultone
compounds (Am) together with their corresponding (E)-
and (Z)-imine tautomers (Im) were modelled by means of
DFT B3LYP/6-31G(d) calculations to determine the tauto-
mer populations and their geometrical features.
The DFT quantum-mechanical calculations showed the


relative Gibbs energy of the different tautomers to follow
the order depicted in Scheme 8. The tendency in free energy
indicates that the most stable isomer for all studied com-
pounds is that of the amine. However, when the substituents
on C-5 are not alicyclics, the imine tautomers have free
energy values close to that found for the 4-amino one
(DGAm�DGIm2>DGIm1).


In geometric terms, the differences between the diverse
tautomers are important. Thus, the five-membered sultone
cycle of the amine tautomer is almost flat, with the sulfur
and carbon atoms C-3, C-4 and C-5 forming a plane, where-
as the oxygen atom of the cycle forms a rough envelope
conformation. This oxygen atom has a flap angle higher
than 1758 in relation to that plane. Regarding the imine con-
formations, the sultone ring forms a more real envelope con-
formation in which the flap atom is placed, in this case, on
the sulfur atom (Figure 1). This conformational change, as
commented below, seems to be responsible for the peculiar
reactivity of these chemical systems towards several mole-
cules. Also, the conformational divergence depends on the
substituents at the C-5 position. Thus, when R1 and R2 are


linear chains, the conformational change when the system
goes from the amine tautomer to the imine ones is easily
achieved. However, when R1 and R2 form an alicyclic
moiety, this conformational change is more difficult to ach-
ieve, because both cycles, joined by a spiranic carbon, are
mutually hindering, and an energetic and synergic agree-
ment between both cycles has to be accomplished to permit
successful proton transfer.
On calculating the Mulliken and ESP charges by compu-


tational chemistry methods, it is observed that the b-amino-
g-sultone ring has two electron-rich atoms centred on the C-
3 and 4-amino atoms (Figure 2). HOMO energy values,


close to �6.5 eV for the 4-amino derivatives and near 7.0 eV
for the (Z)- and (E)-imine tautomers, indicate that these
molecules have a slightly hard behaviour and that the amine
nitrogen atom is more nucleophilic than the imine ones.
Also, the HOMO electron density for the amine tautomer is
mainly centred on the C-3 and 4-amino atoms, with the
higher electron density placed on C-3, no matter which com-
pound is analyzed. For the imine compounds, the HOMO
electron density, even though it is more delocalised, is
mainly centred on the NH imine moiety having the C-3
atom with lower electron density than the nitrogen one.
Therefore, the reactivity towards electrophiles will depend
on the ratio of tautomers present in the reaction system.
Thus, attending to electronic features, the 4-amino tauto-
mers will react towards electrophiles both on the nitrogen
and C-3 atoms, even though the product ratio should be
slightly displaced to the reaction on N-4, whilst the (E)- or
(Z)-imine tautomers will react mostly at the N-4 position.
In Scheme 9 the plausible reactions for b-amino-g-sultone


derivatives and their corresponding tautomers with electro-
philes are shown. This scheme also depicts the relative equi-
librium constants of the obtained product ratio. To justify
the latter scheme derived from the analysis of the HOMO
frontier orbital, quantum calculations were also carried out
to model these electrophilic reactions on the C-3 and 4-
amino positions. It could be observed that both positions are
able to undergo electrophilic reactions. When an ethyl
cation, chosen as an electrophilic probe for the sake of sim-
plicity, was allowed to interact with the compound described
in this paper, the intermediate state of the attack on the C-3
position had higher energy than that of the attack on the 4-


Scheme 8. Gibbs energy orders for b-amino-g-sultone tautomers.


Figure 1. Molecular modelling, B3LYP/6–31G(d) geometry for 4-amino
tautomer of 41 (left) and (Z)-imine tautomer of 41 (right).


Figure 2. HOMO representation of amine tautomer (left) and (Z)-imine
tautomer of 40 (right).
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amino one (Scheme 9). However, the final state of the
attack on the 4-amino position had the lowest free energy.
Also, it was found by thermodynamic reasoning that the
attack on the C-3 position of the imine moiety is reversible,
resembling the tautomerism of the proton, and hence, in-
stead of a proton making the interchange, the electrophile
seems to be able to jump from the C-3 position to the 4-
amino one. These calculations are thus capable of justifying
the obtained experimental results. After the first electrophil-
ic reaction, another one is possible on the other reactive po-
sition. In conclusion, both C-3 and 4-amino positions will be
capable of undergoing electrophilic reactions, and the reac-
tion products will depend on the substrate, the used electro-
phile (soft or hard) and the reaction conditions (pH, temper-
ature, time, etc.).
Theoretical studies of b-amino-g-sultone substrates to-


wards nucleophiles were also performed. LUMO diagrams
show the C-4 position to be the most favourable for attack
by nucleophiles (Figure 3). Also, the lobes of the LUMO
centred on the C-3 and 4-amino positions allow justification
of the feasibility of these systems to undergo the proton


transpositions necessary to rationalise the interconversion
between the amino and imine tautomers.
The dramatic difference in reactivity of spiranic versus


non-spiranic sultone derivatives towards amines as nucleo-
philes cannot be explained by considering solely the frontier
orbitals of these substrates and nucleophiles. Therefore, a
computational study of the reactions by nucleophiles to-
wards the 4-amino-1,2-oxathiole-2,2-dioxide heterocyclic
systems was carried out. For the sake of simplicity, the trans-
amination reactions were modelled by placing an ammonia
molecule (as a simple amine probe) near the C-2 position.
In this context, the ammonia nucleophile moiety was placed
at 2.0 Q, calculating the optimised geometry for two
models: one simulating the attack from the top, and the
other from the bottom of the five-membered sultone ring
plane.
As shown in Scheme 10, for the non-spiranic sultone com-


pounds it was not possible to find any energy minimum or
intermediate state for the reaction of NH3 with the amino-
derivative, because the nucleophile was ejected from the ini-
tial distance to distances larger than 3.5 Q, showing that this
molecule is not able to interact with the C-4 carbon. Howev-
er, NH3 was able to interact in all the spiranic compounds,
forming an intermediate compound (I) that was able to
progress towards the transamination compound. The inter-
mediate I is only produced when the ammonia molecule in-
teracts with the C-4 position through one side (top position
of Scheme 10). This intermediate state showed a contorted
conformation on the sultone ring, which is not flat, showing
an envelope conformation with the spiranic carbon being
the flap atom (E5). This state is stabilised because the other
ring also undergoes a conformational change. Both coordi-


Scheme 9. Electrophilic reactions of b-amino-g-sultone derivatives and
their corresponding tautomers.


Figure 3. LUMO representation of amine tautomer (left) and (Z)-imine
tautomer of 40 (right).


Scheme 10.
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nated changes are able to
lessen the energy of the system,
producing the intermediate
compound (Figure 4). The
lowest relative Gibbs energies
for the intermediate compounds
(DGS= DGintermediate�DGreactives=


DGintermediate�DGsultone�DGNH3
)


were found for the intermedi-
ates derived from 41 (DGS=


50.32 kcalmol�1) and 42 (DGS=


48.21 kcalmol�1), being slightly
higher for 40 (DGS=57.32 kcal
mol�1). The progress of the re-
action is easily achieved by
transfer of a proton from the
NH3 group to the NH2 one,
with release of the protonated
group, NH3. The stage resultant


of the proton transfer matches with the attack on the non-
reactive side, and hence the NH3 is released, yielding the
transamination product. Evidently, if the nucleophile is an
amine (RNH2), the resultant compound is the transamina-
tion product, in which the resultant moiety placed on C-4 is
NHR.
Furthermore, the conformational change mentioned


above, needed to produce the intermediate compound (I,
Scheme 10), may bring about an increase of electron density
on the N-4 and C-3 atoms. In particular, the HOMO graph
(Figure 5) indicates that the highest electron density is locat-


ed on the C-3 carbon. Also, the amine group attached to
that carbon is out of the plane of the sultone envelope, its
nature being more sp3, and thus more reactive to electro-
philes. As an example, the HOMO graph for the intermedi-
ate compound derived from 41 is portrayed in Figure 5.
This increase of electron density on the N-4 and C-3


atoms, on the intermediate state resulting from the interac-
tion of a nucleophile on C-4, may anticipate an enhanced re-
activity of spiranic substrates towards electrophiles in the
presence of amines as bases, compared with the non-spiranic
substrates. Thus, a similar computational study replacing the
ammonia molecule by a tertiary amine as a base was carried
out. In this case, NMe3 was used as a simple probe and it


was placed at 2.0 Q from the C-4 position. Again, similar in-
termediate states to those found above were obtained only
for spiranic compounds. In this case, the lowest DGS inter-
mediate was that derived from 41 (DGS=65.91 kcalmol�1),
whilst the highest one corresponded to 40 (DGS=89.23 kcal
mol�1). As an example, the geometry conformation of the
intermediate state derived from 41 is depicted in Figure 6.
The obtained geometry is analogous to the geometry of the
intermediate of the reaction with NH3. However, the distan-
ces N ACHTUNGTRENNUNG(NH3)···C4 were lower than N ACHTUNGTRENNUNG(NMe3)···C4 for the in-
termediates resulting from the interaction with NMe3. Thus,
in absolute terms, the electronic interaction is lower than
that obtained for the reaction with ammonia.


Again, the electron density is mainly located on the C-3
and N-4 atoms. Thus, after the interaction of the nucleophile
(NMe3), the 4-amino group is geometrically out of plane
with a structure like an aliphatic amine (sp3) with enhanced
reactivity and capable of reacting under mild conditions
with electrophilic entities. Also, the C-3 position showed the
HOMO highest density, and, therefore, may be able to react
with the same electro-deficient systems. The enhancing of
reactivity is evident from observation of the HOMO energy.
The HOMO energy is �6.59 eV for 41, �5.60 eV for NMe3,
and �5.05 eV for the intermediate compound. This lower
EHOMO of the intermediate compound means a higher reac-
tivity towards electrophiles, which has been supported ex-
perimentally, as mentioned before. The reactivity of posi-
tions C-3 and N-4 will depend on the electrophile used and
the reaction conditions. Paying attention to this result, the
reactivity of these systems is explained and summarised in
Scheme 11.


Conclusion


The reactivity of the readily available 4-amino-5H-1,2-oxa-
thiole-2,2-dioxide (b-amino-g-sultone) heterocyclic system
toward electrophiles and amines has been studied. One of
the interesting features of the system is its ambident nucleo-
philicity: nucleophilic reaction can take place at the site of
the enaminic carbon atom (C-3) and/or the primary amino
nitrogen atom, depending on the nature of the electrophile


Figure 4. Molecular model of
the resultant intermediate (I)
of the reaction between 42 and
NH3.


Figure 5. HOMO graph of the intermediate state I resultant of the reac-
tion between 41 and NH3.


Figure 6. Geometry of the intermediate state resultant of the interaction
between 41 and NMe3.
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and the reaction conditions. On the other hand, amines
react at the C-4 position of the heterocycle through an ex-
change with the amino function only in spiranic substrates
bearing alicyclic substituents at the C-5 position. Theoretical
studies indicate that the reactivity of spiranic systems to-
wards amines is primarily controlled by conformational
changes on intermediate compounds. Furthermore, the cal-
culations predict an enhanced reactivity of spiranic sub-
strates towards electrophiles in the presence of amines. This
increase of reactivity on spiranic derivatives comes from the
interaction of an electron-rich moiety, such as an amine at
the C-4 position. This interaction brings about a conforma-
tional change with breaking of the planarity of the sultone
ring, which increases the reactivity of the C-3 and N-4 posi-
tions towards electrophiles. This is supported by experimen-
tal results, which indicated that the rate or yields of the re-
action of spiranic substrates with electrophiles, such as ben-
zoyl chloride or methyl propiolate in the presence of a terti-
ary amine (DMAP), were dramatically increased when com-
pared with model non-spiranic substrates. These studies
represent a clear example of how an electronic interaction is
able to induce conformational changes that lead to inter-
mediate states with increase reactivity.


Experimental Section


Chemical procedures : Melting points were determined in a Reichert-
Jung Thermovar hot-stage microscope equipped with a polarizer. IR
spectra were obtained on a Perkin–Elmer Spectrum One spectrophotom-
eter. Microanalyses were carried out on a CHN-O-RAPID instrument.
Mass spectra were measured on a quadropole mass spectrometer
equipped with an electrospray source (LC/MC HP 1100). 1H NMR spec-
tra were recorded with a spectrometer operating at 300, 400, and
500 MHz with Me4Si as the internal standard.


13C NMR spectra were re-


corded with a spectrometer operating at 75, 100, and 125 MHz. Analyti-
cal thin-layer chromatography (TLC) was performed on silica gel 60 F254.
Separations on silica gel were performed by preparative centrifugal circu-
lar thin-layer chromatography (CCTLC) on a Chromatotron (Kiesegel
60 PF254 gipshaltig, layer thickness of 1 mm, flow rate of 5 mLmin�1).
Flash column chromatography was performed with silica gel 60 (230–400
mesh). Liquid chromatography was performed using a force flow (flash
chromatography) HPFC Horizon system with Flash 25m cartridges (KP-
Sil Silica, 60 Q, 40–63 mm).


Triethylamine, 1,4-dioxane, dichloromethane, 1,2-dichloroethane, acetoni-
trile, and ethanol were dried by heating under reflux over calcium hy-
dride. Tetrahydrofuran was dried by heating under reflux over sodium/
benzophenone.


2-Benzyl-2-hydroxy-3-phenylpropionitrile (2a)


Method A : NaHCO3 (79 mg, 0.94 mmol) and sodium cyanide (24 mg,
0.48 mmol) were added to a solution of 1a (100 mg, 0.48 mmol) in diethyl
ether (2 mL)/water (1 mL). The mixture was stirred at room temperature
for 40 h. The organic layer was separated and the aqueous phase was fur-
ther extracted with diethyl ether (2R10 mL). The combined organic ex-
tracts were dried and evaporated to dryness. The residue was purified by
column chromatography (hexane/ethyl acetate 1:2), to give 2a (45 mg,
40%) as a white amorphous solid. 1H NMR (300 MHz, (CD3)2CO): d=


2.96 (s, 4H), 6.49 (br s, 1H), 7.42 ppm (m, 10H). The slowest moving
band afforded 40 mg (40%) of unreacted starting material (1a).


Method B : Trimethylsilyl cyanide (130 mL, 0.96 mmol) and boron trifluor-
ide diethyl etherate (12 mL, 0.096 mmol) were added to a solution of 1a
(100 mg, 0.48 mmol) in dichloromethane (5 mL). The mixture was stirred
at room temperature for 0.5 h. The solvent was evaporated to dryness. A
solution of 3n HCl (5 mL) was added and the resulting suspension was
stirred at room temperature for 12 h. Volatiles were removed and the res-
idue, thus obtained, was dissolved in ethyl acetate (10 mL) and washed,
successively, with aqueous NaHCO3 (2R5 mL) and brine (2R5 mL). The
organic layer was dried (Na2SO4), filtered, and evaporated to dryness.
The final residue was purified by CCTLC on the Chromatotron (hexane/
ethyl acetate, 1:2) to give 2a (80 mg, 70%) as a white foam.


Method C : Trimethylsilyl cyanide (400 mL, 3 mmol) and boron trifluoride
diethyl etherate (253 mL, 2 mmol) were added to solution of 1a (420 mg,
2 mmol) in dichloromethane (5 mL). The mixture was stirred at room
temperature for 2 h and the solvent was evaporated to dryness. The resi-
due, thus obtained, was dissolved in ethyl acetate (10 mL), washed with
brine (2R5 mL) and dried (Na2SO4). After filtration and evaporation of
the solvent, the residue was purified by CCTLC on the Chromatotron
(hexane/ethyl acetate, 1:2) to give 2a (430 mg, 90%) as a white foam.


2-Benzyl-2-(methanesulfonyloxy)-3-phenylpropionitrile (4a): Et3N
(1.9 mL, 14 mmol) was added to a solution of 2a (600 mg, 2.2 mmol) in
dry dichloromethane (5 mL). The mixture was cooled to �30 8C and
methanesulfonyl chloride (460 mL, 6 mmol) was slowly added. The mix-
ture was stirred at �20 8C for 1 h and at 0 8C for an additional hour. Vola-
tiles were removed and the residue was dissolved in ethyl acetate
(10 mL) and washed successively with water (10 mL) and brine (2R
10 mL). The organic phase was dried (Na2SO4), filtered and evaporated
to dryness. The final residue was purified by flash column chromatogra-
phy on silica gel (hexane: ethyl acetate, 10:1) to give 4a (0.55 g, 80%) as
a white amorphous solid. 1H NMR (200 MHz, (CD3)2CO): d=2.85 (s,
3H), 3.42 and 3.47 (AB system, J=9.4 Hz, 4H), 7.38 ppm (m, 10H); IR
(film): ñ =2541 cm�1; elemental analysis calcd (%) for C17H17NO3S: C
64.74, H 5.43, N 4.44, S 10.17; found: C 64.44, H 5.09, N 4.67, S 9.98. The
slowest moving band afforded 30 mg (5%) of unreacted starting material
(2a).


4-Amino-5,5-dibenzyl-5H-1,2-oxathiole-2,2-dioxide (5a): Caesium car-
bonate (490 mg, 1.5 mmol) was added to a suspension of 4a (310 mg,
1 mmol) in dry acetonitrile (3 mL), and the mixture was stirred at room
temperature for 2 h. Solvent was removed and the residue, thus obtained,
was dissolved in ethyl acetate (20 mL) and washed successively with
water (10 mL) and brine (2R10 mL). The organic phase was dried
(Na2SO4) and filtered, followed by evaporation of the solvent. The resi-
due was purified by CCTLC on the Chromatotron (hexane/ethyl acetate,
3:1) to give 5a (270 mg, 80%) as a white solid. M.p. (toluene): 225–


Scheme 11. Geometrical and electronic (EHOMO) parameters for the inter-
mediate resulting from the reaction of spiranic compounds with electro-
philes (E1, E2) in the presence of a base (top) along with its reaction
products (bottom).
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226 8C; 1H NMR (200 MHz, (CD3)2CO): d =3.12 and 3.35 (AB system,
J=14.5 Hz, 4H), 5.21 (s, 1H), 6.33 (br s, 2H, NH2), 7.30 ppm (m, 10H);
13C NMR (50 MHz, (CD3)2CO): d=43.4, 90.1, 92.2, 128.2, 129.1, 132.1,
135.9, 142.5, 158.5 ppm; IR (film): ñ =3501, 3407 cm�1; MS (ES+): m/z :
316.1 [M+1]+ , 338.1 [M+Na]+ , 631.2 [2M+1]+ , 653.2 [2M+Na]+ ; ele-
mental analysis calcd (%) for C17H17NO3S: C 64.74, H 5.43, N 4.44, S
10.17; found: C 64.50, H 5.03, N 4.12, S 10.03.


4-Benzylamino-5-benzyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide, 4-amino-
3,5-dibenzyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide and 4-benzylamino-3,5-
dibenzyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (7, 8 and 9a): A solution of
5b (100 mg, 0.40 mmol) and NaH (21 mg, 0.88 mmol) in dry THF (5 mL)
was stirred at room temperature for 10 min. Then, benzylbromide
(147 mL, 0.99 mmol) was added and the mixture was stirred at room tem-
perature for 19 h and neutralised with acetic acid to pH�7. The residue
obtained after evaporation was purified by HPFC on a Horizon system
(hexane/ethyl acetate, 2:1). From the fastest moving band 9a (25 mg,
15%) was isolated as a white amorphous solid. M.p. (hexane/ethyl ace-
tate): 187–188 8C; 1H NMR (500 MHz, (CD3)2CO): d =1.03 (t, J=7.0 Hz,
3H), 1.91 (m, 1H), 2.18 (m, 1H), 3.35 (s, 2H), 3.55 and 3.63 (AB system,
J=18.3 Hz, 2H), 4.24 (ABX system, J=5.9 and 15.6 Hz, 1H), 4.25 (ABX
system, J=7.4 and 15.6 Hz, 1H), 6.42 (ABX system, J=5.9 and 7.4 Hz),
1H, 6.98 (d, J=7.3 Hz, 2H), 7.16 (t, J=7.3 Hz, 1H), 7.22 (t, J=7.3 Hz,
2H), 7.33 ppm (m, 10H); 13C NMR [125 MHz, (CD3)2CO] d=7.9, 28.4,
30.7, 44.3, 47.6, 92.2, 97.9, 126.9, 127.3, 127.8, 128.2, 128.4, 128.8, 129.2,
129.5, 131.9, 135.5, 140.4, 140.5, 151.4 ppm; MS (ES+): m/z : 434.3
[M+1]+ , 451.3 [M+H2O]


+ , 889.3 [2M+Na]+; elemental analysis calcd
(%) for C26H27NO3S: C 72.03, H 6.28, N 3.23, S 7.40; found: C 71.89, H
5.99, N 3.00, S 7.12.


The next moving band gave 28 mg (21%) of 7 as a white foam. 1H NMR
(300 MHz, (CD3)2CO): d=0.87 (t, J=7.2 Hz, 3H), 1.74 (m, 1H), 2.03 (m,
1H), 3.25 (s, 2H), 4.31 (d, J=5.5 Hz, 2H), 5.40 (s, 1H), 6.69 (br t, J=


5.5 Hz, 1H; NH), 7.35 ppm (m, 10H); 13C NMR (100 MHz, (CD3)2CO):
d=6.8, 28.9, 44.1, 48.9, 87.6, 92.1, 127.1, 127.8, 128.1, 128.8, 131.1, 134.9,
137.5, 157.1 ppm; MS (ES+): m/z : 344.3 [M+1]+ , 366.3 [M+Na]+ , 709.1
[2M+Na]+ ; elemental analysis calcd (%) for C19H21NO3S: C 66.45, H
6.16, N 4.08, S 9.34; found: C 66.23, H 5.99, N 3.89, S 8.97.


The slowest moving band afforded 13 mg (10%) of 8 as a white foam.
1H NMR (500 MHz, (CD3)2CO): d=0.93 (t, J=7.5 Hz, 3H), 1.82 (m,
1H), 2.08 (m, 1H), 3.25 (s, 2H), 3.58 and 3.63 (AB system, J=17.3 Hz,
2H), 5.83 (br s, 2H; NH2), 7.16 (d, J=7.3 Hz, 2H), 7.19 (m, 1H), 7.20 (m,
2H), 7.30 ppm (m, 5H); 13C NMR (125 MHz, (CD3)2CO): d=14.4, 27.6,
44.3, 92.0, 100.1, 126.9, 127.7, 128.7, 128.9, 129.0, 131.8, 135.5, 138.3,
152.3 ppm; MS (ES+): m/z : 344.3 [M+1]+ , 361.2 [M+H2O]


+ , 366.2
[M+Na]+ , 709.2 [2M+Na]+ ; elemental analysis calcd (%) for
C19H21NO3S: C 66.45, H 6.16, N 4.08, S 9.34; found: C 66.32, H 6.01, N
3.87, S 9.31.


5,5-Dibenzyl-3-methyl-4-methylamino-5H-1,2-oxathiole-2,2-dioxide (9b):
A solution of 5a (100 mg, 0.32 mmol) and KOH (54 mg, 0.90 mmol) in
dry 1,4-dioxane (15 mL) was stirred at room temperature for 15 min.
Then MeI (126 mL, 0.90 mmol) was added. The mixture was stirred at
room temperature for 24 h, neutralised with acetic acid and concentrated
to dryness. The residue was treated with ethyl acetate (2R5 mL) and
brine (5 mL). The organic phase was dried (Na2SO4), filtered and evapo-
rated to dryness. The residue was purified by CCTLC on the Chromato-
tron (hexane/ethyl acetate, 1:1) to give 9b (30 mg, 27%) as a white amor-
phous solid. M.p. (hexane/ethyl acetate): 213–214 8C; 1H NMR
(300 MHz, (CD3)2CO): d=1.90 (s, 3H), 3.03 (d, J=5.1 Hz, 3H), 3.05 and
3.26 (AB system, J=14.5 Hz, 4H), 6.81 (br s, 1H; NH), 7.25 ppm (m,
10H); 13C NMR (50 MHz, (CD3)2CO): d=7.1, 29.8, 41.9, 88.9, 126.1,
126.3, 130.0, 134.4, 142.1 ppm; MS (ES+): m/z : 344.2 [M+1]+ , 366.6
[M+Na]+ , 711.3 [2M+Na]+ ; elemental analysis calcd (%) for
C19H21NO3S: C 66.45, H 6.16, N 4.08, S 9.34; found: C 66.21, H 6.01, N
3.87, S 9.11.


5,5-Dibenzyl-4-[(dimethylamino)methylen]amino-5H-1,2-oxathiole-2,2-
dioxide (10a): N,N-Dimethylformamide dimethyl acetal (170 mL,
1.28 mmol) was added to a solution of 5a (100 mg, 0.32 mmol) in dry
DMF (10 mL). The reaction mixture was stirred at 40 8C for 40 min. The
solvent was evaporated to dryness and the residue was purified by HPFC


on an Horizon system (hexane/ethyl acetate 1:1) to give 10a (115 mg,
97%) as a white solid. M.p. (dichloromethane/hexane): 181–182 8C;
1H NMR (300 MHz, (CD3)2CO): d =3.05 and 3.22 (AB system, J=


13.5 Hz, 4H), 3.18 (s, 6H), 5.76 (s, 1H), 7.25 (m, 10H), 7.88 ppm (s, 1H);
13C NMR (50 MHz, (CD3)2CO): d =35.3, 41.2, 43.4, 95.0, 98.5, 127.9,
128.9, 132.2, 136.5, 159.0, 165.7 ppm; MS (ES+): m/z : 371.3 [M+1]+ ; ele-
mental analysis calcd (%) for C20H22N2O3S: C 64.84, H 5.99, N 7.56, S
8.66; found: C 64.56, H 5.62, N 7.33, S 8.28.


Reaction of sultone 5b with methyl propiolate


5-Benzyl-5-ethyl-4-[(E)-2-(methoxycarbonyl)vinyl]amino-5H-1,2-oxa-
thiole-2,2-dioxide ((E)-12) and (Z)-12 : A solution of 5b (100 mg,
0.39 mmol), methyl propiolate (42 mL, 0.47 mmol) and DMAP (57 mg,
0.47 mmol) in dry acetonitrile (10 mL) was stirred at 0 8C for 2 h. The sol-
vent was removed and ethyl acetate was added (5 mL) and the mixture
was washed with 0.1n HCl (2R5 mL) and brine (2R5 mL). The organic
layer was dried, filtered and evaporated to dryness. The final residue was
purified by CCTLC on the Chromatotron (hexane/ethyl acetate, 1:2) to
give a 90:10 mixture (20 mg, 17%) of (E)-12 and (Z)-12 as a white foam.


Data for (E)-12 : 1H NMR (300 MHz, (CD3)2CO): d=0.90 (t, J=7.5 Hz,
3H), 1.85 (m, 1H), 2.03 (m, 1H), 3.25 (s, 2H), 3.65 (s, 3H), 5.52 (d, J=


13.4 Hz, 1H), 6.54 (s, 1H), 7.25 (m, 5H), 7.55 (dd, J=11.2, 13.4 Hz, 1 H),
8.87 ppm (d, J=11.2 Hz, 1H); 13C NMR (50 MHz, CDCl3): d =23.3, 28.9,
44.7, 51.8, 92.4, 95.9, 102.2, 127.8, 128.1, 128.5, 128.7, 130.9, 133.0, 139.7,
151.4, 167.0 ppm; IR (film): ñ =3405, 1716 cm�1; MS (ES+): m/z : 338.0
[M+1]+ , 360.0 [M+Na]+ , 697.0 [2M+Na]+ ; elemental analysis calcd (%)
for C16H19NO5S: C 56.96, H 5.68, N 4.15, S 9.50; found: C 56.67, H 5.31,
N 4.01, S 9.42.


Data for (Z)-12 : 1H NMR (300 MHz, (CD3)2CO): d=3.78 (s, 3H), 5.23
(d, J=6.3 Hz, 1H), 6.41 ppm (s, 1H). The slowest moving band afforded
42 mg (42%) of unreacted starting material (5b).


5-Benzyl-5-ethyl-4-propioloylamino-5H-1,2-oxathiole-2,2-dioxide (14): A
solution of 5b (100 mg, 0.39 mmol) and NaH 60% dispersion in mineral
oil (32 mg, 0.78 mmol) in dry THF (5 mL) was stirred at room tempera-
ture for 1 h. Methyl propiolate (69 mL, 0.78 mmol) was added and the
mixture was stirred at room temperature for 3 h. Solvent was removed
and the residue was dissolved in ethyl acetate (5 mL) and the mixture
was washed with water (2R5 mL) and brine (2R5 mL). The organic layer
was dried (Na2SO4), filtered and evaporated to dryness. The final residue
was purified by CCTLC on the Chromatotron (hexane/ethyl acetate, 4:1)
to give 14 (48 mg, 40%) as a white solid. M.p. (hexane/ethyl acetate):
136–137 8C; 1H NMR (400 MHz, (CD3)2CO): d=0.87 (t, J=7.3 Hz, 3H),
1.85 (m, 1H), 2.17 (m, 1H), 3.28 and 3.36 (AB system, J=14.5 Hz, 2H),
4.06 (s, 1H), 7.22 (s, 1H), 7.27 (m, 5H), 10.20 ppm (br s, 1H; NH);
13C NMR (100 MHz, (CD3)2CO): d=7.0, 28.8, 43.5, 76.7, 79.0, 93.8, 107.0,
127.7, 128.6, 131.3, 134.4, 146.0, 151.0 ppm; IR (film): ñ =3508, 2305,
1707 cm�1; MS (ES+): m/z : 306.0 [M+1]+ , 633.2 [2M+Na]+; elemental
analysis calcd (%) for C15H15NO4S: C 59.00, H 4.95, N 4.59, S 10.50;
found: C 58.83, H 5.00, N 4.37, S 10.11.


Reaction of sultone 5b with acrylonitrile


Method A (2 equivalents of acrylonitrile and NaH): A solution of sultone
5b (100 mg, 0.39 mmol) and NaH 60% dispersion in mineral oil (32 mg,
0.78 mmol) in dry THF (4 mL) was stirred at room temperature for
15 min. Acrylonitrile (52 mL, 0.78 mmol) was added and the mixture was
stirred at room temperature for 1 h. The solvent was removed under
vacuum and the residue was dissolved in ethyl acetate (5 mL). The mix-
ture was washed with water (2R10 mL) and brine (10 mL). The organic
layer was dried (Na2SO4), filtered and evaporated to dryness. The final
residue was purified by flash chromatography on silica gel (pentane/ethyl
acetate, 1:1). From the fastest moving band, 5-benzyl-3-(2-cyanoethyl)-4-
bis-(2-cyanoethyl)amino-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (15)
(35 mg, 25%) was isolated as a white foam. 1H NMR (400 MHz,
(CD3)2CO): d=1.10 (t, J=7.2 Hz, 3H), 1.92 (ddd, J=5.2, 11.2, 14.8 Hz,
1H), 2.15 (m, 1H), 2.20–2.51 (m, 5H), 2.54–2.66 (m, 1H), 2.82 (m, 2H),
3.04 (t, J=6.4 Hz, 2H), 3.44 and 3.48 (AB system, J=15.2 Hz, 2H), 4.17
(td, J=6.4, 14.8 Hz, 1H), 4.36 (td, J=6.4, 15.2 Hz, 1H), 7.36 ppm (m,
5H); 13C NMR (100 MHz, (CD3)2CO): d=8.2, 12.0, 12.3, 20.3, 26.7,
28.7, 40.5, 48.6, 65.8, 96.3, 119.3, 119.4, 119.8, 129.2, 129.6, 131.7, 134.9,
168.5 ppm; MS (ES+): m/z : 435.2 [M+Na]+ , 413.3 [M+1]+ ; elemental
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analysis calcd (%) for C21H24N4O3S: C 61.14, H 5.86, N 13.58, S 7.77;
found: C 61.08, H 5.79, N 13.72, S 7.58.


The slowest moving band afforded 5-benzyl-3-(2-cyanoethyl)-4-(2-cya-
noethyl)amino-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (16) (15 mg, 15%) as
a white foam. 1H NMR (400 MHz, (CD3)2CO): d=0.92 (t, J=7.6 Hz,
3H), 1.78 (m, 1H), 2.09 (m, 2H), 2.57–2.72 (m, 2H), 2.89 (m, 3H), 3.26
(s, 2H), 3.85 (q, J=6.4 Hz, 2H), 6.19 (br t, J=5.6 Hz, 1H), 7.30 ppm (m,
5H); 13C NMR (100 MHz, (CD3)2CO): d=7.5, 18.2, 19.0, 20.1, 29.8, 41.0,
44.9, 92.4, 98.4, 118.9, 119.7, 127.9, 128.9, 131.9, 135.3, 150.2 ppm; MS
(ES+): m/z : 382.3 [M+Na]+ ; elemental analysis calcd (%) for
C18H21N3O3S: C 60.15, H 5.89, N 11.69, S 8.92; found: C 60.21, H 5.96, N
11.75, S 9.14.


Method B (1 equivalent of acrylonitrile and NaH): A solution of sultone
5b (100 mg, 0.39 mmol) and NaH 60% dispersion in mineral oil (16 mg,
0.39 mmol) in dry THF (4 mL) was stirred at room temperature for
15 min. Acrylonitrile (26 mL, 0.39 mmol) was added and the mixture was
stirred at room temperature overnight. Solvent was removed and the res-
idue was dissolved in ethyl acetate (10 mL) and the mixture was washed
with water (2R10 mL) and brine (10 mL). The organic layer was dried
(Na2SO4), filtered and evaporated to dryness. The final residue was puri-
fied by flash chromatography on silica gel (pentane/ethyl acetate, 1:1)
From the slowest moving band a 2:1 mixture of 5-benzyl-3-(2-cyanoeth-
yl)-4-(2-cyanoethyl)amino-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (16) and
5-benzyl-4-(2-cyanoethyl)amino-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (17)
(49 mg, 41%) was obtained as a white foam. Compound 17: 1H NMR
(400 MHz, (CD3)2CO): d=0.85 (t, J=7.3 Hz, 3H), 1.78 (m, 1H), 2.15 (m,
1H), 2.86 (m, 2H), 3.26 (s, 2H), 3.85 (q, J=6.5 Hz, 2H), 5.63 (s, 1H),
6.16 (br t, 6.4 Hz, 1H), 7.25–7.34 ppm (m, 5H); MS (ES+): m/z : 307.5
[M+1]+ .


The fastest moving band afforded 49 mg (40%) of 4-amino-5-benzyl-3-
(2-cyanoethyl)-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (18) as a white foam.
1H NMR (300 MHz, (CD3)2CO): d =0.91 (t, J=7.2 Hz, 3H), 1.69–1.85
(m, 1H), 1.97–2.11 (m, 1H), 2.51–2.57 (m, 2H), 2.69–2.75 (m, 2H), 3.24
(s, 2H), 6.21 (bs, 2H) 7.26–7.32 ppm (m, 5H); 13C NMR (100 MHz,
(CD3)2CO): d=8.5, 17.6, 19.9, 30.4, 45.6, 93.3, 99.3, 120.7, 128.8, 129.7,
132.8, 136.4, 154.0 ppm; MS (ES+): m/z : 307.2 [M+1]+ ; elemental analy-
sis calcd (%) for C15H18N2O3S: C 58.80, H 5.92, N 9.14, S 10.47; found: C
58.95, H 5.94, N 9.35, S 10.53.


5,5-Dibenzyl-4-ureido-5H-1,2-oxathiole-2,2-dioxide (19): Chlorosulfonyl
isocyanate (111 mL, 1.28 mmol) was added to a cooled (�30 8C) solution
of 5a (100 mg, 0.32 mmol) in dry dichloromethane (5 mL), previously de-
gassed under an argon atmosphere. The resulting mixture was stirred at
�30 8C for 20 min. Then, the reaction was quenched (NaHCO3) and the
organic layer was separated. The aqueous layer was extracted several
times with ethyl acetate (3R10 mL). The combined organic layers were
washed with water (2R5 mL) and brine (2R5 mL), was dried (Na2SO4),
filtered and evaporated to dryness. The residue was purified by CCTLC
on the Chromatotron (ethyl acetate/methanol, 6:1) yielding 54 mg (46%)
of compound 19 as a white solid. M.p. (toluene): 147–148 8C; 1H NMR
(300 MHz, (CD3)2CO): d =3.10 and 3.24 (AB system, J=13.8 Hz, 4H),
6.04 (br s, 2H; NH2), 6.66 (s, 1H), 7.23 (m, 10H), 8.71 ppm (br s, 1H;
NH); 13C NMR (50 MHz, (CD3)2CO): d =43.8, 92.3, 100.8, 128.2, 129.4,
131.9, 135.4, 149.5, 155.0 ppm; IR (film): ñ =3687, 3504, 1772 cm�1; MS
(ES+): m/z : 359.1 [M+1]+ , 376.1 [M+H2O]


+ , 381.1 [M+Na]+ , 717.2
[2M+1]+ , 739.1 [2M+Na]+ ; elemental analysis calcd (%) for
C18H18N2O4S: C 60.32, H 5.06, N 7.82, S. 8.95; found: C 60.00, H 4.91, N
7.55, S 8.77.


5,5-Dibenzyl-4-ethoxycarbonylureido-5H-1,2-oxathiole-2,2-dioxide (20):
Ethoxycarbonyl isocyanate (99 mL, 0.96 mmol) was added to a solution of
5a (100 mg, 0.32 mmol) in dry acetonitrile (6 mL). The reaction mixture
was stirred in an Ace pressure tube for 2.5 h at 100 8C. Solvent was re-
moved to dryness. The final residue was purified by CCTLC on the Chro-
matotron (hexane/ethyl acetate, 2:1) to give 20 (127 mg, 93%) as a white
solid. M.p. (hexane/ethyl acetate): 193–194 8C; 1H NMR (500 MHz,
(CD3)2CO): d=1.34 (t, J=7.3 Hz, 3H), 3.28 (s, 4H), 4.35 (q, J=7.3 Hz,
2H), 6.83 (s, 1H), 7.28 (m, 10H), 9.88 (brs, 1H; NH), 10.46 ppm (br s,
1H; NH). 13C NMR (125 MHz, (CD3)2CO): d =13.9, 42.9, 63.3, 91.5,
104.0, 127.6, 128.5, 131.0, 133.7, 146.3, 149.8, 155.7 ppm; IR (film): ñ=


3399, 3222, 1744 cm�1; MS (ES+): m/z : 431.0 [M+1]+ , 453.0 [M+Na]+ ,
882.9 [2M+Na]+; elemental analysis calcd (%) for C21H22N2O6S: C 58.59,
H 5.15, N 6.51, S 7.45; found: C 58.33, H 4.91, N 6.33, S 7.39.


4-Benzoylamino-5-benzyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (23): Ben-
zoyl chloride (140 mL, 1.20 mmol) was added to a solution of 5a (100 mg,
0.40 mmol) and DMAP (217 mg, 1.78 mmol) in dry acetonitrile (5 mL).
The mixture was stirred at room temperature for 4 days. Salts were fil-
tered and solvent was evaporated and ethyl acetate was added. The or-
ganic layer was successively washed with 1n HCl (2R5 mL) and brine
(2R5 mL), dried (Na2SO4), filtered and evaporated to dryness. The final
residue was purified by CCTLC on the Chromatotron (hexane/ethyl ace-
tate, 5:1) to yield 100 mg (71%) of 23 as a white foam. 1H NMR
(400 MHz, (CD3)2CO): d=0.93 (t, J=7.2 Hz, 3H), 1.86–1.96 (m, 1H),
2.30–2.39 (m, 1H), 3.40 and 3.47 (AB system, J=14.4 Hz, 2H), 7.25–7.33
(m, 2H), 7.45–7.66 (m, 4H), 7.61–7.67 (m, 2H), 7.86–7.89 (m, 1H), 8.03–
8.05 (m, 2H), 9.58 ppm (br s, 1H); 13C NMR (100 MHz, (CD3)2CO): d=


8.5, 30.0, 44.9, 95.4, 106.8, 129.0, 129.9, 130.0, 131.4, 132.4, 132.7, 134.6,
134.7, 135.5, 136.0, 148.6, 168.6 ppm; MS (ES+): m/z : 358.3 [M+1]+ ; ele-
mental analysis calcd (%) for C19H19NO4S: C 63.85, H 5.36, N 3.92, S
8.97; found: C 63.91, H 5.41, N 4.09, S 9.06.


4-Amino-3-benzoyl-5-benzyl-5-ethyl-5H-1,2-oxathiole-2,2-dioxide (24):
Benzoyl chloride (140 mL, 1.20 mmol) was added to a solution of 5b
(100 mg, 0.39 mmol) and DMAP (217 mg, 1.78 mmol) in dry acetonitrile
(5 mL). The mixture was stirred in an Ace pressure tube for 3 h at 80 8C.
Salts were filtered and solvent was evaporated and ethyl acetate was
added. The organic layer was successively washed with 1n HCl (2R
5 mL) and brine (2R5 mL), dried (Na2SO4), filtered and evaporated to
dryness. The final residue was purified by CCTLC on the Chromatotron
(dichloromethane/methanol, 25:1) to yield 97 mg (69%) of 24 as a white
amorphous solid. M.p. (hexane/ethyl acetate): 201–202 8C; 1H NMR
(300 MHz, (CD3)2CO): d=0.97 (t, J=7.5 Hz, 3H), 1.88 (m, 1H), 2.24 (m,
1H), 3.33 and 3.43 (AB system, J=14.2 Hz, 2H), 7.23–7.90 (m, 10H),
8.25 (br s, 1H; NH), 9.51 ppm (br s, 1H; NH); 13C NMR (75 MHz,
(CD3)2CO): d=7.9, 29.5, 44.8, 91.6, 105.5, 128.5, 128.8, 129.4 132.2, 132.9,
135.2, 140.4, 169.5, 188.5 ppm; IR (film): ñ =3462, 1630 cm�1; MS (ES+):
m/z : 358.1 [M+1]+ , 375.2 [M+H2O]


+ , 380.0 [M+Na]+ , 737.2 [2M+Na]+ ;
elemental analysis calcd (%) for C19H19NO4S: C 63.85, H 5.36, N 3.92, S
8.97; found: C 63.69, H 5.25, N 3.88, S 9.12.


4-Amino-5-benzyl-5-ethyl-3-(a-hydroxybenzyl)-5H-1,2-oxathiole-2,2-di-
oxide (25): A solution of 5b (100 mg, 0.39 mmol) in dry THF (5 mL),
previously degassed under an argon atmosphere, was reacted with NaH
60% dispersion in mineral oil (32 mg, 0.78 mmol) and the mixture was
stirred at room temperature for 10 min. The mixture was cooled to
�78 8C, benzaldehyde (79 mL, 0.78 mmol) was added and the mixture was
stirred for 10 min. After quenching the reaction with water (2 mL), the
solvent was evaporated to dryness. The final residue was purified by
CCTLC on the Chromatotron (hexane/ethyl acetate, 2:1). The faster
moving band afforded 25 (15 mg, 10%) as an amorphous solid. M.p.
(hexane/ethyl acetate): 141–143 8C; 1H NMR (300 MHz, (CD3)2CO): d=


0.78 (t, J=7.2 Hz, 3H), 1.64 (m, 1H), 1.95 (m, 1H), 3.23 (s, 2H), 5.19
(br s, 1H), 5.62 (s, 1H), 5.81 (br s, 2H), 7.29 (m, 8H), 7.52 ppm (m, 2H);
13C NMR (100 MHz, (CD3)2CO): d =7.1, 28.6, 44.1, 67.1, 90.8, 103.1,
126.8, 127.4, 127.7, 128.4, 128.5, 131.5, 135.3, 142.5, 153.1 ppm; IR (film):
ñ=3583, 3497, 3395 cm�1; MS (ES+): m/z : 382.0 [M+Na]+ , 741.2
[2M+Na]+ ; elemental analysis calcd (%) for C19H21NO4S: C 63.49, H
5.89, N 3.90, S 8.92; found: C 63.32, H 5.71, N 3.72, S 8.67.


4-Amino-3-benzoyl-5,5-dibenzyl-5H-1,2-oxathiole-2,2-dioxide (26): A so-
lution of 5a (100 mg, 0.32 mmol), in dry THF (5 mL) under argon, was
reacted with NaH 60% dispersion in mineral oil (26 mg, 0.64 mmol) at
room temperature for 10 min. Then, benzaldehyde (65 mL, 0.64 mmol)
was added and the mixture was refluxed for 10 min. After quenching the
reaction with methanol (2 mL), the solution was stirred at room tempera-
ture for 5 min. The solvent was evaporated and the residue was dissolved
in ethyl acetate (5 mL). The organic layer was successively washed with
1n HCl (2R5 mL) and brine (2R5 mL), dried (Na2SO4), filtered and
evaporated to dryness. The final residue was purified by CCTLC on the
Chromatotron (hexane/ethyl acetate, 10:1) to give 26 (118 mg, 88%) as a
white amorphous solid. 1H NMR (400 MHz, (CD3)2CO): d=3.27 and
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3.55 (AB system, J=14.5 Hz, 4H), 7.34 (m, 12H), 7.52 (m, 1H), 7.74 (m,
2H), 8.20 (br s, 1H; NH), 9.21 ppm (br s, 1H; NH); 13C NMR (100 MHz,
CDCl3): d=42.8, 89.7, 105.5, 127.8, 128.0, 128.6, 128.7, 131.5, 132.2, 134.3,
139.5, 168.3, 187.5 ppm; MS (ES+): m/z : 420.1 [M+1]+, 437.1 [M+H2O]


+,
861.1 [2M+Na]+ ; elemental analysis calcd (%) for C24H21NO4S: C 68.72,
H 5.05, N 3.34, S 7.64; found: C 68.39, H 4.91, N 3.11, S 7.22.


4-Amino-5,5-dibenzyl-3-iodo-5H-1,2-oxathiole-2,2-dioxide (29): A 5%
solution of iodine in ethanol was added dropwise to a solution of 5a
(100 mg, 0.32 mmol) and NaHCO3 (267 mg, 3.2 mmol) in dry ethanol
(10 mL), until the colour of the reaction mixture remained light brown.
Then, solvent was evaporated and the residue was treated with cold
(4 8C) ethyl acetate (30 mL), cold (4 8C) brine (15 mL) and cold (4 8C)
5% aqueous NaHSO3 solution (7 mL). The organic layer was separated
and the aqueous layer was extracted with cold (4 8C) ethyl acetate (3R
10 mL). The combined organics were washed with brine (3R5 mL), dried
(Na2SO4), filtered and evaporated to dryness. The final residue was puri-
fied by CCTLC on the Chromatotron (hexane/ethyl acetate, 1:1) to give
29 (99 mg, 70%) as a white solid. M.p. (toluene): 223–224 8C; 1H NMR
(300 MHz, (CD3)2CO): d =3.16 and 3.38 (AB system, J=14.3 Hz, 4H),
6.49 (br s, 2H), 7.25 ppm (m, 10H); 13C NMR (100 MHz, (CD3)2CO): d=


43.1, 44.0, 93.8, 127.9, 128.8, 131.6, 134.9, 158.6 ppm; MS (ES+): m/z :
442.1 [M+1]+ , 904.9 [2M+Na]+ ; elemental analysis calcd (%) for
C17H16INO3S: C 46.27, H 3.65, N 3.17, S 7.27; found: C 46.00, H 3.54, N
3.01, S 6.98.


4-Amino-5,5-dibenzyl-3-nitroso-5H-1,2-oxathiole-2,2-dioxide (31a):
Sodium nitrite (44 mg, 0.64 mmol) was slowly added over 30 min to a so-
lution of 5a (100 mg, 0.32 mmol) in acetic acid (8 mL)/water (0.8 mL)/
methanol (1 mL) at 10 8C. The reaction mixture was stirred at 10 8C for
4 h and the solvent was removed. The residue was neutralised with a sa-
turated aqueous solution of NaHCO3 to pH�7, and it was extracted with
ethyl acetate (2R10 mL). The combined organic layers were dried
(Na2SO4), filtered and evaporated to dryness. The final residue was puri-
fied by CCTLC on the Chromatotron (hexane/ethyl acetate, 6:1) to give
31a (89 mg, 81%) as a blue solid. M.p. (dichloromethane/hexane): 198–
199 8C; 1H NMR (200 MHz, (CD3)2CO): d =3.30 and 3.61 (AB system,
J=14.5 Hz, 4H), 7.31 ppm (m, 10H); 13C NMR (50 MHz, (CD3)2CO):
d=42.1, 88.5, 88.7, 127.2, 127.9, 130.5, 130.7, 132.7, 132.8, 168.4 ppm. IR
(film): ñ =3484, 3407, 1653 cm�1; MS (ES+): m/z : 345.0 [M+1]+; elemen-
tal analysis calcd (%) for C17H16N2O4S: C 59.29, H 4.68, N 8.13, S 9.31;
found: C 59.01, H 4.60, N 7.89, S 9.00.


5,5-Dibenzyl-4-oxo-1,2-oxathiolane-2,2-dioxide (32a): A solution of 5a
(100 mg, 0.32 mmol) in 1n HCl in methanol (17 mL) was stirred at room
temperature for 14 h. The solvent was removed under vacuum and the
residue was dissolved in ethyl acetate. The mixture was washed with
water (10 mL), brine (10 mL), and NaHCO3 (10 mL). The organic layer
was dried (Na2SO4), filtered and evaporated to dryness. The final residue
was purified by CCTLC on the Chromatotron (hexane/ethyl acetate,
10:1) to give 32a (85 mg, 85%) as a white solid. M.p. (ethanol/water):
78–79 8C; Tautomer A : 1H NMR (300 MHz, CDCl3): d=3.02 and 3.23
(AB system, J=14.2 Hz, 4H), 3.03 (s, 2H), 7.17 ppm (m, 10H); 13C NMR
(100 MHz, CDCl3): d=41.5, 53.8, 100.2, 127.9, 128.7, 130.8, 132.7,
200.6 ppm; IR (film): ñ=1764, 1369 cm�1; Tautomer B : 1H NMR
(400 MHz, (CD3)2SO): d=3.02 and 3.17 (AB system, J=13.9 Hz, 4H),
5.86 (s, 1H), 7.27 (m, 10H), 12.84 ppm (br s, 1H); 13C NMR (100 MHz,
(CD3)2SO): d=41.4, 91.8, 94.8, 127.0, 128.0, 130.7, 134.1, 166.2 ppm; MS
(ES+): m/z : 317.0 [M+1]+ , 334.0 [M+H2O]


+ , 339.0 [M+Na]+ , 655.2
[2M+Na]+ ; elemental analysis calcd (%) for C17H16O4S: C 64.54, H 5.10,
S 10.14; found: C 64.32, H 4.87, S 9.87.


4-Methoxycarbonylethylamino-1-oxa-2-thiaspiro ACHTUNGTRENNUNG[4.4]non-3-ene-2,2-diox-
ide (43): A solution of 40 (100 mg, 0.53 mmol) and H-b-Ala-OMe·HCl
(221 mg, 1.59 mmol) in methanol (5 mL) was stirred in an Ace pressure
tube for 24 h at 100 8C. The solvent was evaporated and the residue was
purified by HPFC on a Horizon system (dichloromethane/methanol,
200:1) to give 43 (58 mg, 40%) as a white solid. M.p. (hexane/ethyl ace-
tate): 98–99 8C; 1H NMR (300 MHz, CDCl3): d=1.79–1.99 (m, 6H), 2.18
(m, 2H), 2.63 (t, J=6.3 Hz, 2H), 3.33 (q, J=6.3 Hz, 2H), 3.72 (s, 3H),
4.84 (br t, J=6.3 Hz, 1H), 5.27 ppm (s, 1H); 13C NMR (100 MHz,
CDCl3): d =25.1, 32.5, 38.2, 38.6, 41.1, 52.5, 86.8, 97.2, 157.9, 172.9 ppm.


IR (film): ñ =3429, 1733 cm�1; MS (ES+): m/z : 276.0 [M+1]+ , 573.3
[2M+Na]+ ; elemental analysis calcd (%) for C11H17NO5S: C 47.99, H
6.22, N 5.09, S 11.65; found: C 48.03, H 6.18, N 5.19, S 11.59.


4-Amino-3-benzoyl-1-oxa-2-thiaspiro ACHTUNGTRENNUNG[4.4]non-3-ene-2,2-dioxide (47):
Benzoyl chloride (124 mL, 1.08 mmol) was added to a solution of 40
(100 mg, 0.36 mmol) and DMAP (176 mg, 1.44 mmol) in dry acetonitrile
(5 mL). The mixture was stirred at room temperature for 5 h. Salts were
filtered and solvent was evaporated and ethyl acetate was added. The or-
ganic layer was successively washed with 1n HCl (2R5 mL) and brine
(2R5 mL), dried (Na2SO4), filtered and evaporated to dryness. The final
residue was purified by CCTLC on the Chromatotron (hexane/ethyl ace-
tate, 3:1) to yield 108 mg (70%) of 47 as a white foam. 1H NMR
(300 MHz, (CD3)2CO): d=1.87–203 (m, 6H), 2.35 (m, 2H), 7.35 (s, 1H),
7.45 (m, 5H), 9.53 ppm (br s, 1H); 13C NMR (100 MHz, (CD3)2CO): d=


25.3, 397.8, 38.0, 40.3, 85.1, 101.5, 128.3, 128.9, 130.1, 131.2, 134.3, 135.0,
145.5, 168.3 ppm; MS (ES+): m/z : 294 [M+1]+ , 316 [M+Na]+ ; elemental
analysis calcd (%) for C14H15NO4S: C 57.32, H 5.15, N 4.77, S 10.93;
found: C 57.29, H 5.29, N 4.99, S 11.04.


1,6-Dioxa-4-[(E)-2-(methoxycarbonyl)vinyl]amino-2-thiaspiro ACHTUNGTRENNUNG[4.4]non-3-
ene-2,2-dioxide ((E)-52) and (Z)-52 : According to the method described
in the journal for the preparation of 12, a solution of 41 (100 mg,
0.52 mg), methyl propiolate (57 mL, 0.64 mmol) and DMAP (78 mg,
0.64 mmol) in dry acetonitrile (10 mL) was stirred at �20 8C for 1.5 h.
The solvent was removed and ethyl acetate was added (5 mL) and the
mixture was washed with 0.1n HCl (2R5 mL) and brine (2R5 mL). The
organic layer was dried, filtered and evaporated to dryness. The final resi-
due was purified by CCTLC on the Chromatotron (hexane/ethyl acetate,
1:2) to give a 93:12 mixture (82 mg, 57%) of (E)-52 and (Z)-52.


Data for (E)-52 : 1H NMR (300 MHz, (CD3)2CO): d=2.29 (m, 1H), 2.62
(m, 2H), 3.69 (s, 3H), 3.98–4.23 (m, 3H), 5.59 (d, J=13.8 Hz, 1H), 6.49
(s, 1H), 7.74 (d, J=13.8 Hz, 1H), 8.82 ppm (br s, 1H); 13C NMR
(75 MHz, CDCl3): d=38.4, 52.2, 105.3, 119.8, 141.4, 148.3, 168.3 ppm.


Data for (Z)-52 : 1H NMR (300 MHz, (CD3)2CO): d=3.71 (s, 3H), 5.63
(d, J=8.0 Hz, 1H), 6.31 (s, 1H), 6.38 (d, J=8.0 Hz, 1H), 9.15 ppm (br s,
1H); MS (ES+): m/z : 276.3 [M+1]+ ; elemental analysis calcd (%) for
C10H13NO6S: C 43.63, H 4.76, N 5.09, S 11.65; found: C 43.59, H 4.70, N
5.19, S 11.42.


Computational methods : Computational chemistry was carried out by
first drawing the molecules in the desktop of Cerius2 and optimising the
structures at the AM1 level of theory. Subsequently, electronic energies
and structures were calculated by full optimisation, without any geomet-
rical constraint, by using the BeckeOs three-parameter hybrid functional[24]


and using the Lee et al.[25] correlation functional with the 6-31G(d) basis
set (B3LYP/6-31G(d)).[26] Frequency calculations were used for all mini-
mised structures to ensure that satisfactory minima were obtained.
HOMO energies, zero-point electronic energies and CGhelp charges
(CGHelp) were determined by doing a single-point calculation with the
hybrid B3LYP/6-31G+ (d,f).[27] Semiempirical model (AM1) calculations
were performed with MOPAC version 6.0.[28] The Gaussian 03 and Gaus-
sian 98W program packages were used throughout this work.[29] Molecu-
lar graphs and pictures were achieved with the GaussView[30] and Argus-
lab programs.[31]
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A New Route to the Considerable Enhancement of Glucose Oxidase
(GOx) Activity: The Simple Assembly of a Complex from CdTe Quantum
Dots and GOx, and Its Glucose Sensing


Lihua Cao, Jian Ye, Lili Tong, and Bo Tang*[a]


Introduction


In recent years, the assembly of nanomaterials and biomo-
lecular complexes as nanosensors for biological analyses and
applications has become a hot research field with the devel-
opment of inorganic–biological hybrids such as nanostruc-
ture-conjugated DNA, proteins, and enzymes.[1–9] The bio-


logical properties of biomolecules conjugated on nanomate-
rials may be regulated by the way of assembly. In particular,
enzymes, as important biomacromolecules, play a prominent
role in biological reaction systems. Thus, the research on the
improvement of enzymatic properties including activity, sta-
bility, and active temperature range has attracted increasing
attention.[1,2]


Nanomaterials, with their interesting properties such as
large surface-to-volume ratio, high catalytic efficiency, and
high surface reaction activity have been favorably adopted
as potential materials to play a catalytic role in enzyme-
based biosensing systems.[10–12] The increased surface area of
nanoparticles can provide a better matrix for the immobili-
zation of enzymes, and then enables larger amounts of en-
zymes to immobilize on the particles. The multipoint combi-
nation of enzyme molecules to nanoparticle surfaces can im-
prove the enzyme–substrate interaction effectively by avoid-
ing the potential aggregation of free enzymes, which would


Abstract: A new complex consisting of
CdTe quantum dots (QDs) and glucose
oxidase (GOx) has been facilely assem-
bled to achieve considerably enhanced
enzymatic activity and a wide active
temperature range of GOx; these char-
acteristics are attributed to the confor-
mational changes of GOx during as-
sembly. The obtained complex can be
simultaneously used as a nanosensor
for the detection of glucose with high
sensitivity. A mechanism is put forward
based on the fluorescence quenching of
CdTe QDs, which is caused by the hy-
drogen peroxide (H2O2) that is pro-
duced from the GOx-catalyzed oxida-
tion of glucose. When H2O2 gets to the
surface of the CdTe QDs, the electron-
transfer reaction happens immediately
and H2O2 is reduced to O2, which lies


in electron hole traps on CdTe QDs
and can be used as a good acceptor,
thus forming the nonfluorescent CdTe
QDs anion. The produced O2 can fur-
ther participate in the catalyzed reac-
tion of GOx, forming a cyclic electron-
transfer mechanism of glucose oxida-
tion, which is favorable for the whole
reaction system. The value of the Mi-
chaelis–Menton constant of GOx is es-
timated to be 0.45 mm L�1, which shows
the considerably enhanced enzymatic
activity measured by far. In addition,
the GOx enzyme conjugated on the
CdTe QDs possesses better thermal


stability at 20–80 8C and keeps the
maximum activity in the wide range of
40–50 8C. Moreover, the simply assem-
bled complex as a nanosensor can sen-
sitively determine glucose in the wide
concentration range from micro- to
millimolar with the detection limit of
0.10 mm, which could be used for the
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lead to the enhancement of enzymatic activity.[13–15] In addi-
tion, the enzyme attached on nanomaterial surfaces can
reduce protein unfolding and turbulence, and thus ensure
the enhanced stability of enzymes in solution.[16] So, much
effort has been made to develop different materials to be
used as assembled matrices for enzymes, including magnet-
ite nanoparticles, gold nanoparticles (AuNPs), titania sol–gel
membranes, carbon nanotubes, and other oxides such as
ZrO2.


[17–21] Of these, the materials widely used for investiga-
tion of the activity and stability of enzymes are AuNPs and
magnetite nanoparticles. At present, AuNPs have been iden-
tified as a suitable biocompatible material and have been
used to improve the enzymatic activity favorably in enzyme-
based analytical systems.[22] The studies of different enzymes
assembled onto magnetite nanoparticle surfaces have also
demonstrated the potential of enhancing the enzymatic ac-
tivity.[23, 24] However, the investigation of the enhanced activ-
ity, stability, and active temperature range of enzymes is still
limited to an initial stage.


Glucose, an important bioactive substance, plays a promi-
nent role in the natural growth of cells. Therefore, it is nec-
essary to regulate the glucose levels in biological systems.[25]


At present, glucose oxidase (GOx) has been widely em-
ployed in the determination of glucose based on the
enzyme-catalyzed oxidation mechanism using optical and
electrical methods.[26–28] However, the direct sensing of glu-
cose with high sensitivity accompanied by the considerably
enhanced activity of GOx has
not yet been realized. Quantum
dots (QDs), owing to their
good optical characteristics,
high catalytic effects, and high
electron-transfer efficiency,
have been used as a preferable
material in enzyme-based bio-
logical analyses and applica-
tions.[29, 30] For example, QDs
have been reported to monitor
biocatalytic transformations
and to probe the activities of
polymerase, telomerase, and ty-
rosinase.[31,32] Herein, we have
made a new assembly of CdTe QDs and the GOx complex,
and the obtained CdTe QDs–GOx can be used as a nano-
sensor for simultaneous assay of GOx enzymatic activity,
thermal stability, and glucose sensing. Our results indicate
that the lower value of the Michaelis–Menton constant of
GOx is estimated to be 0.45 mm L�1, which shows the con-
siderably enhanced enzymatic activity measured by far. In
addition, the GOx enzyme conjugated on the CdTe QDs
possesses better thermal stability at 20–80 8C and keeps the
maximum activity in the wide range of 40–50 8C. The confor-
mation of GOx has been demonstrated to change greatly
during the assembly process. Moreover, the simply assem-
bled nanosensor can sensitively determine glucose over a
wide concentration range from micro- to millimolar with a
detection limit of 0.10 mm, which could be used for the direct


detection of lower levels of glucose in biological systems.
Therefore, the established method could provide an ap-
proach for the assembly of CdTe QDs with other redox en-
zymes, to realize enhanced enzymatic activity, and to further
the design of novel nanosensors applied in biological sys-
tems in the future.


Results and Discussion


Design of the CdTe QDs–GOx complex : Our strategy for
designing the nanocomplex is based on the facile covalent
conjugation between CdTe QDs and GOx. The obtained
CdTe QDs–GOx can be used as a nanosensor for simultane-
ous assay of GOx enzymatic activity, thermal stability, and
glucose sensing. A mechanism is put forward based on the
fluorescence quenching of CdTe QDs, which is caused by
the hydrogen peroxide (H2O2) that is produced from the
GOx-catalyzed oxidation of glucose. When H2O2 gets to the
surface of the CdTe QDs, the electron-transfer reaction hap-
pens immediately and H2O2 is reduced to O2, which lies in
electron hole traps on CdTe QDs and can be used as a good
acceptor, thus forming the nonfluorescent CdTe QDs anion.
The produced O2 can further participate in the catalyzed re-
action of GOx, forming a cyclic electron-transfer mechanism
of glucose oxidation, which is favorable for the whole reac-
tion system, as is shown in Scheme 1.


Characterization of the CdTe QDs–GOx complex : In our
study, the CdTe QDs–GOx complex was assembled by using
coupling reagents, followed by purification with an ultrafil-
tration membrane, and was characterized by excitation and
fluorescence spectra, and TEM and confocal fluorescence
images, which are shown in Figures 1, 2, and 3.


From the experimental results in Figure 1, the maximum
excitation peak of the CdTe QDs redshifts from l= 336 to
340 nm and the maximum fluorescence emission peak red-
shifts from 520 to 525 nm after its conjugation with GOx,
which is attributed to the increase of the final size of the
CdTe QDs–GOx complex after surface modification of GOx
with the larger molecular weight.[9] In addition, as can be
seen from the TEM (Figure 2) and confocal fluorescence
images (Figure 3) of CdTe QDs before and after conjugation


Scheme 1. The structure of the new assembled CdTe QDs–GOx complex and a schematic illustration of its glu-
cose sensing principles.
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with GOx, the average diameter of the CdTe QDs increases
clearly, showing that the GOx has been well conjugated on
the CdTe QDs. Therefore, the conjugation between carboxyl
group-coated CdTe QDs and GOx, using 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide (EDC) and N-hydroxysucci-
nimide (NHS) as coupling reagents, is feasible.


Biological activity of the CdTe QDs–GOx complex : The
biological activity of the assembled CdTe QDs–GOx com-


plex was confirmed by circular dichroism (CD) spectra. As
can be seen from Figure 4, the CD spectra of GOx and the
CdTe QDs–GOx complex are similar to each other, indicat-
ing that GOx retains its biological activity after conjugation.
In addition, the CD spectral peak of CdTe QDs–GOx be-
comes weaker because of removing excess GOx in the con-
jugation. And it also proves that ultrafiltration is a practical
way of purifying the CdTe QDs–GOx complex. The data
from the CD spectra reveal that the tertiary structure of
GOx remains mostly intact.[33]


Confirmation of the mechanism based on the fluorescence
quenching of CdTe QDs : It is well known that d-glucose
can be oxidized quickly to gluconic acid and H2O2 in the
presence of GOx.[26–28] To illustrate the mechanism of the
fluorescence quenching of the CdTe QDs–GOx nanosensor
after the introduction of glucose, catalase, which is a scav-
enger of H2O2, was used in the reactive system. Figure 5


shows that the addition of cata-
lase to the nanosensor solution
before glucose sensing blocks
the decrease in the fluorescence
and does not produce any influ-
ence on the fluorescence of the
nanosensor. In addition, control
experiments indicate that d-glu-
cose by itself does not affect
the fluorescence of the CdTe
QDs. These results demonstrate
that H2O2 generated by bioca-
talysis of GOx indeed results in
fluorescence quenching. The
precise mechanism that stimu-
lates the decrease in the fluo-
rescence of CdTe QDs–GOx is
based on the electron-transfer
reaction that occurs on the sur-
face of CdTe QDs. When H2O2


gets to the surface of the CdTe
QDs, it is reduced to O2 imme-
diately, which lies in electron
hole traps on the CdTe QDs
and can be used as a good ac-
ceptor, thus forming the non-
fluorescent CdTe QDs
anion.[34–37] The produced O2


can further participate in the
catalyzed reaction of GOx,


forming a cyclic mechanism of glucose oxidation, which is
favorable for the whole reaction system. The catalytic kinet-
ic assay on glucose sensing revealed that the fluorescence
decreases with reaction time, which also suggests a cyclic
mechanism (Figure 6). Furthermore, the TEM and confocal
fluorescence images of CdTe QDs–GOx (Figures 2 and 3)
indicate that the morphology of the nanosensor is not de-
stroyed and remains intact after the addition of glucose,
confirming that the fluorescence quenching is not caused by


Figure 1. The excitation spectra and fluorescence spectra observed from
CdTe QDs (a and b, respectively) and the CdTe QDs–GOx complex (c
and d, respectively). Solutions were prepared in PBS buffer (10 mm,
pH 7.4).


Figure 2. TEM images of a) CdTe QDs, b) the CdTe QDs–GOx complex, and c) after addition of glucose to
(b).


Figure 3. Confocal fluorescence images of a) CdTe QDs, b) the CdTe QDs–GOx complex, and c) after addition
of glucose to (b).
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surface oxidation of CdTe QDs, but is an electron-transfer
mechanism. Therefore, the glucose sensing mechanism using
the new assembled CdTe QDs–GOx nanosensor is based on
formation of the cyclic electron-transfer mechanism between


CdTe QDs and GOx during the catalyzed oxidation of glu-
cose, which leads to the fluorescence quenching of CdTe
QDs. And, thus, CdTe QDs can sensitively respond to H2O2,
in accord with the recently reported CdSe/ZnS QDs.[38]


The enzymatic activity assay on GOx : The enzymatic activi-
ty of GOx assembled on the CdTe QDs was investigated by
monitoring the decrease in fluorescence intensity during oxi-
dation of glucose. Because GOx can catalyze the oxidation
of glucose to produce H2O2, it is expected that for a given
enzymatic activity, the rate of H2O2 production would in-
crease as the glucose concentration increases. So the extent
of fluorescence quenching embodies the changes of GOx en-
zymatic activity. In addition, as the biocatalytic reaction pro-
ceeds, the luminescence quenching of CdTe QDs–GOx is
enhanced, in accord with the theory of the catalytic kinetic
study and the proposed cyclic mechanism. In the experi-
ment, we carried out the assays upon interaction of glucose
with the sensing system for a fixed reaction time of ten mi-
nutes (Figure 6). As can be seen from Figure 7a, the relative
fluorescence intensity increases with the increasing glucose
concentration up to 6.0 mm, after which it reaches satura-
tion. According to the theory of kinetics of enzyme-cata-
lyzed reactions, the Michaelis–Menton parameter (Km) can


Figure 4. CD spectra of a) free GOx and b) GOx conjugated on the CdTe
QDs. Samples were dissolved in PBS (10 mm, pH 7.4). The initial concen-
tration of the GOx solution was 1.00 mg mL�1.


Figure 5. The fluorescence spectra of a) the CdTe QDs–GOx nanosensor,
b) after addition of glucose to (a), and c) the catalase introduced before
glucose sensing.


Figure 6. The change of fluorescence intensity with the sensing reaction
time.


Figure 7. a) The relative fluorescence intensity changes after addition of
different concentrations of glucose to the sensing solution. b) Line-
weaver–Burke plots of the GOx enzyme–glucose reaction.
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be determined by analysis of enzyme–substrate reactions. In
our present assay system, the parameter was estimated by
using the Lineweaver–Burke plot[39] (Figure 7b). The value
of Km was calculated to be 0.45 mmL�1, indicating the con-
siderably enhanced activity of GOx for glucose after its con-
jugation with CdTe QDs relative to the value of 5.85 mm L�1


for free GOx and 3.74 mm L�1 for GOx immobilized on the
gold nanoparticles that had the lowest value reported.[22]


The secondary and tertiary structures of the enzyme are
known to play an important role in the enzymatic activi-
ty,[40,41] so the conformational changes of GOx were studied
by CD and fluorescence spectral experiments. As can be
seen from Figure 4, the CD spectrum of free GOx has char-
acteristic peaks at l=210 and 220 nm, which are retained in
the native conformation. Whereas, GOx conjugated on the
CdTe QDs shows a CD minimum peak at l=208 nm, dem-
onstrating that the precise enzymatic conformation, includ-
ing a helix, b sheet, b turn, and random coil, changes greatly
compared with the free GOx. The conformational changes
can also be illustrated by fluorescence measurements on
GOx, which are shown in Figure 8. The fluorescent amino


acid residues in proteins are a useful indicator of the local
and overall conformation.[42] And the maximum emission of
proteins is highly dependent on the environment around it.
In our study, the native GOx has a maximum fluorescence
peak at l=343 nm when excited at the maximum excitation
wavelength of 293 nm. A redshift to 350 nm is observed in
GOx after its conjugation with CdTe QDs, which indicates
that the conformation of GOx changes in the process of as-
sembly. Therefore, the considerably enhanced activity of
GOx by the new assembly of GOx and CdTe QDs is due to
the favorable changes of its conformation.


Thermal stability assay on the GOx enzyme : The thermal
stability of covalently conjugated GOx was investigated in
the range of 20–80 8C, as can be shown in Figure 9. Our re-
sults indicate that the conjugated GOx remains active over
a wide range of temperature. It is observed that GOx has


the maximum activity at 40–50 8C and a sharp activity reduc-
tion occurs when the temperature is above 50 8C. Although
the activity of GOx decreases at higher temperature, the rel-
ative activity of GOx still remains at 80 8C. Our results show
that the conjugated GOx enzyme exhibits a wider active
temperature range than the free GOx enzyme, the thermal
stability of which has been reported frequently in the litera-
ture.[22, 43–45] The reason behind the thermal stability enhance-
ment of GOx may lie in the large surface areas on CdTe
QDs, which reduce enzyme unfolding and turbulence, lead-
ing to the conformational changes of GOx, and thus ensure
the enhanced stability of enzymes in solution.[16]


Glucose sensing based on the CdTe QDs–GOx complex :
On the basis of the considerably enhanced GOx enzymatic
activity, we performed the sensitive determination of glucose
by using the assembled CdTe QDs–GOx nanosensor. The
experimental conditions including the pH of the solution
and the amounts of the sensing solution were optimized (see
the Supporting Information). Under optimal conditions, as
can be seen from Figure 10, the fluorescence intensity grad-


Figure 8. The excitation spectrum of a) GOx, and the fluorescence spec-
tra of b) GOx and c) GOx conjugated on the CdTe QDs.


Figure 9. The changes of fluorescence intensity in glucose sensing at the
temperature of 20–80 8C.


Figure 10. The changes in fluorescence intensity of the CdTe QDs–GOx
nanosensor at different concentrations of glucose for a fixed reaction
time of 10 min under optimal experimental conditions.
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ually decreases as the concentration of glucose increases. In
addition, the decrease of fluorescence intensity is directly
proportional to the concentration of glucose in the range of
5.0 mm to 1.0 mm (Figure 11). Statistical analysis gave us a


value for the detection limit as low as 0.10 mm towards the
concentration of glucose, thus the sensitivity of this method
is a clear improvement on other GOx-based glucose detec-
tion methods.[26–28] Therefore, our new assembled CdTe
QDs–GOx nanosensor can be applied to the ratiometric de-
tection of glucose with high sensitivity and simplicity.


Conclusion


In summary, we have assembled a new CdTe QDs–GOx
complex, and thus achieved considerably enhanced enzy-
matic activity and widened the active temperature range of
GOx. The obtained complex can be used as a nanosensor
for simultaneous assay on GOx enzymatic activity, thermal
stability, and glucose analysis. A mechanism is put forward
based on the fluorescence quenching of CdTe QDs, which is
caused by the H2O2 that is produced from the GOx-cata-
lyzed oxidation of glucose. When H2O2 reaches the surface
of the CdTe QDs, the electron-transfer reaction occurs im-
mediately and H2O2 is reduced to O2, which lies in electron
hole traps on CdTe QDs and can be used as a good accept-
or, thus forming the nonfluorescent CdTe QDs anion. The
produced O2 can further participate in the catalyzed reac-
tion of GOx, forming a cyclic electron-transfer mechanism
on glucose oxidation, which is favorable for the whole reac-
tion system. The lower value of the Michaelis–Menton con-
stant is estimated to be 0.45 mmL�1, which shows the consid-
erable enhanced enzymatic activity measured by far. In ad-
dition, the GOx enzyme conjugated on the CdTe QDs ob-
tains better thermal stability at 20–80 8C than free GOx and
keeps the maximum activity in the wide range of 40–50 8C.
The conformational changes of GOx are attributed to the
above-enhanced enzymatic activity and the wide active tem-


perature range. The assembly of GOx to CdTe QDs is facile,
and the assembled nanosensor has good stability, which en-
sures its potential for bioanalytical applications. Moreover,
the simply assembled nanosensor can sensitively determine
glucose over a wide concentration range from micro- to mil-
limolar with the detection limit of 0.10 mm, which could be
used for the direct detection of lower levels of glucose in
complicated biological systems. These results indicate that
CdTe QDs with good luminescence, high catalytic effects,
and electron-transfer efficiency may become a promising
nanomaterial for the enhancement of enzymatic activity. In
addition, the new method of assembly provide an approach
for the assembly of CdTe QDs with other redox enzymes, to
realize enhanced enzymatic activity, and to further the
design of novel nanosensors applied in biological systems in
the future.


Experimental Section


Materials : Glucose oxidase (GOx, 200 Umg�1), catalase (1340 units per
mg solid, from bovine liver), thioglycolic acid (TGA), 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide (EDC), and N-hydroxysuccinimide (NHS)
were obtained from Sigma (Aldrich). d-Glucose was purchased from
Amresco Corporation. Tellurium powder (99 %) and sodium hydrogen
boride (99 %) were obtained from China Medicine Group Shanghai
Chemical Reagent Corporation. All chemicals were used without further
purification. Ultrapure water used in the experiment was purified with a
Milli-Q (electric resistivity 18.2 MWcm�1) water purification system. A
100K Nanosep filter (Pall Corporation, USA) and Microcon YM-30-
30000 NMWL (Millipore, USA) were used as the ultrapurification instru-
mentation.


Physical instrumentation and methods : Excitation and fluorescence spec-
tra were carried out with an Edinburgh FLS920 spectrofluorimeter (Ed-
inburgh Instruments, Scotland) equipped with a xenon lamp and a quartz
cuvette (1.0 cm optical path). Spectrometer slits were set to 2.0 nm. TEM
images were performed on a Hitachi Model H-800 instrument (Japan).
CD spectra were obtained on a circular dichroism spectrometer (J-810,
JASCO, Japan); a JASCO cell of path length 0.10 cm was used. Confocal
fluorescence microscopy images were obtained on a LSM510 confocal
laser-scanning microscope (Carl Zeiss). Centrifugation was carried out on
a Sigma 3K 15 centrifuge.


Preparation and purification of water-soluble CdTe QDs : CdTe QDs
were prepared by using the reaction between Cd2+ and a NaHTe solution
in the presence of thioglycolic acid (TGA) as a stabilizer according to
the literature.[46] To remove excess thioglycolic acid, the as-prepared QDs
were precipitated with an equivalent amount of 2-propanol, and then re-
dispersed in ultrapure water and precipitated with 2-propanol twice. The
pellet of purified QDs was dried overnight at room temperature under
vacuum, and the final product in the powder form could be redissolved
in ultrapure water (100 mL). The aggregated nanoparticles that appeared
during the process of redissolving were removed by ultrafiltration using a
100K Nanosep filter under centrifugation (12 000 rpm, 5 min). The upper
phase was discarded. The obtained homogeneous QDs were in the lower
phase and used as the stock solution.


Assembly of the CdTe QDs–GOx complex : Glucose oxidase (GOx) was
dissolved in phosphate-buffered saline solution (PBS, 10 mm, pH 7.4) to
obtain a solution (1.0 mg mL�1) that was stored at 4 8C. The conjugation
proceeds by NHS and EDC forming active esters to conjugate the car-
boxyl groups of QDs to the primary amine groups of GOx. Briefly, EDC
(0.50 mg) and NHS (0.25 mg) were added to the CdTe QDs stock solu-
tion (1.00 mL) to activate the QDs in PBS (10 mm, pH 7.4), and it was
then incubated for 30 min at RT with continuous gentle mixing. Next, the
activated QDs and GOx solution (100 mL) were incubated at room tem-


Figure 11. Linear plot of relative fluorescence intensity as a function of
glucose concentration.
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perature for another 2 h with continuous gentle mixing, and then stored
at 4 8C overnight. The GOx-conjugated QDs were separated from the so-
lution by removing free GOx as well as other small molecules through ul-
trafiltration under centrifugation (12 000 rpm, 5 min) with a YM-30K ul-
trafilter. The final concentrated CdTe QDs–GOx complex was diluted to
1.00 mL with ultrapure water for use in the following fluorescence assays.
The obtained CdTe QDs–GOx complex as a nanosensor was character-
ized by excitation and fluorescence spectra, TEM images, confocal fluo-
rescence images, and circular dichroism (CD) spectra.


The scavenging of H2O2 by the catalase enzyme : Catalase was dissolved
in PBS (10 mm, pH 7.4) to obtain a solution (1.0 mg mL�1) that was
stored at 4 8C. The scavenging experiment was as follows: catalase
(50 mL) was added to the CdTe QDs–GOx sensing solution and glucose
(0.50 mm) was introduced afterwards; this was followed by the fluores-
cence determination.


Choosing of reaction time by the kinetic assay method : Because the lu-
minescence quenching of CdTe QDs is gradually enhanced as the biocat-
alytic reaction proceeds, we carried out the kinetic assay upon interaction
of glucose in the sensing system. As can be seen from Figure 6, the fluo-
rescence decreases greatly in the initial five minutes, after which it de-
creases at a steady rate. To do the determination easily, we chose to fix
the reaction time at 10 min.


Activity and thermal stability assays of the GOx enzyme : According to
the analytical method of catalytic kinetic fluorimetry, the activity of GOx
after its conjugation with the CdTe QDs was measured based on the
change of fluorescence intensity in the CdTe QDs–GOx nanosensor.
From the theoretical analysis, the slope of the fitted line to the recorded
fluorescence-intensity change was proportional to the enzymatic activity
in a certain amount of enzyme. The thermal stability measurement was
performed as follows: the CdTe QDs–GOx sensing solution was incubat-
ed at a certain temperature for 15 min in a water bath; it was then
cooled to room temperature. Then the treated sensing solution was intro-
duced to glucose and left to react for 10 min. The fluorescence changes
reflected the change of GOx enzymatic activity at a certain temperature.


Glucose sensing by fluorescence detection : Typically, the obtained CdTe
QDs–GOx nanosensor solution (200 mL), PBS buffer solution (100 mL,
10 mm, pH 7.4), and different concentrations of glucose were added to
the colorimetric tube (1.50 mL), respectively, and each sample solution
was diluted with ultrapure water to a final volume of 1.00 mL. After re-
action for 10 min at the optimal temperature of 40 8C, the fluorescence
spectra were obtained in the spectral range from l =470 to 600 nm by
use of the maximal excitation wavelength at 340 nm.
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Gold-Film-Catalysed Hydrosilylation of Alkynes by Microwave-Assisted,
Continuous-Flow Organic Synthesis (MACOS)


Gjergji Shore and Michael G. Organ*[a]


Introduction


Hydrometallation is a very powerful method to stereo- and
regioselectively create organometallic synthetic intermedi-
ates and products. In particular, hydrosilylation of alkynes is
useful for the preparation of: 1) stereodefined halides by
silyl/halide exchange of the corresponding vinylsilane, 2) or-
ganometallic cross-coupling partners, 3) polysiloxane build-
ing blocks, such as chlorosilanes, and 4) carbonyl derivatives
by Tamao oxidation. The most commonly used metal to cat-
alyse hydrosilylation is Pt (e.g., Karsted(s catalyst), which is
among the more expensive precious metals. Recently, Au,
which is less than half the price of Pt, has been investigated
for its applicability as a hydrosilylation catalyst. While gen-
erally less reactive than Pt, Au has been applied to the hy-
drosilylation of alkynes, carbonyls and imines.[1,2]


We were interested in developing a continuous hydrosily-
lation process employing microwave-assisted, continuous-
flow organic synthesis (MACOS)[3] and considered a gold
film on the surface of the reaction tube as a potential cata-
lyst for this application.[4] However, while supported gold
nanoparticles have been shown to be active in some prelimi-
nary hydrosilylation studies, metallic gold was observed to
be essentially inactive with the same substrates. Corma and
co-workers showed that AuIII from KAuCl4 was quite reac-
tive in the hydrosilylation of styrene, but reactivity ceased as
the salt decomposed over time to metallic Au.[1,5] They also


attempted to determine the catalytically active oxidation
state of Au and concluded that AuIII was more active than
AuI and that the most active catalyst in their studies was
“stabilized” AuIII on CeO2. With this in mind, we embarked
on the development of a suitable flow device and MACOS
protocol for the continuous-flow, general hydrosilylation of
alkynes.


Results and Discussion


We began our investigation with the development of a
method to deposit robust gold films on the surface of capil-
laries to withstand the heat and physical wear-and-tear asso-
ciated with MACOS.[6] After some experimentation it was
determined that the most robust and catalytically-active
films resulted from a two-step deposition process.[7] First, a
very fine layer of densely-packed gold particles was deposit-
ed directly on the capillary wall from a diethylene glycol/
AuCl3 solution. A more random-appearing layer of gold-
nanoparticle clusters was then deposited on top of the first
layer from an aqueous sodium citrate solution.


The two layers and their differing morphology are clearly
visible on the SEM image of the resultant Au film
(Figure 1). As the process was being developed to produce
these films, the resultant prototypes were being tested in hy-
drosilylation reactions by using the conditions outlined in
Table 1. By means of this iterative process, it was found that
the first dense layer is necessary for good adhesion of the
film to the glass, which gives the film robustness, and the
top layer is necessary for high catalytic activity of the film
under MACOS conditions. The general hydrosilylation pro-
tocol outlined in Table 1 was tried on a variety of terminal
alkynes and it appears tolerant of many functional groups


Keywords: catalysis · flow
synthesis · gold · hydrosilylation ·
microwave


Abstract: Thin gold films on the surface of glass capillaries have proven to be
highly active catalysts for the rapid hydrosilylation of alkynes that are flowed
through the reactor while being heated by microwave irradiation. The films are
able to be reused at least five times with no loss of activity and with no detectable
levels of gold showing up in the hydrosilylated products.
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including cyano, alcohols, chlorides, aromatics/heteroaro-
matics and ethers. Of note, free alcohols that were remote
from the alkyne (entries 3 and 4) or right next to it (en-
tries 13, 14, 17 and 18) were equally well tolerated. Triethyl-,
triphenyl- and chlorodiphenyl silane all proved equally effi-


cacious as hydrosilylating agents. Regioselectivity of the hy-
drometallation was high for placement of the silicon moiety
on the terminal carbon of the alkyne. Stereospecificity of
the hydrometallation was lowest when the substituent on
the alkyne was an alkyl chain (entries 1–6), but E selectivity
for the terminal silane product was always greater than 90
percent.


The temperature recorded during these hydosilylation re-
actions by the IR sensor (�180 8C) in the Biotage Initiator
microwave primarily reflects the temperature of the gold
film as toluene is a poor absorber of microwave irradia-
tion.[8] To probe the necessity for microwave irradiation


during these studies, two con-
trol experiments were conduct-
ed (Table 1, entries 11 and 12).
In these experiments, the same
Au capillaries placed in an oil
bath set to deliver the same
temperature as recorded
during the MACOS runs. In
both cases, percentage conver-
sion was significantly curtailed
as these runs produced only
25% of the product that was
obtained with microwave irra-
diation. The reason for this
could be that the true temper-
ature during MACOS is much
higher than that indicated by
the microwave(s IR sensor
and/or there is an electronic
effect that positively promotes
the reaction by the current
that is being generated in the
metal film by the oscillating
microwave field.


To probe the robustness and
reuseability of the gold film,
the reaction in entry 10
(Table 1) was repeated five
separate times by using the
same capillary and the per-
centage conversion in succes-
sion was 52, 91, 75, 80 and
72%. While there appears to
be no significant deviation
from performance in this
study, it has been reported that
gold laid down on the outside
of glass chips “evaporates”
during microwave irradia-
tion.[9] Perhaps the hydrosilyla-


tion solution is cooling the film sufficiently to increase its
lifetime and reactivity. Additionally, these product samples
were collected directly from the capillary (crude) and sub-
mitted to inductively coupled plasma mass spectrometry
(ICP-MS). The technique has a lower level of detection


Figure 1. SEM images of the Au films prepared inside a glass capillary.
a) Image at K5000 magnification. b) Image at K60000 magnification
taken at the site of the arrow in panel (a). The arrow denotes a typical
Au nanoparticle cluster against the backdrop of much smaller, densely-
packed Au particles that coat the glass.


Table 1. Hydrosilylation of terminal alkynes catalysed by gold-coated capillaries using MACOS.


Entry Alkyne Silane Product Conversion [%][a]


R= R1SiH= 3 E [%] 4 Z [%] 5a [%] ACHTUNGTRENNUNG(yield [%])[b]


1 CH3CH2CH2CH2 Et3SiH (a) 82 9 9 82 (70)
2 CH3CH2CH2CH2 Ph3SiH (b) 80 6 14 78 (68)
3 HOCH2CH2 Et3SiH (c) 84 6 10 82 (69)
4 HOCH2CH2 Ph3SiH (d) 85 4 11 85 (74)
5 ClCH2CH2CH2 Et3SiH (e) 75 4 21 77 (68)
6 ClCH2CH2CH2 Ph3SiH (f) 93 3 4 78 (70)
7 Ph Et3SiH (g) 92 4 4 86 (78)
8 Ph Ph3SiH (h) 90 2 8 91 (80)
9 CH3OCH2 Et3SiH (i) 96 4 0 84 (76)
10 CH3OCH2 Ph3SiH (j) 98 1 1 88 (80)
11[c] CH3OCH2 Et3SiH (i) 98 1 1 28 (ND)
12[d] CH3OCH2 Ph3SiH (j) 98 1 1 20 (ND)
13 HOCH2 Et3SiH (k) 90 1 9 87 (75)
14 HOCH2 Ph3SiH (l) 98 1 1 85 (74)
15 NCCH2CH2CH2 Et3SiH (m) 93 1 6 82 (74)
16 NCCH2CH2CH2 Ph3SiH (n) 97 1 2 86 (78)
17 CH3CH(OH) Et3SiH (o) 81 2 17 62 (54)
18 CH3CH(OH) Ph3SiH (p) 98 1 1 68 (58)
19 PhCH2OCH2 Et3SiH (q) 97 1 2 88 (80)
20 PhCH2OCH2 Ph3SiH (r) 97 1 2 82 (72)
21 ClCH2CH2CH2 Ph2SiClH


[e] (s) 100 0 0 56 (45)
22 NC CH2CH2CH2 Ph2SiClH


[e] (t) 96 0 4 80 (66)
23 CH3OCH2 Ph2SiClH


[e] (u) 100 0 0 75 (60)
24 PhCH2OCH2 Ph2SiClH


[e] (v) 100 0 0 66 (60)
25 3-thiophenyl Ph2SiClH


[e] (w) 74 0 26 72 (62)
26 TMS- Ph2SiClH


[e] (x) 76 0 24 58 (50)


[a] Percentage conversion was determined by analysis of the NMR spectrum of the reaction mixture effluent
as it exited the capillary. [b] Percentage yield was determined by collecting a known volume of reaction efflu-
ent, removing the solvent in vacuo and purifying the crude product by silica-gel chromatography. [c] Control
experiment: To probe the role of microwave irradiation, the identical reaction to entry 9 was run through an
oil bath at 192 8C (i.e., no microwave irradiation was involved at all). [d] Control experiment: To probe the
role of microwave irradiation, the identical reaction to entry 10 was run through an oil bath at 195 8C (i.e., no
microwave irradiation was involved at all). [e] The silanol corresponding to the silyl chloride (i.e., �SiPh2OH)
was isolated following silica-gel chromatography and yields were calculated on this basis. TMS= trimethylsilyl.
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(LLD) of d=50 ppm and no gold was detected in the prod-
ucts. The capillaries do, however, darken over time. Given
the continued activity of the film and the apparent lack of
its degradation products in the product stream, it could be
that it is the organic matter in the flow stream that is being
gradually charred and deposited on the surface of this in-
tensely hot metal film.


Conclusion


In summary, we have shown that capillaries coated with
gold films comprised of a dense, regular layer of gold parti-
cles covered by an irregular amorphous one are highly
active for the flow hydrosilylation of terminal alkynes.
These films have shown good reliability and robustness in
our studies, which indicates that they are useful for a contin-
uous process.


Experimental Section


Microwave irradiation experiments : All MACOS experiments were per-
formed in 1180 mm borosilicate capillaries, by using a single mode Biot-
age Smith Initiator Synthesizer operating at a frequency of 2.45 GHz
with irradiation power from 0 to 300 W. The capillary was fed reactants
from Hamilton gastight syringes attached to a Harvard 22 syringe pump
preset to the desired flow rate. The system was connected to a sealed col-
lection vial, in which a pressurized air line was attached to create back-
pressure (pressure inside the system reached 75 psi). The temperatures
reported were measured by the IR sensor built into the microwave cham-
ber on the outer surface of capillaries. All reagents and solvents were
purchased from commercial sources and used without additional purifica-
tion. Column chromatography purifications were carried out by using the
flash technique on silica gel 60 (200–400 mesh). 1H NMR spectroscopy
was run by using a Bruker Advance 400 MHz instrument and all spectra
were calibrated to d =7.26 ppm for the signal from the residual proton of
the deuterated chloroform solvent; 13C NMR spectra were calibrated to
the middle carbon signal of the triplet for deuterated chloroform (d=


77.00 ppm).


General procedure for creating the Au film coating inside of 1180 mm
(ID) capillaries : Boronsilicate capillaries (1180 mm ID) were filled with a
0.1 mmolmL�1 solution of AuCl3 in diethylene glycol, capped at both
ends and placed inside a muffle furnace; the temperature was gradually
increased to 180 8C. After 30 min, capillaries were taken out and rinsed
with acetone.


The second deposition mixture was prepared by mixing a 0.2 mmolmL�1


aqueous solution of AuCl3 (0.5 mL) with a 5% aqueous solution of triso-
dium citrate·2H2O (0.5 mL). The monocoated capillaries were filled with
this mixture, capped at both ends and left to develop at RT for another
30 min. After this time, capillaries were calcinated at 400 8C before use in
MACOS.


Synthesis of benzyl propargyl ether : Benzyl alcohol (5.0 g, 46.3 mmol)
and propargyl bromide (13.7 g, 92.6 mmol) were added sequentially to a
solution of KOH (10.4 g, 185 mmol) in dry DMSO (60 mL) at 0 8C. The
mixture was left stirring at RT for 2 h before being diluted with Et2O
(200 mL) and H2O (100 mL). The organic layer was separated, washed
with H2O (4K50 mL), dried over anhydrous Na2SO4, filtered and concen-
trated in vacuo. Flash chromatography (10% ethyl acetate in hexane) fol-
lowed by distillation (2.5 mmHg, 80 8C) afforded benzyl propargyl ether
(4.8 g, 71%) as a clear liquid.[8] 1H NMR (400 MHz, CDCl3): d=7.30 (m,
5H), 4.64 (s, 2H), 4.21 (d, J=2.0 Hz, 2H), 2.49 ppm (t, J=2.0 Hz, 1H);
13C NMR (100 MHz, CDCl3): d=137.6, 128.4, 128.1, 127.9, 79.8, 74.5,
71.5, 57.0 ppm.


General procedure for the hydrosilylation by MACOS : A stock solution
containing the terminal alkyne (2.0 mmol, 2.0 equiv) and hydrosilane
(1.0 mmol, 1.0 equiv) in toluene (0.6–0.7 mL, total mixture volume is
1.0 mL) was prepared. After the continuous-flow microwave system was
primed with toluene, an aliquot (1.0 mL) of the homogenous stock solu-
tion was taken up in a Hamilton gastight syringe and connected to the re-
actor system with the aid of Microtight fittings. The syringe was placed in
a Harvard 22 syringe pump that was set to deliver 20 mLmin�1 and the
single-mode microwave was programmed to heat constantly; the power
level was controlled manually so as to keep the temperature constant at
the specified levels. The output from the reactor was fed into a sealed
vial that was charged with 75 psi of air to create backpressure in the
system; the eluent was analysed by 1H NMR spectroscopy immediately
after the reaction to obtain chemical conversion. A known volume of the
crude reaction mixture (typically 0.7–0.8 mL) was collected and the prod-
uct purified by silica-gel chromatography. Below, the specific reactions
leading to each product along with spectral characterization of the major
E isomer are detailed (unless indicated otherwise).


(E)-1-(Triethylsilyl)-1-hexene (3a): 1-Hexyne and triethylsilane were re-
acted by following the general hydrosilylation procedure and 800 mL of
the crude reaction mixture were collected. Purification by flash chroma-
tography (pentane) afforded 110.0 mg of
3a (70% yield including minor isomers).
1H NMR (400 MHz, CDCl3): d =6.08 (dt,
J=18.7, 6.3 Hz, 1H), 5.56 (dt, J=18.7,
1.5 Hz, 1H), 2.14–2.21 (m, 2H), 1.32–1.49
(m, 4H), 0.88–0.96 (m, 12H), 0.60 ppm (q,
J=7.9 Hz, 6H); 13C NMR (100 MHz, CDCl3): d=144.8, 125.4, 36.8, 31.0,
22.2, 14.1, 7.5, 3.6 ppm; spectra matched those found in the literature.[10]


(E)-1-(Triphenylsilyl)-1-hexene (3b): 1-Hexyne and triphenylsilane were
reacted by following the general hydrosilylation procedure and 750 mL of
the crude reaction mixture were collect-
ed. Purification by flash chromatography
(5% ethyl acetate in hexane) afforded
174.5 mg of 3b (68% yield including
minor isomers). 1H NMR (400 MHz,
CDCl3): d =7.69–7.78 (m, 6H), 7.45–7.58
(m, 9H), 6.32 (m, 2H), 2.31–2.39 (m, 2H), 1.35–1.59 (m, 5H), 1.05 ppm
(t, J=7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=154.0, 136.3, 135.3,
129.6, 128.0, 123.4, 37.0, 31.0, 22.5, 14.2 ppm; spectra matched those
found in the literature.[11,12]


(E)-1-(Triethylsilyl)-1-buten-4-ol (3c): 3-Butyne-1-ol and triethylsilane
were reacted by following the general hydrosilylation procedure and
580 mL of the crude reaction mixture were collected. Purification by flash
chromatography (20% ethyl acetate in
hexane) afforded 72 mg of 3c (69% yield
including minor isomers). 1H NMR
(400 MHz, CDCl3): d=6.05 (dt, J=18.7,
6.4 Hz, 1H), 5.72 (dt, J=18.7, 1.3 Hz, 1H),
1.63 (br s, 1H), 0.95 (t, J=8.0 Hz, 9H),
0.59 ppm (q, J=8.0 Hz, 6H); 13C NMR (100 MHz, CDCl3) d 144.1, 130.3,
61.7, 40.5, 7.5, 3.5 ppm; spectra matched those found in the literature.[12]


(E)-1-(Triphenylsilyl)-1-buten-4-ol (3d): 3-Butyne-1-ol and triphenylsi-
lane were reacted by following the general hydrosilylation procedure and
650 mL of the crude reaction mixture were
collected. Purification by flash chromatog-
raphy (25% ethyl acetate in hexane) af-
forded 159 mg of 3d (74% yield including
minor isomers). 1H NMR (400 MHz,
CDCl3): d=7.52–7.67 (m, 6H), 7.36–7.49 (m, 9H), 6.39 (dt, J=18.5,
1.2 Hz, 1H), 6.19 (dt, J=18.5, 6.4 Hz, 1H), 3.75 (t, J=6.3 Hz, 2H), 2.6
(qd, J=6.3, 1.2 Hz, 2H), 1.55 ppm (br s, 1H); 13C NMR (100 MHz,
CDCl3): d=149.6, 136.4, 135.1, 130.2, 128.4, 127.9, 61.9, 40.3 ppm; spectra
matched those found in the literature.[12]


(E)-5-Chloro-1-(triethylsilyl)-1-pentene
(3e): 5-Chloro-1-pentyne and triethylsi-
lane were reacted by following the gener-
al hydrosilylation procedure and 650 mL
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of the crude reaction mixture were collected. Purification by flash chro-
matography (20% dichloromethane in pentane) afforded 94 mg of 3e
(68% yield including minor isomers). 1H NMR (400 MHz, CDCl3): d=


6.01 (dt, J=18.8, 6.2 Hz, 1H), 5.64 (dt, J=18.8, 1.4 Hz, 1H), 3.63 (t, J=


6.7 Hz, 2H), 2.48 (q, J=6.7 Hz, 2H), 1.98 (q, J=6.7 Hz, 2H), 0.92 (t, J=


8.0 Hz, 9H), 0.58 ppm (q, J=8.0 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d=146.2, 127.9, 44.4, 34.2, 31.7, 7.5, 3.7 ppm; spectra matched those
found in the literature.[13]


(E)-5-Chloro-1-(triphenylsilyl)-1-pentene (3 f): 5-Chloro-1-pentyne and
triphenylsilane were reacted by follow-
ing the general hydrosilylation proce-
dure and 750 mL of the crude reaction
mixture were collected. Purification by
flash chromatography (12% dichloro-
methane in hexane) afforded 189.7 mg


of 3 f (70% yield including minor isomers). 1H NMR (400 MHz, CDCl3):
d=7.62–7.68 (m, 6H), 7.46–7.58 (m, 9H), 6.42 (dt, J=18.5, 1.3 Hz, 1H),
6.28 (dt, J=18.5, 6.0 Hz, 1H), 3.66 (t, J=6.7 Hz, 2H), 2.47 (q, J=6.7 Hz,
2H), 2.05 ppm (q, J=6.7 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=


151.1, 136.1, 134.8, 129.7, 128.0, 125.4, 44.6, 34.1, 31.5 ppm; spectra
matched those found in the literature.[12]


(E)-1-(Triethylsilyl)-2-phenylethene (3g): Phenylacetylene and triethylsi-
lane were reacted by following the general hydrosilylation procedure and


620 mL of the crude reaction mixture were
collected. Purification by flash chromatogra-
phy (10% dichloromethane in pentane) af-
forded 106.0 mg of 3g (78% yield including
minor isomers). 1H NMR (400 MHz, CDCl3):
d=7.42–7.47 (m, 2H), 7.30–7.37 (m, 2H),


7.21–7.27 (m, 1H), 6.88 (d, J=19.5 Hz, 1H), 6.41 (d, J=19.5 Hz, 1H),
0.98 (t, J=8.0 Hz, 9H), 0.68 ppm (q, J=8.0 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d=144.8, 138.5, 128.8, 127.9, 126.5, 125.9, 7.7,
3.8 ppm; spectra matched those found in the literature.[14]


(E)-1-(Triphenylsilyl)-2-phenylethene (3h): Phenylacetylene and triphe-
nylsilane were reacted by following the general hydrosilylation procedure


and 620 mL of the crude reaction mixture
were collected. Purification by flash chroma-
tography (10% dichloromethane in pentane)
afforded 209 mg of 3h (80% yield including
minor isomers). 1H NMR (400 MHz, CDCl3):
d=7.61–7.68 (m, 6H), 7.28–7.56 (m, 14H),


7.10 ppm (d, J=2.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=149.1,
138.1, 136.1, 134.6, 129.8, 128.8, 128.6, 128.1, 127.3, 122.9 ppm; spectra
matched those found in the literature.[12,14]


(E)-3-Methoxy-1-(triethylsilyl)-1-propene (3 i): Propargyl methyl ether
and triethylsilane were reacted by following the general hydrosilylation


procedure and 800 mL of the crude reaction
mixture were collected. Purification by flash
chromatography (15% dichloromethane in
pentane) afforded 112.6 mg of 3 i (76% yield
including minor isomer 4 i). 1H NMR


(400 MHz, CDCl3): d=6.09 (dt, J=18.9, 4.9 Hz, 1H), 5.84 (dt, J=18.9,
1.5 Hz, 1H), 3.97 (dd, J=4.9, 1.5 Hz, 2H), 3.34 (s, 3H), 0.93 (t, J=


8.0 Hz, 9H), 0.57 ppm (q, J=8.0 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d=143.4, 128.6, 75.8, 57.9, 7.5, 3.6 ppm; spectra matched those found in
the literature.[12]


(E)-3-Methoxy-1-(triphenylsilyl)-1-propene (3 j): Propargyl methyl ether
and triphenylsilane were reacted by following the general hydrosilylation


procedure and 740 mL of the crude reaction
mixture were collected. Purification by flash
chromatography (14% ethyl acetate in
hexane) afforded 195 mg of 3 j (80% yield in-
cluding minor isomers). 1H NMR (400 MHz,
CDCl3): d =7.54–7.61 (m, 6H), 7.32–7.46 (m,


9H), 6.58 (dt, J=18.6, 1.4 Hz, 1H), 6.28 (dt, J=18.6, 4.6 Hz, 1H), 4.1
(dd, J=4.6, 1.4 Hz, 2H), 3.45 ppm (s, 3H); 13C NMR (100 MHz, CDCl3):
d=148.1, 136.2, 134.7, 129.7, 128.1, 125.3, 75.2, 58.5 ppm; spectra
matched those found in the literature.[12,15]


(E)-1-(Triethylsilyl)-1-propen-3-ol (3k): Prop-
argyl alcohol and triethylsilane were reacted by
following the general hydrosilylation procedure
and 900 mL of the crude reaction mixture were
collected. Purification by flash chromatography (15% ethyl acetate in
hexane) afforded 115.8 mg of 3k (75% yield including minor isomers).
1H NMR (400 MHz, CDCl3): d =6.16 (dt, J=19.0, 4.1 Hz, 1H), 5.84 (dt,
J=19.0, 1.6 Hz, 1H), 4.14 (dd, J=4.1, 1.6 Hz, 2H), 2.62 (br s, 1H), 0.92
(t, J=8.0 Hz, 9H), 0.56 ppm (q, J=8.0 Hz, 6H); 13C NMR (100 MHz,
CDCl3): d=146.1, 125.7, 65.4, 7.4, 3.5 ppm; spectra matched those found
in the literature.[13]


(E)-1-(Triphenylsilyl)-1-propen-3-ol (3 l): Propargyl alcohol and triphe-
nylsilane were reacted by following the general hydrosilylation procedure
and 750 mL of the crude reaction mixture were
collected. Purification by flash chromatography
(15% EtOAc in hexane) afforded 174.0 mg of
3 l (74% yield including minor isomers).
1H NMR (400 MHz, CDCl3): d=7.52–7.58 (m,
6H), 7.38–7.50 (m, 9H), 6.26 (dt, J=18.8, 1.7 Hz, 1H), 5.89 (dt, J=18.8,
3.9 Hz, 1H), 4.48 (dd, J=3.9, 1.7 Hz, 2H), 1.68 ppm (br s, 1H); 13C NMR
(100 MHz, CDCl3): d=150.8, 136.1, 134.5, 129.8, 128.1, 122.7, 65.2 ppm;
spectra matched those found in the literature.[12,15]


(E)-6-(Triethylsilyl)hex-5-enenitrile (3m): Hex-5-ynenitrile and triethylsi-
lane were reacted by following the general hydrosilylation procedure and
700 mL of the crude reaction mixture
were collected. Purification by flash
chromatography (10% ethyl acetate in
hexane) afforded 108 mg of 3m in 74%
yield including minor isomers).
1H NMR (400 MHz, CDCl3): d =5.94
(dt, J=18.7, 6.2 Hz, 1H), 5.64 (dt, J=


18.7, 1.5 Hz, 1H), 2.35 (t, J=7.2 Hz, 2H), 2.26–2.31 (m, 2H), 1.77 (t, J=


7.2 Hz, 2H), 0.92 (t, J=8.0 Hz, 9H), 0.56 ppm (q, J=8.0 Hz, 6H);
13C NMR (100 MHz, CDCl3): d =146.1, 128.8, 119.6, 35.7, 24.6, 16.6, 7.4,
3.5 ppm; spectra matched those found in the literature.[12]


(E)-6-(Triphenylsilyl)hex-5-enenitrile (3n): Hex-5-ynenitrile and triphe-
nylsilane were reacted by following the general hydrosilylation procedure
and 700 mL of the crude reaction mix-
ture were collected. Purification by
flash chromatography (20% ethyl ace-
tate in hexane) afforded 191.0 mg of 3n
(78% yield including minor isomers).
1H NMR (400 MHz, CDCl3): d=7.58–
7.63 (m, 6H), 7.38–7.51 (m, 9H), 6.38 (dt, J=18.5, 1.5 Hz, 1H), 6.18 (dt,
J=18.5, 6.0 Hz, 1H), 2.41–2.46 (m, 2H), 2.37 (t, J=7.3 Hz, 2H),
1.87 ppm (t, J=7.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=150.0,
136.0, 134.6, 129.8, 127.9, 126.5, 119.6, 35.5, 24.3, 16.6 ppm; spectra
matched those found in the literature.[12]


(E)-1-(Triethylsilyl)-1-buten-3-ol (3o): 3-Butyne-2-ol and triethylsilane
were reacted by following the general hydrosilylation procedure and
900 mL of the crude reaction mixture were col-
lected. Purification by flash chromatography
(15% ethyl acetate in pentane) afforded 90 mg of
3o (54% yield including minor isomers).
1H NMR (400 MHz, CDCl3): d=6.12 (dd, J=


19.0, 5.2 Hz, 1H), 5.74 (dd, J=19.0, 1.5 Hz, 1H),
4.24–4.28 (m, 1H), 2.08 (br s, 1H), 1.24 (d, J=6.6 Hz, 3H), 0.90 (t, J=


8.0 Hz, 9H), 0.55 ppm (q, J=8.0 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d=151.3, 124.2, 70.7, 23.2, 7.4, 3.5 ppm; spectra matched those found in
the literature.[12]


(E)-1-(Triphenylsilyl)-1-buten-3-ol (3p): 3-Butyne-2-ol and triphenylsi-
lane were reacted by following the general hydrosilylation procedure and
800 mL of the crude reaction mixture were collected. Purification by flash
chromatography (20% ethyl acetate in hexane)
afforded 152 mg of 3p (58% yield including
minor isomers). 1H NMR (400 MHz, CDCl3):
d=7.58–7.64 (m, 6H), 7.40–7.53 (m, 9H), 6.52
(dd, J=18.7, 1.4 Hz, 1H), 6.28 (dd, J=18.7,
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4.5 Hz, 1H), 4.40–4.44 (m, 1H), 1.72 (d, J=2.6, 1H), 1.32 ppm (d, J=


6.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=155.5, 136.1, 134.5, 129.7,
128.1, 121.7, 70.6, 23.2 ppm; spectra matched those found in the litera-
ture.[16]


(E)-3-Benzyloxy-1-(triethylsilyl)-1-propene (3q): Benzyl propargyl ether
and triethylsilane were reacted by following the general hydrosilylation
procedure and 660 mL of the crude reaction mixture were collected. Pu-
rification by flash chromatography (20% dichloromethane in pentane)
afforded 138.2 mg of 3q (80% yield including minor isomers). 1H NMR
(400 MHz, CDCl3): d =7.36–7.43 (m, 4H), 7.27–7.32 (m, 1H), 6.20 (dt,
J=19.0, 4.9 Hz, 1H), 5.88 (dt, J=19.0, 1.5 Hz, 1H), 4.57 (s, 2H), 4.10
(dd, J=4.9, 1.5 Hz, 2H), 0.99 (t, J=8.0 Hz, 9H), 0.62 ppm (q, J=8.0 Hz,
6H); 13C NMR (100 MHz, CDCl3): d=143.6, 138.4, 128.6, 128.4, 127.8,
127.6, 73.5, 72.3, 7.4, 3.6 ppm; spectra matched those found in the litera-
ture.[17]


(E)-3-Benzyloxy-1-(triphenylsilyl)-1-propene (3r): Benzyl propargyl
ether and triphenylsilane were reacted by following the general hydrosi-
lylation procedure and 650 mL of the crude reaction mixture were collect-
ed. Purification by flash chromatography (15% ethyl acetate in hexane)
afforded 190 mg of 3r (72% yield including minor isomers). 1H NMR
(400 MHz, CDCl3): d=7.62–7.69 (m, 6H), 7.34–7.55 (m, 14H), 6.67 (dt,
J=18.7, 1.4 Hz, 1H), 6.37 (dt, J=18.7, 4.5 Hz, 1H), 4.7 (s, 2H), 4.26 ppm
(dd, J=4.6, 1.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=148.3, 138.3,
136.2, 134.5, 129.6, 128.5, 128.1, 128.0, 127.8, 125.3, 72.8, 72.5 ppm; spec-
tra matched those found in the literature.[12]


(E)-5-Chloro-1-(hydroxydiphenylsilyl)-1-pentene (3s): 5-Chloro-pentyne-
1 and chlorodiphenylsilane were reacted by following the general hydro-
silylation procedure and 640 mL of the crude reaction mixture were col-
lected. Purification by flash chromatography (15% ethyl acetate in pen-
tane) afforded 87.0 mg of 3s (45% yield, no other isomers formed).
1H NMR (400 MHz, CDCl3): d=7.62–7.66 (m, 4H), 7.38–7.47 (m, 6H),
6.31 (dt, J=19.2, 6.0 Hz, 1H), 6.09 (dt, J=19.2, 1.1 Hz, 1H), 3.57 (t, J=


6.0 Hz, 2H), 2.40 (q, J=7.0 Hz, 2H), 2.28 (br s, 1H), 1.95 ppm (q, J=


7.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=150.9, 135.6, 134.5, 130.1,
127.9, 125.9, 44.4, 33.7, 31.1 ppm; HRMS: m/z : calcd for C17H19OClSi+
H: 303.0972; found: 303.0612.


(E)-5-Cyano-1-(hydroxydiphenylsilyl)-1-pentene (3 t): Hex-5-ynenitrile
and chlorodiphenylsilane were reacted by following the general hydrosi-
lylation procedure and 700 mL of the crude reaction mixture were collect-


ed. Purification by flash chromatography (20% ethyl acetate in pentane)
afforded 135.0 mg of 3t (66% yield including minor isomer 5t). 1H NMR
(400 MHz, CDCl3): d =7.59–7.68 (m, 4H), 7.38–7.51 (m, 6H), 6.25 (dt,
J=18.2, 6.0 Hz, 1H), 6.11 (dt, J=18.2, 1.1 Hz, 1H), 2.53 (br s, 1H), 2.32–
2.44 (m, 4H), 1.82 ppm (q, J=7.0 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=149.7, 135.5, 134.5, 130.1, 127.9, 127.2, 119.5, 35.2, 23.9, 16.5 ppm;
HRMS: m/z : calcd for C18H19NOSi: 293.1236; found: 293.1237.


(E)-3-Methoxy-1-(hydroxydiphenylsilyl)-1-propene (3u): Propargyl
methyl ether and chlorodiphenylsilane were reacted by following the
general hydrosilylation procedure and
720 mL of the crude reaction mixture were
collected. Purification by flash chromatog-
raphy (20% ethyl acetate in hexane) af-
forded 124 mg of 3u (60% yield, no other
isomers formed). 1H NMR (400 MHz,
CDCl3): d=7.62–7.66 (m, 4H), 7.38–7.46 (m, 6H), 6.26–6.41 (m, 2H),
4.06 (dd, J=3.0, 1.1 Hz, 2H), 3.39 (s, 3H), 2.49 ppm (br s, 1H); 13C NMR
(100 MHz, CDCl3): d =147.9, 135.4, 134.6, 130.3, 127.9, 125.7, 74.7,
58.3 ppm; elemental analysis calcd (%) for C16H18O2Si: C 71.07, H 6.71;
found, C 71.10, H 6.55; HRMS: m/z : calcd for C16H18O2Si+NH4:
288.1420; found: 288.1425.


(E)-[(3-Benzyloxy)prop-1-enyl]hydroxydiphenylsilane (3v): Benzyl prop-
argyl ether and chlorodiphenylsilane were reacted by following the gen-
eral hydrosilylation procedure and 780 mL of the crude reaction mixture
were collected. Purification by flash chromatography (20% ethyl acetate
in hexane) afforded 162 mg of 3v (60% yield, no other isomers formed).
1H NMR (400 MHz, CDCl3): d=7.65–7.68 (m, 4H), 7.45–7.48 (m, 2H),
7.37–7.44 (m, 7H), 7.31–7.35 (m, 2H), 6.33–6.45 (m, 2H), 4.58 (s, 2H),
4.15 (dd, J=3.8, 1.1 Hz, 2H), 3.01 ppm (br s, 1H); 13C NMR (100 MHz,
CDCl3): d =145.0, 138.1, 135.4, 134.6, 130.5, 128.4, 127.9, 127.8, 127.6,
125.8, 72.5, 72.3 ppm; HRMS: m/z : calcd for C22H22O2Si+NH4: 364.1733;
found: 364.1747.


(E)-Hydroxydiphenyl[2-(thiophen-3-yl)]vinylsilane (3w): 3-Ethynylthio-
phene and chlorodiphenylsilane were reacted by following the general
hydrosilylation procedure and 800 mL of the crude reaction mixture were
collected. Purification by flash chromatog-
raphy (30% dichloromethane in pentane)
afforded 118 mg of 3w (48%, minor a


isomer 5w reported below). 1H NMR
(400 MHz, CDCl3): d=7.67–7.74 (m, 4H),
7.40–7.47 (m, 6H), 7.34–7.37 (m, 1H),
7.25–7.33 (m, 2H), 7.12 (d, J=19.2 Hz, 1H), 6.55 (d, J=19.2 Hz, 1H),
2.51 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d=142.3, 141.5, 135.4,
134.7, 130.1, 127.9, 126.1, 124.9, 124.3, 122.8 ppm; HRMS: m/z : calcd for
C18H16OSSi: 308.0689; found: 308.0674; elemental analysis calcd (%) for
C18H16OSSi: C 70.09, H 5.23; found C 69.89, H 5.21.


a-Hydroxydiphenyl[1-(thiophen-3-yl)]vinylsilane
(5w): From the above crude reaction mixture,
34 mg of the minor isomer 5w was isolated (14%
yield). 1H NMR (400 MHz, CD2Cl2): d=7.64–7.70
(m, 4H), 7.39–7.50 (m, 6H), 7.26–7.31 (m, 1H),
7.17–7.35 (m, 2H), 6.36 (d, J=2.1 Hz, 1H), 5.69
(d, J=2.1 Hz, 1H), 2.71 ppm (br s, 1H); 13C NMR
(150 MHz, CD2Cl2): d =142.9, 141.2, 134.9, 134.7, 130.3, 130.1, 127.8,
126.2, 125.3, 121.9 ppm; HRMS: m/z : calcd for C18H16OSSi: 308.0691;
found: 308.0561; elemental analysis calcd (%) for C18H16OSSi: C 70.09,
H 5.23; found: C 69.97, H 5.11.


(E)-1-(Hydroxydiphenylsilyl)-2-(trimethylsilyl)-
ethene (3x): Ethynyltrimethylsilane and chloro-
diphenylsilane were reacted by following the
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general hydrosilylation procedure and 900 mL of the crude reaction mix-
ture were collected. Purification by flash chromatography (20% ethyl
acetate in pentane) afforded 109 mg of 3x (40% yield, minor a isomer
5x reported below). 1H NMR (400 MHz, CDCl3): d=7.62–7.68 (m, 4H),
7.40–7.49 (m, 6H), 6.89–7.05 (m, 2H), 2.44 (br s, 1H), 0.16 ppm (s, 9H);
13C NMR (100 MHz, CDCl3): d =157.3, 143.9, 135.5, 134.6, 130.0, 127.8,
�1.7 ppm; HRMS: m/z : calcd for C17H22OSi2: 298.1209; found: 298.1205;
elemental analysis calcd (%) for C17H22OSi2: C 68.40, H 7.43; found: C
68.63, H 7.37.


a-1-(Hydroxydiphenylsilyl)-1-(trimethylsilyl)ethene (5x): From the above
crude reaction mixture, 26 mg of 5x were also obtained (10% yield).


1H NMR (400 MHz, CDCl3): d=7.60–7.65 (m, 4H),
7.38–7.46 (m, 6H), 6.63 (d, J=5.0 Hz, 1H), 6.41 (d,
J=5.0 Hz, 1H), 2.30 (br s, 1H), 0.08 ppm (s, 9H);
13C NMR (100 MHz, CDCl3): d=150.7, 145.3, 135.9,
134.5, 129.8, 127.8, �0.48 ppm; HRMS: m/z : calcd for
C17H22OSi2: 298.1209; found: 298.1222; elemental
analysis calcd (%) for C17H22OSi2: C 68.40, H 7.43;


found: C 68.20, H 7.47.


Gold analysis : After removing the solvent in vacuo, the sample was accu-
rately weighed, ashed and then digested in Aqua Regia (1:3 nitric acid to
hydrochloric acid). Following digestion, the sample was cooled to RT, di-
luted to a known volume with high purity RO water and then analysed
by ICP-MS by using an HP/Agilent 4500 ICP-MS. The ICP-MS was cali-
brated prior to the sample analysis by using NIST traceable standards for
gold.
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Contributions from Atomic p(Se), d(Se), and f(Se) Orbitals to Absolute
Paramagnetic Shielding Tensors in Neutral and Charged SeHn and Some
Oxides Including the Effect of Methyl and Halogen Substitutions on sp(Se)


Waro Nakanishi,*[a] Satoko Hayashi,[a] Kenji Narahara,[a] and Masahiko Hada[b]


Introduction


Selenium-containing compounds show versatile reactivities
and afford many structurally interesting compounds.[1,2]


Atomic 4p(Se) orbitals essentially control the reactivities
and the fine structures of the compounds, since selenium is
a member of the Group 16 elements. Atomic 4d(Se) orbitals
play an additional role in low-coordinated selenium com-
pounds but the importance becomes larger in higher coordi-
nated cases.[3,4] 77Se NMR spectroscopy is widely used to


study selenium chemistry.[5–8] 77Se NMR chemical shifts
(d(Se)) are utilized to determine the structures of selenium
compounds and follow the reactions on a daily basis, since
they are highly sensitive to structural changes.[1–10] Atomic
4p(Se) orbitals predominantly determine d(Se), however,
4d(Se) can play an important role as the oxidation or coor-
dination number at selenium increases.


More information could be derived from d(Se), which
would be useful to investigate physical, chemical, and bio-
logical sciences, if they can be analyzed separately by the
factors which control the chemical shifts. Plain rules from
theory are necessary to determine geometric and electronic
structures based on the chemical shifts.[9,10] The rules should
be familiar to the experimental chemists. It is informative to
employ the absolute paramagnetic shielding tensors (sp(Se))
for the analysis of chemical shifts, since the sp(Se) values
are much more sensitive to the structural changes of seleni-
um compounds and they can be predicted with satisfactory
accuracy.[11–13] While sp(N) is evaluated accurately by the
CPHF method,[14,15] we will mainly discuss sp(N) with an ap-
proximated image derived from Equation (1).[16]


Abstract: Contributions from atomic
p(Se), d(Se), and f(Se) orbitals to
sp(Se) are evaluated for neutral and
charged Se*Hn (*=null, + , or �) and
some oxides to build the image of the
contributions. The effect of methyl and
halogen substitutions is also examined
employing RrSe*XxOo (*=null, + , or
�) where R=H or Me; X=F, Cl, or
Br. The p(Se) contributions are larger
than 96% for SeH� (C1v), SeH2 (C2v),
SeH3


+ (C3v), SeH3
+ (D3h), and SeH4


(Td). Therefore, sp(Se) of these com-
pounds can be analyzed based on
p(Se). The p(Se) contributions are 79–


75% for SeH4 (TBP), SeH5
+ (TBP),


SeH5
+ (SP), and SeH5


� (SP). Methyl
and halogen substitutions increase the
contributions by 1–2% (per Me) and
4–7% (per X), respectively. The contri-
butions are 92–79% for H2SeO (Cs),
H2SeO2 (C2v), and H4SeO (C2v). The
values are similarly increased by the
substitutions. Consequently, sp(Se) of
these compounds can be analyzed


based on p(Se) with some corrections
by d(Se). The p(Se) contribution of
SeH6 (Oh) is 52%: sp(Se: SeH6 (Oh))
must be analyzed based on both p(Se)
and d(Se). The contributions for the
Me and X derivatives of SeH6 amount
to 86–77%. Therefore, sp(Se) of the
derivatives can also be analyzed mainly
based on p(Se) with some corrections
by d(Se). Contributions from f(Se) are
negligible. Contributions from 4p(Se)
in vacant orbitals are also considered.
A utility program derived from the
Gaussian 03 (NMRANAL-NH03G) is
applied to evaluate the contributions.
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Very recently, we reported the behavior of electron-popu-
lation terms (hr�3


Se i4p) and demonstrated that the terms serve
as the charge factor to determine sp(Se).[17,18] To establish
the desired rules by using hr�3


Se i4p, it is necessary to clarify
how the chemical shifts are controlled by atomic p(Se) orbi-
tals, together with d(Se) and f(Se). Contributions from
p(Se), d(Se), and f(Se) to sp(Se) are examined[19] for various
neutral and charged selenium species (Se*Hn : *=null, + ,
or � ; n=1–6) and some oxides [HnSeOo : (n,o)= (2,1), (2,2),
and (4,1)] to build the image of the contributions. Figure 1
shows the structures of Se*Hn (*=null, + , or � ; n=1–6)
and HnSeOo, examined in this work. They are classified by
the numbers of lone pairs (nlp) and ligands (nL) in SeLn


drawn for the compounds. The contributions are also exam-
ined for the methyl and halogen derivatives of Se*Hn and
HnSeOo [RrSe*XxOo (*=null, + , or � ; R=H or Me and
X=H, F, Cl, or Br with r, x=0–6, and o=0–2)]. The differ-
ences in the contributions are discussed as the effect of
methyl and halogen substitutions on the contributions.


Here, we report the contributions from the atomic p(Se),
d(Se), and f(Se) orbitals to sp(Se) in Se*Hn and RrSe*XxOo


(*=null, + , or �), where R=H or Me and X=H, F, Cl, or
Br. The results will help to understand how p(Se), d(Se),
and f(Se) orbitals contribute to sp(Se). It is also aimed to


develop the standard rules to determine geometric and elec-
tronic structures based on chemical shifts founded in theory
and familiar to the experimental chemists.


Results and Discussion


Calculation method : The 6-311+GACHTUNGTRENNUNG(3df,3pd) basis sets[20,21] in
the Gaussian 03 program package[22] are employed for the
calculations. Structural optimizations are performed at the
density functional theory (DFT) level of the Becke three-
parameter hybrid functionals with the Lee–Yang–Parr corre-
lation functional (B3LYP).[23] The gauge-independent atomic
orbital method (GIAO)[24] was applied to evaluate absolute
magnetic shielding tensors of Se (s(Se)) at the DFT
(B3LYP) level by using the structures optimized with the
same method (the GIAO-DFT method). The utility program
derived from the Gaussian 03 program are applied to evalu-
ate the contributions from each occupied molecular orbital
(yi), occupied MO to occupied or unoccupied MO (yi!yj


or yi!ya) transition,[25] and the atomic p(Se), d(Se), and
f(Se) orbitals (NMRANAL-NH03G).


Contributions from each MO and p(Se), d(Se), and f(Se) in
Se*Hn : The sp(Se) values are calculated for Se*Hn (*=null,
+ , or �) with the DFT-GIAO method employing the 6-
311+G ACHTUNGTRENNUNG(3df,3pd) basis sets. The contributions are evaluated
separately by the transitions between occupied MOs (Occ-
to-Occ: Occ) and by those from occupied MOs to unoccu-
pied MOs (Occ-to-Unocc). The contributions from Occ-to-
Unocc are evaluated further separated by each occupied
MO (yi). Table 1 collects the results. The total sp(Se) values
are given separately by Occ (the yi!yj transitions)


[26–28] and
by Occ-to-Unocc (the yi!ya transitions). sp(Se) from the
yi!ya transitions are given by y1�y14 (inner MOs), and
each of y15�y18, together with y19 and/or y20, if any. The
contributions from atomic p(Se), d(Se), and f(Se) orbitals to
sp(Se) are also shown, together with those at H (c(H)).


As shown in Table 1, y19 and/or y20 appear in Se*Hn for
n=4–6. Figure 2 draws y19 and/or y20 in Se*Hn (n=4–6).
y19 (HOMO) of SeH4 (Td) is mainly constructed by 4s(Se).
The main character of y19 in SeH4 (TBP) and SeH5


+ (TBP)
is y2 (3c�4e: three center–four electron bonds) of Hap-Se-
Hap, which contain some d character. y19 of SeH5


+ (C4v) and
y19 and y20 of SeH5


� (C4v) and SeH6 (Oh) are substantially
constructed by 4d(Se).


The contributions from Occ-to-Occ transitions are posi-
tive for Se*Hn. All occupied MOs contribute to the Occ-to-
Occ transitions. The values will not discuss in more detail
herein.[29] The sp(Se) values contributed from inner MOs
(y1�y14) are positive except for SeH� (C1v) (�1.3 Hz) and
SeH4 (Td) (�6.3 Hz), magnitudes of which are very small.
Contributions from y16�y18 in Se*Hn are very large, since
they are mainly constructed by 4p(Se). Those from y15 are
small, which are mainly constructed by 4s(Se).


As shown in Table 1, the contributions from p(Se) and
d(Se) in SeH2 (C2v) are �906 and �27 ppm, respectively,


Figure 1. Structures of selenium compounds, Se*Hn (*=null, + , or �)
and HnSeOo, studied in this work. They are classified by the numbers of
the lone pairs (nlp) and ligands (nL) in SeLn. Optimized structures are em-
ployed for the presentation.
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while those from f(Se) and c(H) are negligible. The contri-
bution from p(Se) amount to 98% in SeH2 (C2v). Similarly,
the p(Se) contributions are larger than 96% for SeH� (C1v),
(SeH2 (C2v)), SeH3


+ (C3v), SeH3
+ (D3h), and SeH4 (Td).


These compounds have at least one lone-pair orbital at Se
(nlp � 1), except for SeH4 (Td). The magnitudes of the con-
tributions from d(Se) are less than �50 ppm (<4%) in
these compounds and the contributions from f(Se) and c(H)
are negligible. The small magnitude of the d(Se) contribu-
tions in SeH� (C1v), SeH2 (C2v), SeH3


+ (C3v), and SeH3
+


(D3h) with nlp � 1 can be well explained through the polari-
zation effect of d(Se) in these compounds. y18 of each com-
pound is HOMO. y19 (HOMO) of SeH4 (Td) is constructed
mainly by 4s(Se). Therefore, the contribution from y19 is
negligible, which must be responsible for its large p(Se) con-
tribution, although it has no lone-pair orbitals. The results
demonstrate that sp(Se) can be analyzed based on p(Se) for
SeH� (C1v), SeH2 (C2v), SeH3


+ (C3v), SeH3
+ (D3h), and


SeH4 (Td).
On the other hand, the p(Se) contributions are 79% for


SeH4 (C2v ; TBP: nlp=1) and 75% for SeH5
+ (D3h ; TBP:


nlp=0), SeH5
+ (C4v ; SP: nlp=0), and SeH5


� (C4v ; SP: nlp=


1[30]). Contributions from d(Se) amount to about �200 to
�300 ppm in these compounds. Such large d(Se) contribu-
tions can not be explained by the polarization effect of


d(Se). y19 of SeH5
+ (SP) and y19 and y20 of SeH5


� (SP) are
substantially constructed by 4d(Se). Nevertheless, sp(Se) for
SeH4 (TBP), SeH5


+ (TBP), SeH5
+ (SP), and SeH5


� (SP)
could be approximately analyzed based on p(Se) with some
corrections by d(Se), since the p(Se) contributions are 75–
79%. In the case of SeH6 (Oh : nlp=0), the p(Se) contribu-
tion is 52% and its y19 and y20 are substantially constructed
by 4d(Se). Consequently, sp(Se) must be analyzed as the
contributions from both p(Se) and d(Se) for SeH6 (Oh).


How do alkyl and halogen substitutions affect on sp(Se)
in Se*Hn and the oxides? After elucidation of the contribu-
tions from p(Se) in Se*Hn, the next task is to clarify the con-
tributions in RrSe*XxOo (R=H or Me: X=F, Cl, or Br).


Effect of Me and halogen substitutions on the contributions
in RrSe*XxOo : Contributions from p(Se), d(Se), and f(Se) to
sp(Se), together with AOs other than those of Se, are also
evaluated for RrSe*XxOo (*=null, + , or �). Table 2 collects
the results for RrSe*Xx (*=null, + , or �), where R=H or
Me, X=F, Cl, or Br. Table 3 shows the contributions from
p(Se), d(Se), and f(Se) to sp(Se) in RrSe*XxOo (*=null, + ,
or �), where R=H or Me, X=F and o=1 or 2. The differ-
ences in sp(Se) between RrSe*XxOo (o=0–2) and Se*Hn are
discussed as the effect of Me and halogens.


As shown in Table 2, the methyl substitution on Se*Hn


(*=null, + , or �) leads to a slight increase in the p(Se)
contributions (1–2% per Me).[31] Consequently, sp(Se) can
be analyzed based on p(Se) for the methyl derivatives of
SeH� (C1v), SeH2 (C2v), SeH3


+ (C3v), SeH3
+ (D3h), and


SeH4 (Td). In the case of the fluorine derivatives, the substi-
tution increases considerably the p(Se) contribution (5–7%
per F): The p(Se) contribution increases from 79% in SeH4


(TBP) to 92% in H2SeF2 (TBP) then to 94% in Me2SeF2


(TBP). Contributions from p(Se) in Me2SeCl2 (TBP) and
Me2SeBr2 (TBP) are slightly larger than that in Me2SeF2


(TBP). The p(Se) contributions of about 95% in Me2SeX2


(TBP) (X=F, Cl, and Br) imply that sp(Se) of R2SeX2


(TBP) can be analyzed based on p(Se).
How are the p(Se) contributions of about 75% for SeH5


+


(TBP: nlp=0), SeH5
+ (SP: nlp=0), and SeH5


� (SP: nlp=1[30])
improved by the methyl and fluorine substitutions? The
methyl and fluorine substitutions on SeH5


+ (TBP), SeH5
+


Table 1. Contributions from each MO and from atomic p(Se), d(Se), and f(Se) orbitals, together with c(H), to sp(Se) in Se*Hn (*=null, + , or �).[a–c]


Species Occ[d] y1�y14 y15 y16 y17 y18 y19 y20 sp(Se) p(Se) d(Se) f(Se) c(H)[e] % p(Se)


SeH� (C1v) 264.0 �1.3 �14.5 �272.0 �238.8 �238.8 �501.5 �496.0 �11.0 0.2 5.3 98.9
SeH2 (C2v) 324.6 0.6 �19.3 �254.4 �365.4 �615.0 �928.8 �906.1 �27.5 �0.4 5.2 97.6
SeH3


+ (C3v) 250.0 9.5 �21.3 �363.2 �363.2 �591.8 �1079.9 �1039.0 �48.1 0.4 6.8 96.2
SeH3


+ (D3h) 224.6 4.3 �1.3 �344.4 �344.5 �613.3 �1074.6 �1029.9 �48.7 �0.6 4.6 95.8
SeH4 (Td) 282.5 �6.3 0.1 �647.3 �647.3 �647.3 �1.1[f] �1666.8 �1629.5 �40.4 0.5 2.6 97.8
SeH4 (C2v)


[g] 321.9 13.2 �16.4 �316.1 �359.3 �447.7 �161.9[h] �966.3 �765.8 �203.7 �0.1 3.3 79.3
SeH5


+ (D3h)
[g] 186.9 29.4 0.0 �395.4 �395.4 �417.0 �216.0[i] �1207.4 �911.4 �294.8 �0.1 �1.1 75.5


SeH5
+ (C4v)


[j] 218.8 23.2 �1.6 �420.7 �420.7 �342.3 �216.6[i] �1159.9 �867.9 �291.3 0.0 �0.8 74.8
SeH5


� (C4v)
[j] 410.6 11.0 �16.5 �378.9 �390.7 �390.7 �92.0[i] �58.6[i] �905.9 �674.5 �235.6 �0.2 4.3 74.5


SeH6 (Oh) 326.7 27.9 0.1 �327.5 �327.5 �327.5 �177.9[i] �177.9[i] �983.6 �514.1 �467.4 0.2 �2.3 52.3


[a] Calculated with the DFT-GIAO method employing the 6-311+G ACHTUNGTRENNUNG(3df,3pd) basis sets. [b] A utility program (NMRANAL-NH03G) being employed.
[c] In ppm. [d] Contribution from the occupied MOs to occupied MOs transitions. [e] Contribution from AOs at H. [f] Mainly constructed by 4s(Se).
[g] Trigonal bipyramidal (TBP). [h] Corresponding to y2 of Hax-Se-Hax. [i] Mainly constructed by 4d(Se). [j] Square pyramidal (SP).


Figure 2. y19 and/or y20 in Se*Hn (*=null, + , or �) for n=4–6.
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(SP), and SeH5
� (SP) similarly increase the p(Se) contribu-


tions. The p(Se) contribution of 76% in SeH5
+ (TBP) in-


creases to 90% in Me3SeF2
+ (TBP) and to 88% in SeF5


+


(TBP). Similarly, the p(Se) contributions of 75% in SeH5
+


(SP) and SeH5
� (SP) increase to 88% in SeMe5


+ (SP), 90%
in SeMe5


� (SP), and 92% in SeF5
� (SP) (Table 2). The re-


sults show that sp(Se) of these compounds can be substan-
tially analyzed based on p(Se), with some corrections by
d(Se). Is the low p(Se) contribution of 52% in SeH6 (Oh :
nlp=0) really improved by the methyl and/or fluorine substi-
tutions? The p(Se) contribution increases to 77% in SeMe6


(Ci). The 25% increment in SeMe6 (Ci) corresponds to the
4% per Me.[32] The p(Se) contributions are about 85% for
HSeF5 (C4v), MeSeF5 (Cs), and SeF6 (Oh). The 33% incre-
ment is achieved in total, which correspond to the 5–6% im-
provement per F in these cases. As a result, sp(Se) of these
compounds can also be analyzed approximately based on
p(Se) with some corrections by d(Se).


As shown in Table 3, the p(Se) contributions are 92, 86,
and 79% for H2SeO (Cs : nlp=1), H2SeO2 (C2v : nlp=0), and
H4SeO (C2v : nlp=0), respectively. The contributions are in-
creased to 93, 87, and 87% in Me2SeO (Cs), Me2SeO2 (C2v),
and Me2SeF2O (C2v), respectively. The effect of the methyl
and fluorine substitutions in these compounds is essentially
the same as that predicted for Se*Hn, although it is difficult
to correlate the selenium compounds containing the Se=O
group(s) directly to Se*Hn. It is demonstrated that sp(Se) of
RrSeXxOo (o=1 or 2) can be analyzed based on p(Se) with
some corrections by d(Se).


Why does the halogen substitution increase the p(Se) con-
tribution that much? The reason is considered employing
H2SeF2 (TBP) and SeF6 (Oh).


Contributions from p(Se) in
H2SeF2 and SeF6 : The recipro-
cal orbital energy gaps
[(ea�ei)


�1= De�1] shown in
Equation (1) would be a candi-
date for the reason of the in-
creased p(Se) contributions by
the fluorine substitution. The
relative values of De�1 (De�1


rel)
are examined for SeH6 (Oh)
and SeF6 (Oh), first.


Figure 3 depicts the main
transitions arising from p(Se)
and d(Se) in SeH6 (Oh) and
SeF6 (Oh), together with the
De�1 and De�1


rel values in the
transitions. y16�y18 of SeH6


(Oh) are mainly constructed by
4p(Se), whereas y19 and y20 are
constructed by 4d(Se) (see also
Figure 2). y16�y18 are degener-


ated with each other and so are y19 and y20 in SeH6 (Oh).
y18 and y19 contribute to sp(Se) by �328 and �178 ppm, re-
spectively (Table 1). Most important transitions in y18 are
y18!y29 and y18!y31 (�183 ppm for each). Four other
transitions from y16 and y17 are degenerated to the transi-
tions in SeH6 (Oh). Consequently, six transitions are degen-
erated (Table 4). The y19!y26 transition (�167 ppm) is the
main one in y19, which is mainly contributed from 4d(Se).
The energy difference between y18 and y29 is 0.585 au and
that between y19 and y26 is 0.339 au. Consequently, De�1 in
the y19!y26 transition (1/0.339=2.95) is 1.72 times larger
than that in the y18!y30 transition (1/0.585=1.71). This
must be responsible for the large d(Se) contribution to
sp(Se) in SeH6 (Oh).


In the case of SeF6 (Oh), the y28!y51 transition is most
important for the p(Se) contribution to sp(Se) and the y35!
y87 transition is for the d(Se) contribution. Contrary to SeH6


(Oh), De�1 for the former (1/0.708=1.41) is 1.60 times larger
than that in the latter (1/1.14=0.88). The results demon-
strate that the fluorine substitution in SeF6 (Oh) increases


Table 2. Effect of methyl and halogen substitutions on the contributions of atomic p(Se), d(Se), and f(Se) or-
bitals, together with AOs of atoms other than Se, to sp(Se) in RrSe*Xx (*=null, + , or �).[a–c]


Species sp(Se) p(Se) d(Se) f(Se) Others % p(Se)


SeMe� (Cs) �1129.1 �1127.4 �13.8 3.0 9.1 99.9
SeMe2 (C2v) �1338.7 �1309.3 �40.8 0.5 10.9 97.8
SeMe3


+ (C3v) �1552.0 �1491.4 �74.3 �0.6 14.3 96.1
SeMe3


+ (C3h) �1226.7 �1163.9 �65.0 �3.9 6.1 94.9
SeMe4 (Td) �2174.4 �2133.1 �33.8 3.5 �10.9 98.1
H2SeF2 (C2v)


[d] �1706.9 �1574.9 �137.0 �2.2 7.1 92.3
Me2SeF2 (C2v)


[d] �2006.1 �1879.2 �132.1 �1.6 6.8 93.7
Me2SeCl2 (C2v)


[d] �1730.3 �1629.4 �115.7 �0.6 15.4 94.2
Me2SeBr2 (C2v)


[d] �1656.1 �1565.7 �103.2 �0.2 13.1 94.5
Me3SeF2


+
ACHTUNGTRENNUNG(C3h)


[d] �2001.5 �1790.4 �202.7 �6.2 �2.2 89.5
SeF5


+ (C3h)
[d] �2133.9 �1879.8 �273.6 �7.9 27.3 88.1


SeMe5
+ (Cs)


[e] �1469.5 �1294.2 �269.3 �3.4 97.4 88.1
SeF5


+ (C4v)
[e] �2154.2 �1891.1 �261.5 �7.3 5.7 87.8


SeMe5
� (Cs)


[e] �1223.3 �1100.5 �209.2 �2.2 88.5 90.0
SeF5


� (C4v)
[e] �2261.7 �2079.7 �181.4 �3.5 2.9 92.0


SeMe6 (Ci) �1069.9 �822.8 �378.7 1.0 130.6 76.9
HSeF5 (C4v) �1894.3 �1599.9 �282.7 �3.5 �8.2 84.5
MeSeF5 (Cs) �1973.5 �1692.6 �271.1 �5.5 �4.3 85.8
SeF6 (Oh) �1921.5 �1630.0 �274.0 �4.7 �12.9 84.8


[a] Calculated with the DFT-GIAO method employing the 6-311+G ACHTUNGTRENNUNG(3df,3pd) basis sets. [b] A utility program
(NMRANAL-NH03G) being employed. [c] In ppm. [d] Trigonal bipyramidal (TBP). [e] Square pyramidal
(SP).


Table 3. Effect of methyl and halogen substitutions on the contribution
of atomic p(Se), d(Se), and f(Se) orbitals, together with AOs of atoms
other than Se, to sp(Se) in HnSeOo and RrSeXxOo.


[a–c]


Species sp(Se) p(Se) d(Se) f(Se) Others % p(Se)


H2SeO (Cs) �1905.2 �1749.1 �155.3 �2.1 1.2 91.8
Me2SeO (Cs) �2098.9 �1946.8 �154.1 �2.1 4.1 92.8
H2SeO2 (C2v) �2074.6 �1783.8 �285.4 �4.7 �0.8 86.0
Me2SeO2 (C2v) �2203.9 �1924.2 �276.9 �5.4 2.6 87.3
H4SeO (C2v) �1454.8 �1148.3 �307.4 �1.6 2.5 78.9
H2SeF2O (C2v) �1933.0 �1665.3 �263.7 �6.4 2.3 86.1
Me2SeF2O (C2v) �2097.1 �1832.0 �247.1 �9.4 �8.7 87.4


[a] Calculated with the DFT-GIAO method employing the 6-311+G-
ACHTUNGTRENNUNG(3df,3pd) basis sets. [b] A utility program (NMRANAL-NH03G) being
employed. [c] In ppm.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9647 – 96559650


W. Nakanishi et al.



www.chemeurj.org





De�1
rel for the p(Se) contribution but decreases that for the


d(Se) contribution. The results are summarized in Table 4.
The results give a good explanation how the fluorine substi-
tution in SeF6 (Oh) increases the p(Se) contributions to
sp(Se). Indeed, there are many other transitions, but they
are less important than those discussed herein.


Similar treatment is carried out in the case of SeH4 (TBP)
and H2SeF2 (TBP). The results are summarized in Table 4.


However, the De�1 or De�1
rel


values do not explain the effect.
Other factor(s) must be impor-
tant. Natural bond orbital
(NBO) analysis[33,34] is carried
out for SeH4 (TBP) and H2SeF2


(TBP), together with SeH6 (Oh)
and SeF6 (Oh), to clarify the
nature of the Se�F and Se�H
bonds.


Equation (2) shows the MO
description of the Se�X (X=H
and F) bonds estimated by the
NBO analysis. Table 5 collects
the coefficients (c(Se) and
c(X)) and the hybrid states at


Se, H, and F for the bonds in SeH4 (TBP), H2SeF2 (TBP),
SeH6 (Oh), and SeF6 (Oh). c(Se: s1ppddff) stands for the
atomic orbitals of Se and c(X: s1ppddff) for those of H and F
at the hybrid states (f=0 for H). The hybrid states are de-
scribed by the p, d, and f values in Equation (2), assuming
s=1 (see Table 5). The contributions from c(Se) and c(X)
to yNBOACHTUNGTRENNUNG(Se�X) are given by c2(Se) and c2(X), respectively,
where c2(Se) + c2(X)=1.00 in the treatment.


yNBOðSe�XÞ ¼ cðSeÞcðSe : s1ppddff ÞþcðXÞcðX : s1ppddff Þ
ð2Þ


The hybrid state at Se of Se�Heq in H2SeF2 (TBP) (p=


6.08 and d=0.63) is close to that of Se�Heq in SeH4 (TBP)
(p=5.05 and d=0.52). However, the state at Se of Se�Fax in
H2SeF2 (TBP) (p=4.63 and d=2.51) is very different from
that of Se�Hax in SeH4 (TBP) (p=9.38 and d=5.12). The p
and d values for Se of Se�Fax in H2SeF2 (TBP) decrease rel-
ative to those in SeH4 (TBP). This should result in the de-
crease of the d(Se) contribution to sp(Se) in H2SeF2 (TBP)
relative to the case of SeH4 (TBP), since the p and d values
for Se of Se�Heq in H2SeF2 (TBP) remain unchanged.[35] The
c2(Se) values also support the discussion. While c2(Se)=


0.528–0.544 for Se�Heq in both SeH4 (TBP) and H2SeF2


(TBP), c2(Se)=0.135 for Se�Fax in H2SeF2 (TBP), which is
much smaller than that for Se�Hax in SeH4 (TBP) (0.324).
The Se�Fax bonds in H2SeF2 (TBP) are substantially con-
structed by y19, which is contributed from 4d(Se). The re-
sults demonstrate that the d(Se) contribution to sp(Se) in
H2SeF2 (TBP) decrease relative to the case of SeH4 (TBP)
in total.[36]


Table 5 contains the results of the NBO analysis for SeF6


(Oh) and SeH6 (Oh). The hybrid state at Se of Se�F in SeF6


(Oh) (p=2.99 and d=2.00) is very close to that at Se of Se�
H in (p=3.00 and d=2.00). The results would not change
the relative contributions from p(Se) and d(Se) to sp(Se) by
this mechanism, since both compounds have only one type
of bond.


The main reason for the decreased d(Se) contribution to
sp(Se) in H2SeF2 (TBP)/SeH4 (TBP) is demonstrated to be
the lesser contribution of d(Se) to the hybrid state at Se in


Table 4. Reciprocal orbital energy differences (De�1) and the relative values (De�1
rel) for the typical transitions


contributing from p(Se) and d(Se) to sp(Se) in SeH6 (Oh), SeF6 (Oh), SeH4 (TBP), and H2SeF2 (TBP).[a,b]


Species yi!ya
[c] sp


i!a(Se)
[d] Degeneracy p(Se)/d(Se) De�1[e] De�1


rel


SeH6 (Oh) y18!y29 �183.4 6 p(Se) 1.71 1.00
SeH6 (Oh) y19!y26 �167.1[f] 1 d(Se) 2.94 1.72
SeF6 (Oh) y28!y51 �380.2 6 p(Se) 1.41 0.82
SeF6 (Oh) y35!y87 �138.1[g] 1 d(Se) 0.88 0.52
SeH4 (TBP) y18!y21 �673.3 1 p(Se) 2.75 1.00
SeH4 (TBP) y19!y26 �209.2 1 d(Se) 3.56 1.29
H2SeF2 (TBP) y22!y30 �694.5 1 p(Se) 2.28 0.83
H2SeF2 (TBP) y27!y30 �609.4 1 d(Se)[h] 3.32 1.21


[a] Calculated with the DFT-GIAO method with the 6-311+G ACHTUNGTRENNUNG(3df,3pd) basis sets. [b] A utility program
(NMRANAL-NH03G) being employed. [c] Transition. [d] In ppm. [e] In au�1. [f] The contribution from the
y20!y28 transition being �154.9 ppm, where e26 =e27 =e28. [g] The contribution from the y34!y88 transition
being �131.1 ppm, where e86 =e87 =e88. [h] The contribution from p(Se) is also large.


Figure 3. Main transitions in SeH6 (Oh) and SeF6 (Oh): a) Arising from
p(Se) in SeH6 (Oh): y16-y18 being degenerated and y29�y31 also degener-
ated, b) from d(Se) in SeH6 (Oh): y19 and y20 being degenerated and y26-
y28 also degenerated, c) from p(Se) in SeF6 (Oh): y28-y30 being degener-
ated and y50�y52 also degenerated, and (d) from d(Se) in SeF6 (Oh): y34


and y35 being degenerated and y86-y88 also degenerated. Some MOs are
drawn from different directions for convenience of understanding.
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Se�Fax relative to that in Se�Hax. The increased p(Se) con-
tributions to sp(Se) in SeF6 (Oh)/SeH6 (Oh) is determined to
be the decreased De�1 (or De�1


rel) values for d(Se) in the
main transitions.


After clarification of the contributions from p(Se) to
sp(Se), the behavior of the vacant MOs is examined next.


Behavior of 4p(Se) in vacant MOs : The question to be ad-
dressed is how the energies of vacant orbitals are deter-
mined in the selenium compounds? Figures 4 and 5 show
some MOs of SeH2 (C2v) and SeH� (C1v), respectively.


SeH2 (C2v) supplies six valence AOs of 4s(Se), 4px(Se),
4py(Se), 4pz(Se), 1s(H), and 1s(H) with eight electrons. Con-
sequently, four valence MOs are occupied and two valence
MOs must be vacant. As shown in Figure 4, y15�y18 corre-
spond to the occupied valence MOs of s [SeH2: 4s(Se)], s


[SeH2 b2: 4py(Se)], s [SeH2 a1: 4px(Se)], and np(Se) [4pz(Se);
HOMO], respectively: y1�y14 are inner MOs. How are the
vacant orbitals in SeH2 constructed? y19 (LUMO) and y20


(LUMO+1) correspond to s* [SeH2 a1: 4px(Se)] and s*
[SeH2 b2: 4py(Se)], respectively. The 5s(Se) and 4d(Se) char-
acters contribute to y19 to some extent whereas such contri-
butions are very low in y20. y21�y23 are mainly constructed
by p(Se) of higher energies. There must be many vacant
MOs depending on the basis sets employed in the calcula-


tions, other than y19�y23. They
must originate from the higher
state AOs of Se and H.


In the case of SeH� (C1v),
five valence AOs are supplied,
that is, 4s(Se), 4px(Se), 4py(Se),
4pz(Se), and 1s(H) with eight
electrons. Therefore, four va-
lence MOs are occupied where-
as one must be vacant. As
shown in Figure 5, y15 and y16


correspond to s [Se�H: 4s(Se)]
and s [Se�H: 4px(Se)]. y17 of


np(Se) [4py(Se)] and y18 of np(Se) [4pz(Se)] are degenerate
with each other and they are both HOMO. y1�y14 are inner
MOs. The energies of the vacant orbitals in SeH� are some-
what complex. The character of y19 (LUMO) is s* [Se�H:
4s(Se)] with some contributions from the 4d(Se) and 5s(Se)
characters (cf: y19 of SeH2). Indeed, y20 is s* [Se�H:
px(Se)], but it is constructed by the higher state of px(Se)
(cf: y21 and y22 in SeH2). Similarly, the characters of y21 and
y22 are py(Se) and pz(Se), respectively, but they are con-
structed by the higher states of py(Se) and pz(Se), respec-
tively (cf: y23 in SeH2). y23 (LUMO+4) is assigned to s*
[Se�H: 4px(Se)] (cf: y20 in SeH2). We must be careful when
vacant orbitals are discussed, since the energy sequence is
not always that expected from the AO energies.


We must further be careful when the behavior of 4p(Se)
in vacant orbitals are discussed. The inner AOs, valence
AOs, and AOs of higher energy states are constructed by a
set of Gaussian functions, which are commonly used to con-
struct the AOs in the Gaussian program. Therefore, it is dif-
ficult to separate the valence AOs completely from AOs of
higher energy states. The evaluation of the 4p(Se) contribu-
tions would be more difficult as the compounds become
more complex due to the high complexity of MOs. Howev-
er, it is strongly suggested that p(Se) of higher energy levels
would not contribute to sp(Se) as much whereas 4p(Se)


Table 5. Results of NBO analysis for the Se�X (X=H and F) bonds in SeH4 (TBP), H2SeF2 (TBP), SeH6


(Oh), and SeF6 (Oh).
[a]


Species Bond c(Se) p;d;f at Se[b] c(X) p;d;f at X[b]


SeH4 (TBP) Se�Heq 0.7376[c] 5.05;0.52;0.00 0.6752 0.00;0.00;0.00
Se�Hax 0.5694[d] 9.38;5.12;0.09 0.8221 0.00;0.00;0.00


H2SeF2 (TBP) Se�Heq 0.7268[e] 6.08;0.63;0.03 0.6868 0.00;0.00;0.00
Se�Fax 0.3677[f] 4.63;2.15;0.07 0.9299 6.43;0.01;0.00


SeH6 (Oh) Se�H 0.6577[g] 3.00;2.00;0.00 0.7532 0.00;0.00;0.00
SeF6 (Oh) Se�F 0.4274[h] 2.99;2.00;0.01 0.9040 6.52;0.02;0.00


[a] Evaluated employing the 6-311+G ACHTUNGTRENNUNG(3df,3pd) basis sets, see Equation (2) for the definitions. [b] s=1.00.
[c] c2(Se)=0.5441. [d] c2(Se)=0.3242. [e] c2(Se)=0.5282. [f] c2(Se)=0.1352. [g] c2(Se)=0.4326. [h] c2(Se)=


0.1827.


Figure 4. y15 (HOMO�3) to y23 (LUMO+4) in SeH2 (C2v), together
with the energies: y18 and y23 are drawn from another direction.


Figure 5. y15 (HOMO�3) to y23 (LUMO+4) in SeH� (C1v), together
with the energies: y18 and y21 are drawn from another direction.
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should contribute substantially for usual selenium com-
pounds.[37]


How do 4p(Se) in vacant MOs contribute to sp(Se)? The
contributions of the transitions from the occupied valence
MOs to the unoccupied valence MOs are examined next.
The evaluated values must correspond to the contributions
from the valence 4p(Se) AOs.[38] The contributions of the
transitions from occupied MOs of y15�y18 to vacant MOs of
y19, y20, and y24 are added for SeH2 (C2v) and those from
yi=y15�y18 to ya= y23 transitions are added for SeH�


(C1v),
[39] for example. Table 6 shows the results for SeH2


(C2v) and SeH� (C1v), together with SeH3
+ (C3v) and SeH4


(Td) which have been evaluated similarly. The evaluated
4p(Se) contributions to sp(Se) are around 90% or larger for
the compounds. The large 4p(Se) contribution strongly sug-
gests that 4p(Se) in vacant orbitals mainly controls sp(Se) of
usual selenium compounds.


Conclusions


Atomic 4p(Se) orbitals are expected predominantly to deter-
mine d(Se), however, 4d(Se) must also play an important
role when the Se atoms are highly coordinated. It is necessa-
ry to clarify the contributions from p(Se) and d(Se) to
sp(Se) in various selenium compounds to establish standard
rules that are useful to determine geometric and electronic
structures based on d(Se). Contributions from p(Se) and
d(Se) to sp(Se) are evaluated for Se*Hn (*=null, + , or �)
and some oxides to build the image for the contributions.
Effects of methyl and halogen substitutions are also exam-
ined.


The p(Se) contributions are higher than 96% for SeH�


(C1v), SeH2 (C2v), SeH3
+ (C3v), SeH3


+ (D3h), and SeH4 (Td).
The contributions are 75–80% for SeH4 (TBP), SeH5


+


(TBP), SeH5
+ (SP), and SeH5


� (SP) and 79–92% for H2SeO
(Cs), H4SeO (C2v), and H2SeO2 (C2v). The Me and X substi-
tutions increase the p(Se) contributions by 1–2 (per Me)
and 4–6% (per X). Therefore, sp(Se) of usual selenium
compounds can be analyzed based on p(Se). In the case of
SeH6 (Oh), the p(Se) contribution is 52%. However, the
contribution is also increased to about 85% in HSeF5,
MeSeF5, and SeF6 by the Me and X substitutions. Conse-
quently, the sp(Se) values of these compounds can also be
analyzed mainly based on p(Se) with some corrections by
d(Se). The contributions from f(Se) are negligible and those


from AOs at other nuclei are small. The results will help to
establish a new method to analyze the chemical shifts sepa-
rately by the factors, which contribute to the chemical shifts.
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[37] The expectation comes from the behavior of hr�3i, which is discussed
in Table S2 of the Supporting Information.


[38] If a occupied valence orbital (yi) is consisted with 4s(Se) and 4p(Se)
and if a vacant orbital (ya) contains the 4p(Se) and 4d(Se) charac-
ters, the yi!ya transition will evaluate the contribution only from
4p(Se), since the transition from p(Se) to d(Se) vanishes due to the


symmetry requirement and the contribution from s(Se) must be
null.


[39] Such treatment would evaluate the lower limit of the contributions
from 4p(Se) to sp(Se), since the 4p(Se) character would spread over
other orbitals.
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Highly Stereoselective Iodolactonization of 4,5-Allenoic Acids—An Efficient
Synthesis of 5-(1’-Iodo-1’(Z)-alkenyl)-4,5-dihydro-2(3H)-furanones
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Dedicated to Professor Xiyan Lu on the occasion of his 80th birthday


Introduction


g-Butyrolactones are important subunits that are present in
a large variety of natural products and biologically active
compounds.[1] These very attractive biological properties
prompted organic chemists to develop a series of methods
for the synthesis of g-butyrolactones. The most notable
methods are as follows: the intramolecular transesterifica-
tion of g-hydroxyesters;[2] the reagent-controlled stereoselec-
tive halolactonizaton[3] or manganese acetate mediated cycli-
zation[4] of 4-pentenoic acid derivatives; lactonization of 4-
pentynoic acids catalyzed by AuCl,[5] [Pd ACHTUNGTRENNUNG(PPh3)4],


[6] or
cubane-type MoNiS4 clusters;[7] lactonization of g-allenoic
acids catalyzed by Pd ACHTUNGTRENNUNG(OAc)2 or mediated by N-bromosucci-
nimide,[8] or cationic gold(I) complexes;[9] cationic [CpRu-
ACHTUNGTRENNUNG(NCCH3)3]PF6-


[10] or PdACHTUNGTRENNUNG(OAc)2-
[11] promoted coupling cycli-


zation reactions of g-allenoic acids with a,b-unsaturated car-
bonyl compounds; and intramolecular cyclization of g-(p-al-
lylmolybdenum) carboxylic acids.[12] In addition, by using N-
heterocyclic carbene as catalyst, the reaction of a,b-unsatu-
rated aldehydes with 1,2-dicarbonyl compounds[13] or alde-
hydes[14] could also afford g-butyrolactones. Another route
toward the formation of this important skeleton is a formal
[2+2+1] cycloaddition of an alkene, an aldehyde or ketone
functionality, and carbon monoxide by using a catalytic
amount of Ti catalyst.[15] In this paper, we wish to disclose
our recent observation that 4,5-allenoic acids may be iodo-
lactonized efficiently providing a highly stereoselective syn-
thesis of g-butyrolactones.[16]


Results and Discussion


We tried the reaction of dodeca-4,5-dienoic acid (1a)[8] with
I2 in the first instance. In MeCN, the reaction could afford
the five-membered 5-(1’-iodo-1’(Z)-octenyl)-4,5-dihydro-
2(3H)-furanone (2a) in 92% yield. The formation of 7-
membered lactone 3a was not observed, which indicates
that the iodolactonization reaction is highly regioselective;
however, the stereoselectivity for the carbon–carbon double
bond in 2a is poor (Z/E 87:13; Table 1, entry 1). When the
reaction was conducted at a lower temperature in the pres-


Abstract: In this paper, it is reported
that the efficient iodolactonization of
4,5-allenoic acid with I2 in cyclohexane
in the presence or absence of K2CO3


afforded 5-(1’-iodo-1’(Z)-alkenyl)-4,5-
dihydro-2(3H)-furanones highly stereo-
selectively. However, the reaction of
axially optically active 4,5-allenoic
acids (R)-(�)-5a and (R)-(�)-5b with
I2 afforded the corresponding products
with a serious loss of chirality. This
problem was solved by conducting the


iodolactonization with N-iodosuccini-
mide in CH2Cl2 in the presence of
Cs2CO3; however, the Z/E selectivity is
somewhat lower. The pure optically
active Z products were prepared by
subsequent kinetic resolution with So-
nogashira coupling. The reaction of the


substrates with a substituent at the 3-
position of the starting 4,5-allenoic
acids afforded the trans-4,5-disubstitut-
ed g-butyrolactones as the only prod-
ucts. The reaction of the 4,5-allenoic
acids (S)-(+)-1 l, (R)-(�)-1 l, and (S)-
(+)-1m with a center chirality at the 3-
position afforded the trans products
with very high enantiopurity and up to
98:2 Z/E selectivity regardless of the
axial chirality of the allene moiety.
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ence of H2O, the stereoselectivity was higher (entry 2). In
DMSO, toluene, CHCl3, CH2Cl2, or ClCH2CH2Cl, the reac-
tion also afforded the product (Z)-2a with better stereose-
lectivities (entries 3–9). The best stereoselectivity (Z/E 98:2)
was observed when the reaction was conducted in cyclohex-
ane or hexane at room temperature; however, the yield of
(Z)-2a in cyclohexane is much higher than that in hexane
(compare entry 10 with entry 11). After conducting the reac-
tion with different amounts of I2, conditions A (1.5 equiv of
I2, cyclohexane, RT) were established as the first optimized
reaction conditions (entry 12). The configuration of the C=C
bond in 2a was established by a NOE study (Figure 1).


The scope of the reaction was studied under conditions A.
The results in Table 2 indicated that both 6-substituted (en-
tries 1–4, Table 2) and 4,6-disubstituted (entry 5) 4,5-allenoic
acids may be highly regio- and stereoselectively cyclized in
the presence of 1.5 equivalents of I2 affording (Z)-2 in 46–
85% yields. However, the corresponding reactions of 6-un-
substituted (entry 6) and 6,6-disubstituted (entry 8) 4,5-alle-
noic acids afforded the products in relatively low yields. To
our surprise, with the addition of one equivalent of K2CO3


(conditions B), the reaction afforded 2 f–h in much higher
yields (entries 7, 9, and 10). The structures of all the prod-
ucts were further established by the X-ray diffraction study
of 2g (Figure 2).[17]


For the synthesis of optically active 4,5-allenoic acids (R)-
(�)-1a and (R)-(�)-1b, optically active propargylic alcohols
(R)-(+)-4a and (R)-(+)-4b[18] were treated with excess
triethyl orthoacetate in the presence of a catalytic amount
of propionic acid. The resulting 3,4-allenoates were then re-
duced with LiAlH4 to form the related alcohols (R)-(�)-5a
and (R)-(�)-5b, which were tosylated and subsequently con-
verted to nitriles (R)-(�)-6a and (R)-(�)-6b. Finally, hydrol-
ysis with NaOH in EtOH/H2O afforded the allenoic acids
(R)-(�)-1a and (R)-(�)-1b (Scheme 1).[19]


However, when optically active (R)-(�)-1a was treated
with 1.5 equivalents of I2 in cyclohexane, although the Z/E
selectivity is still high (98:2), the product 2a is racemic,
which indicates that the axial chirality in (R)-(�)-1a was
lost during the cyclization, probably due to the formation of
the p-allylic cation intermediate. Thus, NIS was used instead
of I2 and the corresponding iodolactonization of (R)-(�)-1a
and (R)-(�)-1b in CH2Cl2 afforded butyrolactones (S)-(Z)-
2a (99% ee)/(R)-(E)-2a and (S)-(Z)-2b (98% ee)/(R)-(E)-
2b (Scheme 2). The absolute configuration of the chiral


Table 1. The iodolactonization of g-allenoic acid 1a with I2.


Entry Solvent T [oC] t Yield of 2a [%][a] Z/E[a, b]


1 CH3CN RT 40 min 92 87:13
2 CH3CN/H2O


[c] �30 19 h 73 92:8
3 DMSO RT 48 min 80 91:9
4 toluene RT 40 min 91 97:3
5 CHCl3 RT 35 min 89 96:4
6 CH2Cl2 RT 50 min 84 96:4
7 CH2Cl2 �20 2.5 h 99 97:3
8 CH2Cl2


[d] �20 2.5 h 100 95:5
9 ClCH2CH2Cl RT 40 min 94 97:3
10 cyclohexane RT 45 min 92 98:2
11 hexane RT 30 min 70 98:2
12 cyclohexane[e] RT 50 min 92 98:2
13 cyclohexane[f] RT 35 min 92 97:3


[a] Determined by 400 MHz 1H NMR spectroscopic analysis. [b] The
alkene configuration was established by the NOE study. [c] CH3CN/H2O
40:1. [d] K2CO3 (2 equiv) was applied as an additive. [e] I2 (1.5 equiv)
was used. [f] I2 (1.2 equiv) was used.


Figure 1. NOE study of (Z)-2a, (E)-2a, and 2 l.


Table 2. Iodolactonization of 4,5-allenoic acids 1 with I2.


Entry 1 Conditions[a] Yield of
2 [%][b]


Z/E[c]


R1 R2 R3


1 nC6H13 H H (1a) A 83 (2a) 98:2
2 nC5H11 H H (1b) A 85 (2b) 98:2
3 nC4H9 H H (1c) A 85 (2c) 97:3
4 CH3 H H (1d) A 79 (2d) 98:2
5 C2H5 H nC4H9 (1e) A 75 (2e) 99:1
6 H H nC4H9 (1 f) A 19 (2 f)[d] –
7 H H nC4H9 (1 f) B 87 (2 f) –
8 �


ACHTUNGTRENNUNG(CH2)5� H (1g) A trace (2g)[d] –
9 �


ACHTUNGTRENNUNG(CH2)5� H (1g) B 73 (2g) –
10 C2H5 C2H5 H (1h) B 88 (2h) –


[a] Conditions A: I2 (1.5 equiv), cyclohexane, RT, 1 h; conditions B: I2
(1.5 equiv), K2CO3 (1 equiv), cyclohexane, RT, 1 h. [b] Isolated yield.
[c] The Z/E ratio was determined by 400 MHz 1H NMR spectroscopic
analysis. [d] The yield was determined by 300 MHz 1H NMR spectroscop-
ic analysis.


Figure 2. ORTEP drawing of 2g.
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center in the above four products is tentatively assigned
based on the anti nature of the iodolactonization reaction
(Scheme 3). However, the stereoselectivity for the carbon–
carbon double bond in 2a and 2b is poorer. To get the pure
Z isomer, a kinetic resolution of these two products by


means of the Sonogashira coupling was applied.[20] In this
way, (S)-(+)-(Z)-2b and (R)-(+)-(Z)-2a were prepared in
>98% ee and with 96:4 Z/E selectivity (Scheme 4).


Furthermore, when a substituent was introduced at the 3-
position of the substrates, that is, 1 i–m, the reaction also af-
forded the products trans-(Z)-2 i–m with two chiral centers
highly diastereoselectively (Table 3). The relative trans ste-
reochemistry of these products was established by the NOE
study of 2 l (Figure 1).


It is remarkable that this process yields diastereomerically
pure g-butyrolactones despite the low diastereomeric purity
of the starting materials, which suggests that the process is
diastereoconvergent. This was investigated in detail.


To show the potential for the highly diastereoselective
synthesis of optically active compounds, optically active g-al-
lenoic acids (S)-(+)-1 l and (S)-(+)-1m were prepared ac-
cording to the chemistry shown in Scheme 5. 3-(Trimethylsi-
lyl)propiolaldehyde[22] was converted to 3,4-allenoic acids
following the procedures developed by Nelson et al.[23] The
resulting optically active b-allenoic acids (Ra,R)-(+)-9a and
(Ra,R)-(�)-9b were then reduced with LiAlH4 to form the
related alcohols (Ra,R)-(�)-10a and (Ra,R)-(�)-10b, which
were tosylated and subsequently converted to nitriles.[24] Fi-
nally, hydrolysis with NaOH in EtOH/H2O afforded the al-
lenoic acids (S)-(+)-1 l and (S)-(+)-1m. However, epimeri-
zation of the axial chirality of the allene moiety was ob-
served, which led to the formation of a pair of diastereoiso-
mers. (R)-(�)-1 l was prepared similarly by using TMS-qui-


Scheme 1. Synthesis of optically active g-allenoic acids (R)-(�)-1a and
(R)-(�)-1b. Ts= tosyl.


Scheme 2. Intramolecular iodolactonization of optically active 4,5-alleno-
ic acids (R)-(�)-1a and (R)-(�)-1b with I2 or NIS. NIS=N-iodosuccini-
mide.


Scheme 3. The anti iodolactonization of (R)-(�)-1a and (R)-(�)-1b with
NIS.


Scheme 4. Kinetic resolution of Z/R and E/S mixtures of 2a and 2b.


Table 3. Iodolactonization of g-allenoic acids 1 i–m with I2.


Entry Allenoic acid Yield of 2 [%][b] Z/E[c] d.r.[c]


R1 R2 d.r.[a]


1 CH3 CH3 (1 i) 2.0:1 82 (2 i) 96:4 >99:1
2 CH3 C2H5 (1 j) 2.2:1 78 (2 j) 97:3 >99:1
3 CH3 nC3H7 (1k) 2.2:1 82 (2k) 97:3 >99:1
4 nC4H9 CH3 (1 l) 3.1:1 76 (2 l) 97:3 >99:1
5 nC6H13 nC3H7 (1m) 2.7:1 80 (2m) 97:3 >99:1


[a] The d.r. value was determined by inverse gated decoupling 13C NMR
spectroscopic analysis.[21] [b] Isolated yield after flash chromatography.
[c] The Z/E ratio and d.r. value were determined by 1H NMR spectro-
scopic analysis of the crude reaction mixture.
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nidine in the first step converting 7 to (3S,4S)-(+)-8a (for
the synthetic scheme with the yield information see
Scheme S1 in the Supporting Information and Scheme 7).


When optically active compounds (S)-(+)-1 l, (S)-(+)-1m,
and (R)-(�)-1 l were treated with I2 under conditions A,
(4S,5S)-(+)-(Z)-2 l, (4S,5S)-(+)-(Z)-2m, and (4R,5R)-(�)-
(Z)-2 l were isolated in 86, 72, and 82% yields with 99% ee,
respectively (Scheme 6). The absolute configurations of the
newly formed chiral centers in the above three products
were assigned based on the trans orientation of the two sub-
stituents and the center chirality at the 3-position of the
starting acids (S)-(+)-1 l, (S)-(+)-1m, and (R)-(�)-1 l. Thus,
consistent with the results in Scheme 2, under I2/cyclohexane
conditions, it is believed that the reaction proceeded


through the common intermediacy of 14-type p-allylic cat-
ionic species, which led to the formation of the thermody-
namically more stable trans products by 1,2-chiral induction.


To confirm this hypothesis, (Ra,R)-(�)-1 l was prepared
from the known procedure (Scheme 7).[25]


In addition, (Sa,R)-(+)-1 l was prepared by preparative
HPLC separation of the benzyl ester of (R)-(�)-1 l, followed
by hydrolysis of (Sa,R)-(+)-13a (Scheme 8). The absolute
configuration of the diastereomer related to peak 2 was de-
termined to be Ra,R by comparison with the sign of the spe-
cific optical rotation of (Ra,R)-(�)-13a prepared in
Scheme 7. Based on this, the absolute configuration of the
diastereomer related to peak 1 was assigned as (Sa,R).


It is interesting to observe that both (Sa,R)-(+)-1 l and
(Ra,R)-(�)-1 l indeed afforded the same product (4R,5R)-


Scheme 5. Synthesis of optically active g-allenoic acids (S)-(+)-1 l and
(S)-(+)-1m. TBAF= tetrabutylammonium fluoride; TMS= trimethylsilyl.


Scheme 6. Iodolactonization of optically active 4,5-allenoic acids (S)-(+)-
1 l, (S)-(+)-1m, and (R)-(�)-1 l with I2.


Scheme 7. Synthesis of optically active g-allenoic acid (Ra,R)-(�)-1 l.
DCC=1,3-dicyclohexylcarbodiimide; DMAP=4-dimethylaminopyridine.


Scheme 8. Synthesis of optically active g-allenoic acids (Sa,R)-(+)-1 l.
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(Z)-2 l as expected, which further supported our hypothesis
(Scheme 9).


Conclusion


We have demonstrated an efficient and highly stereoselec-
tive iodolactonization reaction of 4,5-alkadienoic acids with
NIS in CH2Cl2 or I2 in cyclohexane. When a chiral center
was installed at the 3-position of the 4,5-allenoic acids, the
iodolactonization reaction with I2 in cyclohexane at room
temperature provided trans-5-(1’-iodo-1’(Z)-alkenyl)-4-sub-
stituted butyrolactones with very high diastereoselectivity.
However, the axial chirality in (R)-(�)-1a and (R)-(�)-1b
could not be transformed into the center chirality of the
products by conducting the iodolactonization with I2. In-
stead, NIS was applied to produce the optically active prod-
ucts (S)-(+)-2a and (S)-(+)-2b with a relatively low Z/E se-
lectivity in CH2Cl2. The pure optically active Z isomers may
be prepared by kinetic resolution through Sonogashira cou-
pling. Compared with other reports related to the cycliza-
tion of allenoic acids, the method described here enjoys the
advantage of more easily available/cheap reagents, higher Z
stereoselectivity, referring to the formation of the C=C bond
in the product, efficient axial chirality transfer, and excellent
1,2-chiral induction. Further studies in this area is being pur-
sued in our laboratory.


Experimental Section


Typical procedure for the preparation of g-allenoic acids[8] 1a–m


Preparation of dodeca-4,5-dienoic acid (1a)


Synthesis of undeca-3,4-dien-1-ol (5a): A mixture of nonyn-3-ol (4a)
(7.0010 g, 0.05 mol), EtCOOH (1 mL, d=0.99 gmL�1, 0.99 g, 0.013 mol),
and MeC ACHTUNGTRENNUNG(OEt)3 (30 mL, d=0.876 gmL�1, 26.28 g, 0.16 mol) was heated
at 130 8C for 5 h with a Dean–Stark apparatus to remove the in situ
formed EtOH and the excess MeC ACHTUNGTRENNUNG(OEt)3. After removing most of the
compounds with low boiling points, the mixture was cooled to RT and
then purified by chromatography on silica gel to afford ethyl undeca-3,4-
dienoate (9.8926 g, crude yield: 94%). The product was used in the next
step without further characterization. A solution of the above prepared


ethyl undeca-3,4-dienoate (5.6457 g, 26.9 mmol) in THF (25 mL) was
added dropwise to an ice-cold suspension of LiAlH4 (1.3310 g,
34.9 mmol) in anhydrous THF (25 mL) under N2. After 1.2 h, the reac-
tion was complete, as determined by TLC analysis, and it was quenched
by slow addition of H2O, extracted with 60 mL of ethyl ether, and then
filtered to remove the solid. The resulting mixture was extracted with
ether and the combined organic layers were washed with water and
brine, dried over Na2SO4, filtered, evaporated, and purified by chroma-
tography on silica gel to afford 5a (3.8973 g, 86%). Oil; 1H NMR
(400 MHz, CDCl3): d =5.19–5.12 (m, 1H), 5.12–5.04 (m, 1H), 3.70 (t, J=


6.2 Hz, 2H), 2.28–2.21 (m, 2H), 2.02–1.95 (m, 2H), 1.64 (s, 1H), 1.43–
1.21 (m, 8H), 0.88 ppm (t, J=6.8 Hz, 3H); this compound was used in
the next step without further characterization.


Synthesis of dodeca-4,5-dienenitrile (6a): pTsCl (22.2 g, 0.12 mol) was
added in several portions to an ice-cooled solution of 5a (6.5161 g,
0.039 mol) in dry pyridine (50 mL) at 0–4 8C with an ice/water bath.
After 4 h, the mixture was poured into ice/water and the resulting mix-
ture was extracted with ether (50 mLN3). The combined organic layers
were washed with water and brine, dried over Na2SO4, filtered, and then
concentrated in vacuum. The product was then used in the next step
without further purification. NaCN (2.0526 g, 0.042 mol) was added to a
mixture of the tosylate prepared above and anhydrous DMSO (30 mL)
at 20 8C. The reaction mixture was stirred for 25 h at this temperature,
quenched with H2O (30 mL), and extracted with ether (30 mLN3). The
organic layers were washed with water and brine, dried over Na2SO4, fil-
tered, evaporated, and purified by chromatography on silica gel to afford
6a (5.0199 g, the combined yield from 5a to 6a is 73%). Oil; 1H NMR
(400 MHz, CDCl3): d =5.31–5.20 (m, 1H), 5.20–5.10 (m, 1H), 2.42 (t, J=


7.0 Hz, 2H), 2.35–2.28 (m, 2H), 2.06–1.97 (m, 2H), 1.45–1.20 (m, 8H),
0.88 ppm (t, J=6.6 Hz, 3H); this compound was used in the next step
without further characterization.


Synthesis of dodeca-4,5-dienoic acid (1a): A mixture of dodeca-4,5-diene-
nitrile (2.0040 g, 11.3 mmol), ethanol (15 mL), and NaOH solution (4.0 g
in 5.2 mL of H2O, 100 mmol) was stirred at 80 8C for 5 h. The mixture
was concentrated in vacuum and the residue was quenched with water
(20 mL). The aqueous solution was extracted with ether to remove neu-
tral impurities. The aqueous layer was then acidified with 5% HCl (aq.)
to pH 1 and extracted with ether (30 mLN3). The ether extraction was
washed with water and brine, dried over Na2SO4, filtered, and then con-
centrated in vacuum. Chromatography on silica gel (petroleum ether/
ethyl acetate 5:1) of the crude product afforded 1a (2.1065 g, 95%). Oil;
1H NMR (300 MHz, CDCl3): d=9.82 (br s, COOH, 1H), 5.21–5.09 (m,
2H), 2.48 (t, J=7.1 Hz, 2H), 2.36–2.23 (m, 2H), 2.03–1.90 (m, 2H), 1.46–
1.16 (m, 8H), 0.88 ppm (t, J=6.5 Hz, 3H); 13C NMR (100 MHz, CDCl3):
d=203.6, 179.6, 92.9, 89.2, 33.1, 31.7, 29.1, 28.84, 28.82, 23.5, 22.6,
14.1 ppm; IR (neat): ñ=3030, 2957, 2927, 2856, 1964, 1712, 1435, 1336,
1278, 1211, 1173 cm�1; MS (70 ev, EI): m/z (%): 196 (0.46) [M]+ , 126
(100); HRMS: m/z : calcd for C12H20O2Na: 219.1356 [M++Na]; found:
219.1351.


Procedures for the preparation of optically active g-allenoic acids[26] (R)-
(�)-1a, (R)-(�)-1b, (S)-(+)-1 l, (S)-(+)-1m, and (Ra,R)-(�)-1 l


Preparation of optically active g-allenoic acid[19a] (R)-(�)-1a


Synthesis of (R)-(�)-dodeca-4,5-dienenitrile ((R)-(�)-6a): Following the
procedure for the preparation of 5a, the reaction of (R)-(+)-nonyn-3-ol
((R)-(+)-4a) (4.0693 g, 29 mmol, 99% ee, [a]20D =++4.6 (c=1.92 in
CHCl3)), EtCOOH (1.5 mL, d=0.99 gmL�1, 1.49 g, 0.020 mol), and MeC-
ACHTUNGTRENNUNG(OEt)3 (14.3 g, 86 mmol) afforded ethyl (R)-(�)-undeca-3,4-dienoate
(4.1724 g). The product was used in the next step without further charac-
terization. A solution of this ester (4.1724 g, 19.9 mmol) in THF (30 mL)
was treated with LiAlH4 (0.7990 g, 21 mmol) in anhydrous THF (30 mL)
to afford (R)-(�)-5a (2.4345 g, the crude combined yield from (R)-(+)-
4a to (R)-(�)-5a is 50%). The product was used in the next step without
further characterization. Following the procedure for the preparation of
6a, the reaction of (R)-(�)-5a (1.6055 g, 10 mmol), pTsCl (5.7 g,
30 mmol), and dry pyridine (20 mL) afforded the tosylate, which was
used in the next step without further purification. The reaction of the to-
sylate prepared above and NaCN (0.5584 g, 11.4 mmol) in anhydrous
DMSO (20 mL) afforded (R)-(�)-6a (1.3584 g, the combined yield from


Scheme 9. Iodolactonization of optically active 4,5-allenoic acids (Sa,R)-
(+)-1 l and (Ra,R)-(�)-1 l with I2.
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(R)-(�)-5a to (R)-(�)-6a is 66%). Oil ; [a]20D =�69.2 (c=0.99 in CHCl3);
1H NMR (300 MHz, CDCl3): d=5.32–5.20 (m, 1H), 5.20–5.08 (m, 1H),
2.42 (t, J=6.8 Hz, 2H), 2.35–2.24 (m, 2H), 2.06–1.95 (m, 2H), 1.47–1.16
(m, 8H), 0.87 ppm (t, J=6.3 Hz, 3H); this compound was used in the
next step without further characterization.


Synthesis of (R)-(�)-dodeca-4,5-dienoic acid ((R)-(�)-1a): Following the
procedure for the preparation of 1a, the reaction of (R)-(�)-6a (0.7106 g,
4.0 mmol), ethanol (10 mL), and NaOH solution (3.0 g in 4 mL of H2O,
75 mmol) afforded (R)-(�)-1a (0.5703 g, 72%). Oil; [a]20D =�71.4 (c=


1.06 in CHCl3);
1H NMR (300 MHz, CDCl3): d =10.45 (br s, 1H;


COOH), 5.21–5.08 (m, 2H), 2.53–2.41 (m, 2H), 2.38–2.22 (m, 2H), 2.01–
1.87 (m, 2H), 1.44–1.16 (m, 8H), 0.88 ppm (t, J=6.8 Hz, 3H).


Preparation of (S)-3-methyldeca-4,5-dienoic acid ((S)-(+)-1 l)


Synthesis of (3R,4R)-(�)-3-methyl-4-(trimethylsilyl)ethynyloxetan-2-one
((3R,4R)-(�)-8a):[23a] A solution of N,N-diisopropylethylamine (2.49 g,
20 mmol) and O-trimethylsilylquinine (0.3402 g, 0.8 mmol) in anhydrous
CH2Cl2 (25 mL) was added to a suspension of MgCl2 (0.7614 g, 8 mmol)
in anhydrous diethyl ether (12 mL). Then a solution of 7[6] (1.0107 g,
8 mmol) in anhydrous CH2Cl2 (5 mL) was added at �80 8C. After being
stirred at �80 8C for 40 min, a solution of propionyl chloride (1.5348 g,
17 mmol) in anhydrous CH2Cl2 (5 mL) was then added over 3 h by a sy-
ringe pump at this temperature. The reaction mixture was stirred for
14.5 h at �80 8C and then quenched by adding a saturated aqueous
NH4Cl solution (25 mL). The resulting mixture was extracted with diethyl
ether (200 mLN3) and the combined organic extracts were washed suc-
cessively with H2O and brine, dried over Na2SO4, filtered, and concen-
trated. The residue was purified by flash chromatography on silica gel
(petroleum ether (30–60 8C)/ethyl ether 10:1) to afford (3R,4R)-(�)-8a
(1.0794 g, 73%). Colorless oil; [a]20D =�12.9 (c=1.26 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=5.12 (d, J=6.4 Hz, 1H), 3.92–3.81 (m, 1H), 1.42
(d, J=7.6 Hz, 3H), 0.21 ppm (s, 9H).


Synthesis of (Ra,R)-(�)-2-methyl-5-(trimethylsilyl)nona-3,4-dienoic acid
((Ra,R)-9a): 1,2-Dibromoethane (60 mL, 0.7 mmol) was added to a mix-
ture of magnesium turnings (0.8477 g, 35 mmol) in anhydrous THF
(10 mL) under nitrogen. Upon the initiation of the Grignard reaction, a
solution of nBuBr (2.057 g, 15 mmol) in THF (25 mL) was then added
dropwise over 15 min at RT. After being stirred for 30 min, the resulting
Grignard reagent solution (14 mL, 6.02 mmol) was added dropwise to a
mixture of (3R,4R)-(�)-8a (365.2 mg, 2.0 mmol), CuCN (18.8 mg,
0.2 mmol), and anhydrous lithium bromide (40.5 mg, 0.46 mmol) in anhy-
drous THF (20 mL) at �78 8C within 20 min. After being stirred at
�78 8C for additional 20 min, the reaction was quenched with a saturated
aqueous NH4Cl solution (50 mL). The resulting mixture was extracted
with ethyl acetate (200 mLN2) and the combined organic extracts were
successively washed with H2O and brine, dried over Na2SO4, filtered, and
concentrated. The residue was purified by flash chromatography on silica
gel (petroleum ether/ethyl acetate 40:1 to 5:1) to afford (Ra,R)-(+)-9a as
a colorless oil (397.6 mg, 83%). Oil; [a]20D =++22.3 (c=1.53 in CHCl3);
1H NMR (300 MHz, CDCl3): d=11.30 (br s, 1H), 5.13–4.90 (m, 1H),
3.20–2.97 (m, 1H), 1.96 (td, J1=7.4, J2=3.0 Hz, 2H), 1.46–1.27 (m, 4H),
1.24 (d, J=6.9 Hz, 3H), 0.89 (t, J=7.1 Hz, 3H), 0.08 ppm (s, 9H); this
compound was used in the next step without further characterization.


Synthesis of (Ra,R)-(�)-2-methyl-5-(trimethylsilyl)nona-3,4-dien-1-ol
((Ra,R)-(�)-10a): K2CO3 (1.1472 g, 8.3 mmol) and MeI (0.42 mL,
6.8 mmol) were added sequentially to a solution of (Ra,R)-(+)-9a
(1.0191 g, 4.2 mmol) in DMF (10 mL). The resulting mixture was then
stirred for 105 min at 10 8C. After being stirred at this temperature, the
mixture was quenched with H2O (5 mL) and extracted with ethyl ether
(50 mLN3). The combined organic layers were washed with H2O, brine,
dried over Na2SO4, and filtered. After evaporation of the solvent, chro-
matography on silica gel afforded (Ra,R)-methyl 2-methyl-5-(trimethylsi-
lyl)nona-3,4-dienoate (0.9813 g, crude yield: 91%). It was used in the
next step without further purification. Following the procedure for the
preparation of (R)-5a, a solution of ester (0.9484 g, 3.7 mmol) in anhy-
drous THF (15 mL) was added to a suspension of LiAlH4 (0.1819 g,
4.8 mmol) in anhydrous THF (20 mL) to afford (Ra,R)-(�)-10a (0.7875 g,
93%). Oil; [a]20D =�0.6 (c=0.81 in CHCl3);


1H NMR (300 MHz, CDCl3):
d=4.68 (dt, J1=6.6, J2=3.2 Hz, 1H), 3.55–3.37 (m, 2H), 2.40–2.24 (m,


1H), 1.99–1.90 (m, 2H), 1.57 (br s, 1H), 1.48–1.24 (m, 4H), 1.00 (d, J=


6.9 Hz, 3H), 0.90 (t, J=7.1 Hz, 3H), 0.08 ppm (s, 9H); this compound
was used in the next step without further characterization.


Synthesis of (S)-(�)-3-methyldeca-4,5-dienenitrile ((S)-(�)-11a): Follow-
ing the procedure for the preparation of (R)-6b, a mixture of (Ra,R)-(�)-
10a (0.7625 g, 3.4 mmol) and anhydrous pyridine (15 mL) was treated
with pTsCl (in two portions: 1.9899+0.9936 g, 15.7 mmol) to afford the
tosylate, which was used in the next step without further purification.
The reaction of the tosylate prepared above and NaCN (0.1701 g,
3.9 mmol) in anhydrous DMSO (10 mL) afforded (Ra,S)-3-methyl-6-tri-
methylsilyldeca-4,5-dienenitrile, which was used in the next step without
further purification. A solution of tetrabutylammonium fluoride in THF
(3.0 mL, 1m) was added to a solution of this nitrile in of anhydrous THF
(10 mL). The mixture was stirred at 30 8C for 40 min, diluted with ether,
and washed with a saturated aqueous solution of ammonium chloride.
The organic layers were dried over Na2SO4, filtered, and concentrated.
The residue was purified by flash chromatography on silica gel to afford
(S)-(�)-11a[24] (195.1 mg, the combined yield from (Ra,R)-10a to (S)-(�)-
11a is 35%). Oil; [a]20D =�9.1 (c=0.51 in CHCl3);


1H NMR (400 MHz,
CDCl3): d=5.32–5.23 (m, 1H), 5.17–5.10 (m, 1H), 2.60–2.49 (m, 1H),
2.41 (dd, J1=16.5, J2=6.2 Hz, 1H), 2.32 (dd, J1=16.5, J2=6.8 Hz, 1H),
2.07–1.98 (m, 2H), 1.44–1.29 (m, 4H), 1.20–1.15 (m, 3H), 0.90 ppm (t,
J=7.2 Hz, 3H); this compound was used in the next step without further
characterization.


Synthesis of (S)-(+)-3-methyldeca-4,5-dienoic acid ((S)-(+)-1l): Following
the procedure of 6a, the reaction of (S)-(�)-11a (0.1951 g, 1.2 mmol),
ethanol (8 mL), and NaOH solution (2.0 g in 2.6 mL of H2O, 50 mmol)
afforded (S)-(+)-1 l (0.1688 g, 77%). Oil; [a]20D =++19.0 (c=0.93 in
CHCl3);


1H NMR (300 MHz, CDCl3): d =9.94 (br s, 1H; COOH), 5.23–
5.09 (m, 2H), 2.73–2.60 (m, 1H), 2.55–2.39 (m, 1H), 2.37–2.21 (m, 1H),
2.05–1.90 (m, 2H), 1.46–1.24 (m, 4H), 1.08 (d, J=6.3 Hz, 3H), 0.89 ppm
(t, J=6.9 Hz, 3H).


The d.r. value of (S)-1 l was determined after its conversion to the corre-
sponding benzyl ester.


Synthesis of benzyl (S)-(+)-3-methyldeca-4,5-dienoate ((S)-(+)-13a): Fol-
lowing the procedure for the benzylation of (Ra,R)-1 l, the reaction of
(S)-1 l (9.8 mg, 0.05 mmol), BnOH (17.8 mg, 0.16 mmol), DMAP (5.1 mg,
0.04 mmol), and DCC (14.4 mg, 0.07 mmol) in CH2Cl2 (1 mL) afforded
(S)-(+)-13a (12.0 mg, 82%), d.r.=1.2:1; the d.r. value was determined by
HPLC (Chiralcel AS-H column, rate=0.5 mLmin�1, eluent=hexane/
iPrOH 100:0, l =214 nm, tR ACHTUNGTRENNUNG(minor)=27.1, (major)=32.4). [a]20D =++12.1
(c=0.475 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.42–7.29 (m, 5H),
5.20–5.06 (m, 4H), 2.76–2.63 (m, 1H), 2.50–2.40 (m, 1H), 2.36–2.24 (m,
1H), 2.01–1.89 (m, 2H), 1.41–1.27 (m, 4H), 1.05 (d, J=6.9 Hz, 3H),
0.93–0.84 ppm (m, 3H); IR (neat): ñ =1961, 1738, 1499, 1455, 1378,
1159 cm�1; MS (70 ev, EI): m/z (%): 272 (0.57) [M+], 69 (100); HRMS:
m/z : calcd for C18H24O2Na: 295.1669 [M++Na]; found: 295.1666.


Synthesis of benzyl (R)-(�)-3-methyldeca-4,5-dienoate ((R)-(�)-13a):
Following the procedure for the preparation of (Ra,R)-(�)-13a, the reac-
tion of (R)-(�)-1 l (52.8 mg, 0.29 mmol), BnOH (92.5 mg, 0.86 mmol),
DMAP (27.5 mg, 0.23 mmol), and DCC (65.1 mg, 0.32 mmol) in CH2Cl2
(1.8 mL) afforded (R)-(�)-13a (69.9 mg, 89%, d.r.=1.2:1; HPLC (Chir-
alcel OJ-H column, rate=0.7 mLmin�1, eluent=hexane/iPrOH 99:1, l=


214 nm, tR ACHTUNGTRENNUNG(minor)=9.4, (major)=9.9)). Oil; [a]20D =�5.6 (c=0.33 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=7.40–7.29 (m, 5H), 5.20–5.06
(m, 4H), 2.74–2.61 (m, 1H), 2.52–2.39 (m, 1H), 2.36–2.22 (m, 1H), 2.01–
1.88 (m, 2H), 1.42–1.26 (m, 4H), 1.08–1.02 (m, 3H), 0.92–0.84 ppm (m,
3H); IR (neat): ñ=1961, 1740, 1498, 1456, 1377, 1261, 1155 cm�1; MS
(70 ev, EI): m/z (%): 272 (0.57) [M+], 139 (100); HRMS: m/z : calcd for
C18H24O2Na: 295.1669 [M++Na]; found: 295.1666.


Preparation of (Sa,R)-(+)-3-methyldeca-4,5-dienoic acid ((Sa,R)-(+)-1 l):
The two isomers (Sa,R)-(+)-13a and (Ra, R)-(�)-13a were separated by
using a CHIRALPAK IC column (25 cmN2 cm), rate=9 mLmin�1,
eluent=hexane/ethyl acetate 98:2, l=214 nm, injection=2 mL (C=


1 mgmL�1): peak 1, tR=13.7; peak 2, tR=15.0. The two portions collected
were kept over dry ice. After evaporation of the solvent, pure isomers
were obtained.
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ACHTUNGTRENNUNG(Sa,R)-(+)-13a : Oil; [a]20D =++42 (c=0.80 in CHCl3);
1H NMR (300 MHz,


CDCl3): d=7.42–7.29 (m, 5H), 5.20–5.06 (m, 4H), 2.76–2.63 (m, 1H),
2.46 (dd, J1=15.2, J2=6.8 Hz, 1H), 2.30 (dd, J1=15.2, J2=7.4 Hz, 1H),
2.01–1.89 (m, 2H), 1.41–1.27 (m, 4H), 1.05 (d, J=6.9 Hz, 3H), 0.89 ppm
(t, J=6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=202.4, 172.4, 136.0,
128.5, 128.17, 128.15, 95.7, 93.2, 66.1, 41.4, 31.3, 30.0, 28.6, 22.2, 20.2,
13.9 ppm; IR (neat): ñ =1962, 1737, 1499, 1456, 1161 cm�1; MS (70 ev,
EI): m/z (%): 272 (0.58) [M+], 91 (100); HRMS: m/z : calcd for
C18H24O2: 272.1776 [M+]; found: 272.1778; HPLC: (Chiralcel OJ-H
column, rate=0.7 mLmin�1, eluent=hexane/iPrOH 99:1, l=214 nm, tR-
ACHTUNGTRENNUNG(major)=9.377 ((Sa,R)-(+)-13a), tR ACHTUNGTRENNUNG(minor)=9.930, (Ra,R)-(�)-13a)):
peak 1: d.r.>99:1.


ACHTUNGTRENNUNG(Ra,R)-(�)-13a : Oil; [a]20D =�50 (c=0.50 in CHCl3);
1H NMR


(300 MHz, CDCl3): d =7.42–7.28 (m, 5H), 5.20–5.06 (m, 4H), 2.76–2.63
(m, 1H), 2.46 (dd, J1=15.3, J2=6.9 Hz, 1H), 2.29 (dd, J1=15.2, J2=


7.7 Hz, 1H), 2.01–1.89 (m, 2H), 1.41–1.27 (m, 4H), 1.05 (d, J=6.9 Hz,
3H), 0.88 ppm (t, J=7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=202.4,
172.5, 136.0, 128.5, 128.2, 128.16, 95.7, 93.3, 66.1, 41.3, 31.3, 30.0, 28.6,
22.2, 20.3, 13.9 ppm; IR (neat): ñ =1961, 1737, 1498, 1456, 1379, 1351,
1263, 1161 cm�1; MS (70 ev, EI): m/z (%): 272 (0.54) [M+], 141 (100);
HRMS: m/z : calcd for C18H24O2: 272.1776 [M+]; found: 272.1775; HPLC
(Chiralcel OJ-H column, rate=0.7 mLmin�1, eluent=hexane/iPrOH
99:1, l=214 nm, tR ACHTUNGTRENNUNG(minor)=9.377 ((Sa,R)-(+)-13a), tR ACHTUNGTRENNUNG(major)=9.930
((Ra,R)-(�)-13a)): peak 2: d.r.>98:2.


The absolute configuration of the isomer related to peak 2 was deter-
mined as (Ra,R) by comparison with the specific optical rotation of
(Ra,R)-(�)-13a prepared on p. S47 in the Supporting Information. The
absolute configuration of the isomer related to peak 1 was then assigned
as Sa,R.


Synthesis of (Sa,R)-(+)-3-methyldeca-4,5-dienoic acid ((Sa,R)-(+)-1l):
LiOH·H2O (8 mg, 0.18 mmol) was added to a solution of (Sa,R)-(+)-13a
(16 mg, 0.06 mmol) prepared above in H2O (0.3 mL) and MeOH
(0.6 mL). After being stirred for 12 h at 30 8C, the reaction was complete
as detected by TLC analysis (eluent=petroleum ether/ethyl acetate 5:1).
The mixture was then adjusted with 5% HCl (aq.) to pH 1 and extracted
with ether (30 mLN3). The ether layer was subsequently washed with
water and brine, dried over Na2SO4, filtered, and then concentrated
under vacuum. Chromatography on silica gel (petroleum ether/ethyl ace-
tate 20:1) of the crude product afforded (Sa,R)-(+)-1 l (7.1 mg, 66%).
Oil; [a]20D =++45 (c=1.00 in CHCl3);


1H NMR (300 MHz, CDCl3): d=


5.21–5.09 (m, 2H), 2.73–2.58 (m, 1H), 2.45 (dd, J1=15.6, J2=6.9 Hz,
1H), 2.29 (dd, J1=15.6, J2=7.2 Hz, 1H), 2.05–1.90 (m, 2H), 1.46–1.24
(m, 4H), 1.08 (d, J=6.9 Hz, 3H), 0.89 ppm (t, J=7.1 Hz, 3H), the acidic
proton is missing here in this spectrum; 13C NMR (75 MHz, CDCl3): d=


202.4, 178.7, 95.6, 93.5, 41.0, 31.3, 29.7, 28.6, 22.2, 20.2, 13.9 ppm; IR
(neat): ñ=1962, 1710, 1458, 1410, 1378, 1293 cm�1; MS (70 ev, EI): m/z
(%): 182 (3.54) [M+], 81 (100); HRMS: m/z : calcd for C11H18O2:
182.1307 [M+]; found: 182.1308.


Preparation of (Ra,R)-(�)-3-methyldeca-4,5-dienoic acid ((Ra,R)-(�)-1 l)


Synthesis of (3S,4S)-(�)-3-methyl-4-ethynyloxetan-2-one ((3S,4S)-(�)-
12a):[25] A solution of tetrabutylammonium fluoride in THF (14.0 mL,
1m, 14 mmol) was added to a solution of (3S,4S)-(+)-8a (2.3543 g,
13 mmol) in 20 mL of anhydrous THF. The mixture was stirred at 0 8C
for 25 min, and then the resulting mixture was filtered through a 1.5 cm
plug of silica gel, eluting with CH2Cl2. The filtrate was concentrated and
purified by flash chromatography on silica gel (petroleum ether (30–
60 8C)/ether 5:1) to afford (3S,4S)-(�)-12a (0.7234 g, 51%). Oil; [a]20D =


�5.4 (c=0.70 in CHCl3);
1H NMR (300 MHz, CDCl3): d=5.13 (dd, J1=


6.6, J2=2.1 Hz, 1H), 3.95–3.85 (m, 1H), 2.84 (d, J=2.1 Hz, 1H),
2.44 ppm (d, J=7.8 Hz, 3H).


Synthesis of (Ra,S)-(�)-2-methylnona-3,4-dien-1-ol ((Ra,S)-(�)-10a):
(3S,4S)-(�)-12a (34.1 g, 0.3 mmol) was added to a solution of CuBr·SMe2
(6.8 mg, 0.03 mmol) and dimethylsulfide (0.2 mL) in anhydrous THF
(3.5 mL). Then the Grignard reagent solution (0.65 mL, 1m in THF,
0.65 mmol) was added dropwise to the mixture at �78 8C within 5 min.
After being stirred at �78 8C for additional 20 min, the reaction was
quenched with a saturated aqueous NH4Cl solution (10 mL). The result-
ing mixture was extracted with ether (30 mLN3) and the combined or-


ganic extracts were successively washed with H2O and brine, dried over
Na2SO4, filtered, and then concentrated. The residue was purified by
flash chromatography on silica gel to afford (Ra,S)-2-methylnona-3,4-di-
enoic acid (0.0415 g, 80%). Colorless oil; [a]20D =�110.9 (c=1.21 in
CHCl3);


1H NMR (300 MHz, CDCl3): d =9.78 (br s, 1H), 5.35–5.20 (m,
2H), 3.21–3.04 (m, 1H), 2.09–1.90 (m, 2H), 1.44–1.31 (m, 4H), 1.27 (d,
J=7.2 Hz, 3H), 0.89 ppm (t, J=7.1 Hz, 3H); it was used in the next step
without further purification. Following the procedure for the preparation
of (R)-(�)-5a, a solution of the dienoic acid prepared above (0.3229 g,
1.9 mmol) in anhydrous ether (3 mL) was added to a suspension of
LiAlH4 (0.1441 g, 3.8 mmol) in anhydrous ether (15 mL) to afford (Ra,S)-
(�)-10a (0.1284 g, 43%). Oil; [a]20D =�82.3 (c=0.39 in CHCl3);


1H NMR
(300 MHz, CDCl3): d =5.21–5.11 (m, 1H), 5.10–5.01 (m, 1H), 3.48 (d, J=


6.3 Hz, 2H), 2.39–2.28 (m, 1H), 2.03–1.92 (m, 2H), 1.91 (br s, 1H), 1.43–
1.24 (m, 4H), 0.95 (d, J=6.9 Hz, 3H), 0.88 ppm (t, J=7.1 Hz, 3H); this
compound was used in the next step without further characterization.


Synthesis of (Ra,R)-(�)-3-methyldeca-4,5-dienoic acid ((Ra,R)-(�)-1l):
Following the procedure for the preparation of (R)-(�)-6a, a mixture of
(Ra,S)-(�)-10a (0.1284 g, 0.8 mmol) and anhydrous pyridine (1 mL) was
treated with pTsCl (0.4785 g, 2.5 mmol) to afford the tosylate, which was
used in the next step without further purification. The reaction of the to-
sylate prepared above and NaCN (0.0482 g, 0.96 mmol) in anhydrous
DMSO (2 mL) afforded (Ra,S)-3-methyldeca-4,5-dienenitrile, which was
used in the next step without further purification. Following the proce-
dure for the preparation of 6a, the reaction of (Ra,S)-3-methyldeca-4,5-
dienenitrile (0.0814 g, 0.5 mmol), ethanol (2 mL), and NaOH solution
(0.4 g in 0.6 mL of H2O, 10 mmol) afforded (Ra, R)-(�)-1 l (0.0660 g, the
combined yield from (Ra,S)-(�)-10a to (Ra,R)-(�)-1 l is 43%). Oil;
[a]20D =�74.9 (c=1.34 in CHCl3);


1H NMR (300 MHz, CDCl3): d=10.65
(br s, 1H; COOH), 5.21–5.09 (m, 2H), 2.73–2.60 (m, 1H), 2.44 (dd, J1=


15.6, J2=7.0 Hz, 1H), 2.23 (dd, J1=15.6, J2=7.3 Hz, 1H), 2.05–1.90 (m,
2H), 1.46–1.24 (m, 4H), 1.08 (d, J=6.6 Hz, 3H), 0.89 ppm (t, J=7.2 Hz,
3H); 13C NMR (75 MHz, CDCl3): d=202.4, 179.3, 95.5, 93.4, 41.2, 31.3,
29.8, 28.6, 22.2, 20.3, 13.9 ppm; IR (neat): ñ =1962, 1710, 1458, 1410,
1378, 1294 cm�1; MS (70 ev, EI): m/z (%): 182 (1.90) [M+], 140 (100);
HRMS: m/z : calcd for C11H18O2: 182.1307 [M+]; found: 182.1307.


Synthesis of benzyl (Ra,R)-(�)-3-methyldeca-4,5-dienoate ((Ra,R)-(�)-
13a): BnOH (16.9 mg, 0.165 mmol) and DMAP (5.4 mg, 0.044 mmol)
were added sequentially to a solution of (Ra,R)-(�)-1 l (8.9 mg,
0.055 mmol) in CH2Cl2 (1 mL). Then DCC (13.6 mg, 0.06 mmol) was
added at 0 8C. After being stirred for 23.5 h at RT, the reaction was over
as determined by TLC analysis and the resulting mixture was diluted
with ether (10 mL) and transferred to a round-bottomed flask and evapo-
rated. The residue was purified by chromatography on silica gel to afford
(Ra,R)-(�)-13a (13.3 mg, 100%, d.r.=96/4; HPLC (Chiralcel OJ-H
column, rate=0.5 mLmin�1, eluent=hexane/iPrOH 99:1, l=214 nm, tR-
ACHTUNGTRENNUNG(minor)=12.1, (major)=12.5)). Oil; [a]20D =�54.9 (c=0.36 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.42–7.29 (m, 5H), 5.20–5.06 (m, 4H),
2.76–2.62 (m, 1H), 2.47 (dd, J1=15.4, J2=6.9 Hz, 1H), 2.30 (dd, J1=15.4,
J2=7.7 Hz, 1H), 2.02–1.89 (m, 2H), 1.40–1.29 (m, 4H), 1.06 (d, J=


6.9 Hz, 3H), 0.89 ppm (t, J=7.2 Hz, 3H).


Typical procedure for the preparation of 4,5-dihydro-2(3H)-furanones
((Z)-2a–m)


5-(1’-Iodo-1’(Z)-octenyl)-4,5-dihydro-2(3H)-furanone (Z-2a): I2
(114.3 mg, 0.45 mmol, solid) was added to a solution of 1a (59.3 mg,
0.3 mmol) in cyclohexane (4 mL) with stirring at RT. After the reaction
was complete as determined by TLC (eluent: petroleum ether/ethyl ace-
tate 5:1), it was quenched with H2O (6 mL), which was followed by the
addition of sat. aqueous Na2S2O3 (4 mL). The resulting mixture was ex-
tracted with ether (20 mLN3), washed with brine, dried over Na2SO4,
and filtered. After evaporation of the solvent, the Z/E ratio of the prod-
ucts was determined to be 98:2 by 400 MHz 1H NMR spectroscopic anal-
ysis. Chromatography on silica gel (petroleum ether/ethyl acetate 5:1) of
the crude product afforded (Z)-2a (81 mg, 83%, Z/E 98:2). Oil;
1H NMR (400 MHz, CDCl3): d=6.02 (td, J1=6.6, J2=1 Hz, 1H), 4.76 (t,
J=7.0 Hz, 1H), 2.70–2.58 (m, 1H), 2.58–2.45 (m, 1H), 2.45–2.33 (m,
1H), 2.21–2.08 (m, 3H), 1.45–1.34 (m, 2H), 1.34–1.16 (m, 6H), 0.86 ppm
(t, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=176.4, 138.5, 106.9,
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84.3, 35.5, 31.5, 28.8, 28.6, 28.0, 27.9, 22.5, 14.0 ppm; IR (neat): ñ =2955,
2926, 2855, 1785, 1640, 1457, 1316, 1180, 1024 cm�1; MS (70 ev, EI): m/z
(%): 322 (30.18) [M+], 111 (100); elemental analysis calcd (%) for
C12H19IO2: C 44.74, H 5.94; found: C 44.74, H 6.01.


Typical procedure for the iodocyclization of 1 f–h in the presence of I2


and K2CO3


5-Butyl-5-(1’-iodo-1’-vinyl)-4,5-dihydro-2(3H)-furanone (2 f): K2CO3


(43.7 mg, 0.3 mmol) was added to a solution of 1 f (50.5 mg, 0.3 mmol) in
cyclohexane (4 mL). After stirring for 20 min, I2 (116.0 mg, 0.45 mmol,
solid) was added, and the mixture was stirred for a further 1 h. The re-
sulting mixture was quenched sequentially with H2O (6 mL) and sat.
aqueous Na2S2O3 (4 mL), extracted with ether (25 mLN3), washed with
brine, dried over Na2SO4, and then filtered. After evaporation of the sol-
vent, the residue was purified by flash chromatography on silica gel (pe-
troleum ether/ethyl acetate 5:1) to afford 2 f (76.9 mg, 87%). Oil;
1H NMR (400 MHz, CDCl3): d=6.43 (d, J=2.2 Hz, 1H), 5.91 (d, J=


2.2 Hz, 1H), 2.55–2.43 (m, 3H), 2.14–2.01 (m, 2H), 1.73–1.64 (m, 1H),
1.42–1.20 (m, 4H), 0.90 ppm (t, J=7.0 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d=176.1, 126.9, 111.4, 90.2, 38.6, 33.2, 28.1, 25.5, 22.5, 13.8 ppm;
IR (neat): ñ=2956, 2930, 2871, 1784, 1611, 1456, 1183, 1090, 1024 cm�1;
MS (70 ev, EI): m/z (%): 294 (0.36) [M+], 237 (100) [M+�C4H9];
HRMS: m/z : calcd for C10H15IO2: 294.0111 [M+]; found: 294.0130.


Typical procedure for the preparation of optically active 5-(1’-iodo-1’-al-
kenyl)-4,5-dihydro-2(3H)-furanones (R)-2a and (R)-2b


Optically active 5-(1’-iodo-1’-octenyl)-4,5-dihydro-2(3H)-furanone (mix-
ture of (S)-(Z)-2a and (R)-(E)-2a): Cs2CO3 (667.8 mg, 2 mmol) was
added to a solution of (R)-(�)-1a (396.0 mg, 2 mmol) in CH2Cl2 (24 mL)
with stirring at RT. NIS (677.2 mg, 3 mmol) was then added to the mix-
ture at �60 8C. After 10 h, another 0.5 equivalents of NIS (0.2251 g,
1 mmol) was added at �60 8C. After the reaction was complete, as deter-
mined by TLC (eluent=petroleum ether/ethyl acetate 5:1), the resulting
mixture was warmed up to RT and quenched sequentially with H2O
(10 mL) and a sat. aqueous solution of Na2S2O3 (6 mL). The mixture was
then extracted with ether (25 mLN3), washed with brine, and then dried
over Na2SO4. After filtration, evaporation of the solvent and chromatog-
raphy on silica gel (petroleum ether/ethyl acetate/CH2Cl2 6:1:1) afforded
2a (575.8 mg, 89%, (S)-(Z)-2a/(R)-(E)-2a 85:15, (S)-(Z)-2a : 99% ee ;
HPLC (Chiralcel OJ-H column, rate=0.5 mLmin�1, eluent=hexane/
iPrOH 90:10, l =254 nm, tRACHTUNGTRENNUNG(minor)=14.8, (major)=15.8)). Oil; 1H NMR
(400 MHz, CDCl3): d =6.44 (t, J=7.6 Hz, 0.15H), 6.04 (td, J1=7.0, J2=


0.9 Hz, 0.85H), 4.89 (t, J=7.0 Hz, 0.15H), 4.79 (t, J=7.0 Hz, 0.85H),
2.78–2.61 (m, 1H), 2.61–2.48 (m, 1H), 2.48–2.33 (m, 1H), 2.25–2.08 (m,
3H), 1.48–1.36 (m, 2H), 1.36–1.20 (m, 6H), 0.88 ppm (t, J=6.8 Hz, 3H);
this Z/E mixture was submitted to the kinetic resolution without further
characterization.


Typical procedure for the kinetic resolution of (R)-(Z)- and (S)-(E)-iso-
mers of optically active products 2a and 2b


(S)-(+)-5-(1’-Iodo-1’(Z)-octenyl)-4,5-dihydro-2(3H)-furanone ((S)-(+)-
(Z)-2a): A solution of Et2NH (8.3 mg, 0.11 mmol), prop-2-yn-1-ol
(5.4 mg, 0.096 mmol), and a mixture of (S)-(Z)-2a and (R)-(E)-2a
(95.8 mg, 0.3 mmol) in CH3CN (1 mL) were added to a mixture of CuI
(2.1 mg, 0.011 mmol, 3.5 mol%) and [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (7.4 mg, 0.011 mmol,
3.5 mol%). The mixture was stirred at 3 8C with an ice/water bath for 1 h
under nitrogen. After the reaction was complete, as determined by GC
analysis, the resulting mixture was quenched with H2O (10 mL), diluted
with ether (10 mL), separated, extracted with ether (3N30 mL), washed
with brine, and then dried over Na2SO4. Filtration, evaporation, and pu-
rification by chromatography on silica gel (petroleum ether/ethyl acetate
6:1) afforded (S)-(+)-(Z)-2a (70.9 mg, 74%, Z/E 98:2, 99% ee ; HPLC
(Chiralcel OJ-H column, rate=0.5 mLmin�1, eluent=hexane/iPrOH
90:10, l =254 nm, tRACHTUNGTRENNUNG(minor)=17.2, (major)=18.3)). [a]20D =++16.4 (c=


0.95 in CHCl3); the
1H NMR spectroscopic data are the same as those


for racemic (Z)-2a.
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Introduction


Interest in structured and patterned films has increased as a
result of their potential for molecular electronics,[1] biosens-
ing,[2] and other high-end technological applications.[3] Simi-


larly, an effort is being made toward understanding the co-
operativity between transition-metal ions and amphiphilic
organic scaffolds. This interaction leads to redox,[4] opti-
cal,[5,6] and magnetic[7] behavior and distinctive order, and
has been explored thus far in thixotropic,[8] mesogenic,[9] and
micellar[10] design.
Although self-assembly remains the chief approach for


film formation,[11–13] isothermal compression[14] allows for
greater control over the final morphology.[15,16] This charac-
teristic is fundamental for device nanofabrication, but only
in the recent past has the design of amphiphilic precursors
departed from lipids to encompass alkylamines,[17] polymers
and copolymers,[18] and dendrimers[19] within its subjects.
This departure coincides with the availability of surface-
dedicated techniques, such as Brewster angle microsco-
py[20,21] (BAM) and fluorescence microscopy[22] that allow
for real-time evaluation of the film compression at the air/
water interface.


Abstract: Herein, we describe the syn-
thesis and characterization of a novel
series of single-tail amphiphiles LPyCn


(Py=pyridine, Cn=C18, C16, C14, C10)
and their copper(II)-containing com-
plexes, which are of relevance for pat-
terned films. The N-(pyridine-2-ylme-
thyl)alkyl-1-amine ligands and their
complexes [CuIICl2ACHTUNGTRENNUNG(L


PyC18)] (1),
[CuIICl2ACHTUNGTRENNUNG(L


PyC16)] (2), [CuIICl2 ACHTUNGTRENNUNG(L
PyC14)]


(3), [CuIIBr2ACHTUNGTRENNUNG(L
PyC18)] (4), [CuIIBr2-


ACHTUNGTRENNUNG(LPyC16)] (5), and [CuIIBr2 ACHTUNGTRENNUNG(L
PyC10)] (6)


were synthesized, isolated, and charac-
terized by means of mass spectrometry,
IR and NMR spectroscopies, and ele-
mental analysis. Complexes 1, 2, 3, and
6 had their molecular structure solved
by X-ray diffraction methods, which


showed that the local geometry around
the metal center is distorted square
planar. With the aim of using these
species as precursors for redox-respon-
sive films, an assessment of their elec-
trochemical properties involved cyclic
voltammetry in different solvents, with
different supporting electrolytes and
scan rates. Density functional theory
calculations of relevant species in bulk
and at interfaces were used to evaluate
their electronic structure and dipole


moments. The morphology and order
of the resulting films at the air/water
interface were studied by isothermal
compression and Brewster angle micro-
scopy. Biphasic patterned Langmuir
films were observed for all complexes
except 3 and 6, and dependence on the
chain length and the nature of the hal-
ogen coligand determine the character-
istics of the isotherms and their intri-
cate topology. Complexes 3 and 6,
which have shorter chain lengths, failed
to exhibit organization. These results
exemplify the first comprehensive
study of the behavior of single-tail met-
allosurfactants, which are likely to lead
to high-end technological applications
based on their patterned films.


Keywords: Brewster angle micro-
scopy · copper · Langmuir
films · metallosurfactants · redox
chemistry
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The above reasons strongly indicate that understanding
how metallosurfactants can drive complex interfacial phe-
nomena, such as morphological changes, domain formation,
and collapse mechanisms, with the aim of device develop-
ment, would constitute a major accomplishment. Nonethe-
less, with few isolated and characterized precursors,[5,10,23, 24]


the details of these phenomena are still to be realized.
In recent years, our groups have spearheaded systematic


research in this area by focusing on a comprehensive ap-
proach that encompasses synthesis,[25] modeling,[26] and sur-
face behavior. We have demonstrated the feasibility of
Langmuir–Blodgett (LB) films with magnetic copper(II)
clusters,[27] the redox-state control and dependence of a col-
lapse mechanism on cobalt(II) films,[28] and the factor that
determines the delicate equilibrium between redox activity
and amphiphilicity in copper/phenoxyl species.[29]


Herein, we present an in-depth investigation of the prop-
erties of novel single-tail cationic copper(II)-containing sur-
factants with the ligands LPyC18, LPyC16, LPyC14, and LPyC10, in
which Py=pyridine and Cn indicates the alkyl chain length.


We describe the synthesis and characterization of these
new materials along with the molecular structures for 1, 2, 3,
and 6. Examination of their redox properties by using cyclic
voltammetry methods relevant for responsive films is pre-
sented, along with the behavior at the air/water interface,
which was studied by meticulous use of BAM. An assess-
ment of the results supported by density functional theory
(DFT) calculations is also included. These findings are ex-
pected to have a positive impact on the development of re-
sponsive metal-containing LB films in the near future.


Results and Discussion


Synthesis : Treatment of 2-pyridinecarboxyaldehyde with the
appropriate alkylamine in methanol gives a Schiff base,
which is reduced in the presence of sodium borohydride to
give the chelating alkylpyridin-2-ylmethylamine ligands
LPyC18, LPyC16, LPyC14, and LPyC10 with overall yields of 78–84%.
These species were fully characterized by 1H NMR spectros-
copy, ESIMS, and IR spectroscopy. The 1H NMR spectro-
scopic data showed the corresponding protons expected


from the combined C�H groups from the pyridine and the
alkyl chains, as reported in the Experimental Section. The
IR spectroscopic data showed peaks at ñ=1484–1426 cm�1


that were assigned to the stretching vibration of the aromat-
ic C=NPy and C=C bonds, peaks in the ñ=2920–2850 cm�1


range associated with typical alkyl vibrations, and peaks at
ñ=3306 cm�1 that are indicative of the amine nature of the
ligand. The ESIMS signals in the positive mode showed
peaks with m/z 361.3, 333.3, 305.3, and 249.3 for [LPyCn +H+]
for n=18, 16, 14, and 10, respectively. Signal simulation
showed excellent agreement with position and isotopic dis-
tributions.
Complexes 1–6 were all synthesized in a similar manner


by treating the appropriate ligand with copper(II) chloride
(1–3) or copper(II) bromide (4–6), and were isolated as mi-
crocrystalline materials and fully characterized. The IR
spectra display peaks associated with the ligand, with small
shifts indicative of metal coordination. Cu–halogen bonds
were not within the detection range.[30] The ESIMS analysis
of 1–3 in methanol shows peak clusters at m/z 458.2, 430.2,
and 402.2 associated with the [CuIICl ACHTUNGTRENNUNG(LPyCn)]+ fragment,
whereas 4–6 show equivalent peaks for the [CuIIBrACHTUNGTRENNUNG(LPyCn)]+


fragment at m/z 504.2, 476.2, and 392.3. Each of these clus-
ter peaks display unique profiles related to the presence of
isotopic distributions that contain copper (69.2% 63Cu and
30.8% 65Cu), chlorides (75.8% 35Cl and 24.2% 37Cl), and
bromides (50.7% 79Br and 40.6% 81Br). Selected examples
of such profiles can be seen in Figure 1. All elemental analy-
ses are in excellent agreement with the expected calculated
values. Based on the data above, it can be inferred that com-
plexes 1 to 6 are formed by a single ligand coordinated to
the copper center and to anionic (Cl� or Br�) ligands.


Figure 1. The [M�X]+ ESIMS peak clusters for 1+ (X=Cl�) and 5+


(X=Br�). The relative abundance axes are omitted for clarity.
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Molecular structures : The molecular structures of 1, 2, 3,
and 6 were determined by X-ray crystallography of single
crystals obtained from slow evaporation of distinct 1:1 sol-
vent mixtures. Except for the length of the alkyl chain, the
chloro-containing complexes 1, 2, and 3 display similar gen-
eral features, including bond lengths and angles. Several at-
tempts to obtain X-ray quality crystals for bromo-containing
complexes 4 and 5 failed, but successful molecular structure
information was obtained for the analogue complex 6, which
has a LPyC10 ligand. Based on complementary techniques, this
complex is expected to serve as an accurate model for the
geometry adopted by 4 and 5. The ORTEP diagrams for
compounds 1 and 6 are depicted in Figure 2, with selected


bond lengths and angles provided. Figures S1 and S2 in the
Supporting Information present data for 3 and 4. Species 1,
2, and 3 crystallize in the triclinic space group P1̄ and consist
of discrete and neutral molecules with a CuN2Cl2 coordina-
tion sphere. The Cu�NPy bond lengths for these species vary
between 2.007 and 2.013 K, whereas the Cu�Namine bond
lengths are 2.028 to 2.032 K. Two cis-oriented chloro ligands
complete the coordination sphere around the metal ion. The
bond length of one of the chloro ligands is slightly shorter at
about 2.25 K, whereas the other Cu�Cl length is about
2.29 K. The bite angles of the amine and pyridine nitrogen
atoms from the LPyCn ligand coordinated to copper are about
818 and the Cl-Cu-Cl angles exceed 908, whereas the N-Cu-
Cl angles exceed 1608. This reinforces the notion of a dis-
torted square planar environment that is favored for biva-
lent copper ions because considerable deviation occurs from
the 908 expected in a perfect square planar geometry.[31,32]


Complex 6 also presents a triclinic P1̄ space group and
has a local CuN2Br2 coordination sphere with slightly longer
Cu�N bonds due to the presence of bulkier bromo ligands.


One of the Cu�Br bonds is comparable to the Cu�Cl bonds
described above, whereas the other one is longer with a
length of 2.43 K. These bond lengths are in good agreement
with reported values.[33, 34]


All of the above species are loosely associated in the solid
state as [CuII ACHTUNGTRENNUNG(LPyCn)X2]2 (X=Cl�, Br�) dimers through long
Cu···X’ bonds (2.75 and 2.93 K for Cl’ and Br’, respectively;
see Figure S1 in the Supporting Information). This weakly
bound dimer readily dissociates in solution, as evidenced by
EPR spectroscopy and ESIMS measurements at low cone
voltage. The hydrocarbon chains in all of the above species
present an average C�C bond length of 1.52 K, whereas the
average C�C ring bond length is 1.48 K.


Redox properties of the precursors : To develop responsive
films, a thorough understanding of the redox properties of
the precursors is needed. Several compounds were scanned
in acetonitrile to assess the redox potentials of the copper
ion. It was observed that the length of the alkyl chains has a
negligible effect on the potentials, thus suggesting an ab-
sence of ligand-inductive effects or decreasing rates of inter-
facial electron transfer.[35] Compounds 1 and 5 were selected
and studied in a range of solvents with distinct polarities
and with different supporting electrolytes. The results allow
us to present an accurate picture regarding their redox po-
tentials, reversibility, and cyclability. The two supporting
electrolytes used were tetrabutylamonium hexafluorophos-
phate (TBAPF6) and perchlorate (TBAClO4), which were
chosen with the aim of observing how they favor electro-
chemical reversibility.[36] The solvents were dichloromethane,
acetonitrile, and dimethylformamide. Several scan rates
were probed and the best reversibility was attained at
150 mVs�1. Table 1 summarizes the results, with all poten-
tials reported versus the Fc+/Fc couple. No formation of
metallic copper was observed.
The 3d9 copper(II) ion has a flexible coordination sphere


that favors square planar, square pyramidal, or trigonal bi-
pyramidal geometries, whereas the reduced copper(I) coun-
terpart, which has a 3d10 configuration, prefers a tetrahedral
geometry.[37] Because of this geometrical reorganization
during the redox process, an irreversible behavior is expect-


Figure 2. ORTEP diagrams for 1 and 6 with ellipses drawn at the 50%
probability level. Selected bond lengths [K] and angles [8] for 1: Cu1�
N1=2.0134(19), Cu1�N2=2.028(2), Cu1�Cl1=2.2470(6), Cu1�Cl2=


2.2878(6), C6�N2=1.470(3) K; N1-Cu-N2=80.96(8), N1-Cu-Cl1=


95.69(6), N2-Cu-Cl1=176.61(6), N1-Cu-Cl2=160.21, N2-Cu-Cl2=


89.81(6), Cl1-Cu1-Cl2=93.54(3)8. Selected bond lengths [K] and angles
[8] for 6 : Cu1�N1=2.0142(15), Cu1�N2=2.0361(15), Cu1�Br1=


2.3926(3), Cu1�Br2=2.4285(3) K; N1-Cu-N2=81.19(6), N1-Cu-Br1=


95.89(4), N2-Cu1-Br1=176.95(4), N1-Cu1-Br2=159.26(5), N2-Cu1-Br2=


90.05(4), Br1-Cu1-Br2=92.996(10)8. See the Supporting Information for
details of 2 and 3.


Table 1. Cyclic voltammetry data for 1 and 5.[a]


Compound Solvent Electrolyte E1/2 (DEp) [V] j Ipc/Ipa j
ACHTUNGTRENNUNG[CuIICl2 ACHTUNGTRENNUNG(L


PyC18)] (1) DCM TBAPF6 �0.70 (0.24) 1.2
DCM TBAClO4 �0.74 (0.23) 1.9
ACN TBAPF6 �0.48 (0.16) 1.3
ACN TBAClO4 �0.54 (0.29) 2.5


ACHTUNGTRENNUNG[CuIIBr2 ACHTUNGTRENNUNG(L
PyC16)] (5) DCM TBAPF6 �0.73 (0.17) 1.6


DCM TBAClO4 �0.75 (0.20) 1.2
ACN TBAPF6 �0.51 (0.13) 1.5
ACN TBAClO4 �0.52 (0.15) 1.4
DMF TBAPF6 �0.55 (0.20) 2.4
DMF TBAClO4 �0.55 (0.24) 2.1


[a] Room temperature measurements. Potentials are referenced versus
the Fc+/Fc couple (Fc= ferrocene). Individual DEFc+/Fc values range from
0.09 to 0.11 V.
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ed. Therefore, it is somewhat surprising that both 1 and 5
display quasi-reversible behavior at low potentials.
As can be seen in Figure 3, compound 1 shows limited re-


versibility. In dichloromethane (data not shown), peak sepa-
rations (DEp) greater than 0.20 V suggest near irreversible


behavior. In acetonitrile, when TBAClO4 is present the
value of DEp is about 0.30 V and j Ipc/Ipa j>2.0, which indi-
cates an irreversible process. Changing the supporting elec-
trolyte to TBAPF6 decreases DEp to half the previous value,
which suggests quasi-reversible behavior that is also sup-
ported by an j Ipc/Ipa j value that approaches unity. The coor-
dinating nature of dimethylformamide was thought to help
stabilize the redox processes observed for 5. However, an ir-
reversible behavior was observed with values of DEp


�0.20 V and j Ipc/Ipa j values greater than 2.0.
Acetonitrile seems to foster similar E1/2 values indepen-


ACHTUNGTRENNUNGdent of the supporting electrolyte, and DEp values of
�0.20 V and j Ipc/Ipa j �1.5 also attest for the quasi-reversible
nature of the CuII/CuI couple. The opposite was observed
when noncoordinating dichloromethane was used. The
nature of the electrolyte leads to smaller peak separations
associated with larger j Ipc/Ipa j values.
In an attempt to generalize these observations, the follow-


ing conclusions can be drawn: 1) The presence of halides
leads to quasi-reversible redox processes, 2) the redox pro-
cesses of chloro-containing 1 are less reversible than bromo-
containing 5, 3) the use of TBAPF6 as the electrolyte favors
smaller DE values within quasi-reversible ranges, and 4) ace-
tonitrile supports better reversibility, followed by dichloro-
methane and then dimethylformamide.
It is suggested that this observed quasi-reversibility is re-


lated to the unique coordination spheres of 1 and 5, which
have both halogen and pyridine donors. Chlorocopper(II)
systems [CuIICl4]


�2, [CuIICl3(S)]
� , and [CuIICl2(S)2]


0 (S= sol-


vent) are expected to be square planar, but tend to be tetra-
hedral in solvents with high dielectric constants and high
donor number, such as acetonitrile.[37,38] Similarly, the pres-
ence of PF6


� counterions leads to distorted planar geometry
in environments with similar denticity and structure as those
of LPyC16 and LPyC18.[39] Therefore, 1 and 5 deviate considera-
bly from the expected square planar geometry, both as
solids (see the structural data) and in solution. Consequent-
ly, the 3d9Q3d10 reorganization becomes energetically af-
fordable and gives the observed quasi-reversible processes.


Amphiphilic properties and film patterning : To evaluate the
amphiphilic behavior of 1–6, the resulting Langmuir mono-
layers were studied by surface pressure versus area (P vs.
A) isotherms and BAM. Compression isotherms give infor-
mation about the 2D behavior of the resulting Langmuir
film at the air/water interface, the presence of mesophasic
changes, the collapse pressure (pc), and the average area per
molecule at the collapse of the monolayer at collapse (Ac).
The surfactant is initially dissolved in an immiscible organic
solvent, such as chloroform, and subsequently spread on the
water surface. As the barriers of the trough are compressed,
the tension (g) of the air/water interface in the presence of
the amphiphilic species decreases as compared with that of
the bare air/water interface (g0=72 mNm�1 at 23 8C), result-
ing in an increase in P (=g0�g). Figure 4 shows the results
for ligand LPyC18 and its chloro (1) and bromo (4) copper-
containing analogues (top), and LPyC16 and its derivatives 2
and 5 (Figure 4, bottom). It is worth noting that LPyC14, LPyC10,
3, and 6 were unable to form organized films at the air/
water interface. Based on their erratic behavior under com-
pression, it can be concluded that these species dissolve in
the subphase. Further studies involving light scattering are


Figure 3. Selected cyclic voltammograms for 1.0N10�3m solutions of 1
and 5 in acetonitrile with different supporting electrolytes. g : 1 with
TBAClO4, c : 5 with TBAClO4, a : 1 with TBAPF6, b : 5 with
TBAPF6.


Figure 4. Pressure versus area isotherms of a) ligand LPyC18 (c) and its
copper complexes 1 (c) and 4 (g), and b) ligand LPyC16 (c) and its
copper complexes 2 (c) and 5 (g).
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currently under development to determine the appropriate
mechanisms. The compression isotherms of ligands LPyC18


and LPyC16 are discussed below and reveal intrinsic differen-
ces. Ligand LPyC18 exhibited a typical uneventful compression
at low pressures with average areas per molecule reaching
70–80 K2, which reflects a lack of organization. As the pres-
sure increased, the ligand underwent a phase transition at
13–17 mNm�1 analogously described as a gas-to-liquid trans-
formation. This can be attributed to an increased repulsion
between the individual molecules on the surface. A steeper
slope was observed after this transition. The average area
per molecule at collapse (Ac) was obtained by extrapolating
the steepest part of the curve down to zero pressure.[3,14]


The pyridine head-group of the ligand seems to have inter-
fered little with the packing of the monolayer, and the ob-
served area of 23–25 K2molecule�1 is comparable to the
packing reported for a carboxylic acid with an equivalent
number of carbon atoms.[40] The formal film collapse hap-
pened at 45–50 mNm�1. Unlike LPyC18, ligand LPyC16 does not
display any phase transitions and collapses at around
40 mNm�1 with similar average areas per molecule. It is
clear that the average areas at collapse should be similar,
and that the plateaulike phase transition for the former
ligand must be related to the presence of longer alkyl chains
and their organization on the surface. Events related to this
behavior might be associated with the configuration and the
presence of different degrees of defects in the chains. Com-
plex 1 reinforces this notion by displaying a similar overall
behavior with a comparable plateau from 12–18 mNm�1 and
an average area of 30–31 K2. A more expanded isotherm is
expected after the addition of a bulky and charged copper
cation. Interestingly, if the chloro ligands in 1 are replaced
by bromo ligands in 4, this phase transition disappears
almost completely and smaller average areas of 25–27 K2


are observed. Intuitively, it would seem that bromo-substi-
tuted 4 should have a greater area per molecule than its
chloro-substituted counterpart 1. However, the polarizability
of the bromides might allow for improved solubility into the
subphase, which would lead to higher organization of the
aliphatic chains. In spite of the expected dynamic equilibri-
um at the interface, the relative geometry of the polar
metal-containing head group should also be considered; as-
suming the higher mass and polarizability of the bromo li-
gands, a more pronounced tetrahedral character could be fa-
vored in solution, whereas the chloro-containing 1 would be
less distorted. The inclusion of metals to LPyC16 gives 2 and 5,
but similarly to the ligand, neither species exhibits obvious
phase transitions in their isotherms. Overall, the C16 species
start organizing at lower area per molecule values and col-
lapse at slightly lower pressures than their C18 counterparts,
which thus reflects the influence of the chain length. In con-
trast to 1 and 4, species 2 and 5 display similar Ac values of
26–28 K2 at collapse, with 5 showing a steeper slope. The re-
ported collapse pressures for 1, 2, 4, and 5 are significantly
greater than those observed for other metal–surfactant com-
plexes. However, the Ac increase is less noticeable than that
of a phenanthroline-based surfactant upon copper inser-


tion,[41] but is significantly smaller than that of a bipyridyl-
ACHTUNGTRENNUNGrhenium(I) surfactant[5b] with the same hydrocarbon chain
length. Comparison with another recently published cu-
proamphiphile,[29] in which the surfactant head group is a
tert-butyl-substituted phenolate, also suggests that the pyri-
dine-based systems give higher collapse values and more or-
ganized films. Differences in the ligand head groups, the oxi-
dation states of the ions, and their electronic structures ex-
plain the significant variation in Ac between the 3d cop-
ACHTUNGTRENNUNGper(II) and the 5d rhenium(I) surfactants.


BAM studies : BAM uses polarized light passing through
media with dissimilar refractive indexes and is the most
powerful method available to identify structures such as ag-
glomerates and domains in films at the air/water interface.[42]


The compression of films has been investigated for LPyC18, 1,
and 2, and also LPyC16, 4, and 5 to assess the dynamics of
phase change and domain formation and to gain insight in
the behavior observed during the isothermal compression
experiments discussed above. Selected images for LPyC18, 1,
and 2 are shown in Figure 5. Beginning with ligand LPyC18


(Figure 5a), compression at 5 mNm�1 showed a homogene-
ous surface with sporadic Newton circles,[43] which were at-
tributed to multilayer granule formation from ejection of
matter due to localized oscillations. As the lateral compres-
sion continued, the pressure increases prompted the ligand
to undergo a 2D liquid–gas phase transition (13–
15 mNm�1). At this point, nucleation led to a condensed
leaflike domain formation. These domains resemble side-
branching morphologies that have been observed for other
secondary amines, such as dioctadecylamine.[44] As compres-
sion was continued beyond the plateau, the number of do-
mains quickly increased, whereas an overall decrease in size
from �63 to 25 mm was observed. Around 35–40 mNm�1,
the interspatial distance decreased to the point that a homo-


Figure 5. Selected BAM micrographs of a) ligand LPyC18, b) 1, and c) 4.
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geneous film was formed and continued through collapse at
50 mNm�1. The BAM micrographs for chloro-containing 1
are shown in Figure 5b and start with a homogeneous mono-
layer that subexists up to 8–9 mNm�1, at which point
domain formation begins and coincides with the region that
precedes the plateau observed in the isotherm of the com-
pound. From this plateau onward, the emerging domains
adopt five- to seven-fold branched star-shaped morphology
and continue to develop throughout compression. The do-
mains decrease in size at higher surface pressures, and dis-
play more ordered spherical morphologies until the surface
reaches relative homogeneity prior to collapse at 45 mNm�1.
Interestingly, the film of bromo-containing 4 (Figure 5c)
shows the formation of a homogeneous film up to 9–
12 mNm�1 with sporadic Newton rings. In good agreement
with the lack of a plateau in its isotherm, no formation of
branched star-shaped domains was observed. Only small
and sparse spherical domains were observed at 15–
20 mNm�1, and at higher surface pressures (35 mNm�1 and
upwards) these domains decreased in size and led to homo-
geneity. At higher surface pressures, similar film topologies
were observed for 4 and 1. The higher the compression be-
comes, the smaller the interspatial distance between the re-
sulting domains, which leads to comparable collapse pres-
sures and morphologies. It has been suggested by Vollhardt
and Wiedemann[45] that the growth of these structures is due
to domain crowding from supersaturation on the surface of
the surrounding phase. Additionally, we hypothesize that a
dynamic equilibrium exists between the dihalogenated spe-
cies [CuII ACHTUNGTRENNUNG(LPyCn)X2] and their monohalogenated and solvated
analogues [CuIIX ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(L


PyCn)]+ and [CuII ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(L
PyCn)]2+ at


the air/water interface. Each of these species should display
distinct dipole moments that increase molecular motion.
Formation of domains would, therefore, be a mechanism to
stabilize the film by decreasing mobility.
During lateral compression of the ligand LPyC16, no clear


plateau comparable to that of LPyC18 was observed. A well-or-
ganized monolayer was detected up to 8 mNm�1, with few
Newton circles appearing slightly above 9 mNm�1. Nuclea-
tion and domain formation started to appear at 16 mNm�1.
At 21 mNm�1, round flowerlike domains (see Figure S3 in
the Supporting Information) were formed and combined
without reverting back to the initial homogeneous film ex-
hibited early in the experiments. These domains do not re-
semble the side-branched leaflike domains observed for
LPyC18, and seem to have a tip-splitting morphology.[44] This
suggests that the shorter alkyl chain length of the ligand dic-
tates the resulting pattern of the condensed phase. It would
be interesting to compare different lengths of alkyl chains,
but it has been observed that chains shorter than hexaACHTUNGTRENNUNGdec-
ACHTUNGTRENNUNGane (C16) are dissolved in the subphase under the current ex-
perimental conditions. Similarly to LPyC16, the isotherm of 2
does not display an apparent plateau, and a homogeneous
film without domain formation was observed up to
24 mNm�1. The addition of a metal to the ligand and the
presence of halogeno coligands permitted the monolayer to
withstand nearly three times the surface pressure of the non-


metalated species. At 25 mNm�1, oscillations associated
with possible film buckling appeared. Nonhomogeneous
spherical domains began to form and continued through col-
lapse at around 50 mNm�1. Compound 5 showed similar iso-
therms as the ligand and chlorinated species. Nonetheless, a
homogeneous film was observed and domains were not de-
tected throughout the lateral compression stage up to the
collapse point. As previously suggested, the aliphatic chains
must exhibit high interaction energies to provide ordered
liquid-condensed-phase monolayers.[46] Furthermore, a deli-
cate balance between the selection of the coligands and the
length of the alkyl chains seems to exist, and appears pivotal
to the control of domain formation in Langmuir films of
these metallosurfactants. In these experiments, surface pres-
sure was the only variable. Domain morphology can also be
influenced by factors such as distinct compression rates,
time and temperature changes, and subphase modifica-
tion.[17,44,47,48] Ongoing work in our labs focuses on these fac-
tors. Similarly, to assess the relationship between domain
formation and degree of disorder, a detailed study based on
atomic-force microscopy and sum frequency generation vi-
brational spectroscopy is currently underway.


Electronic structure calculations : A series of electronic
structure calculations were carried out on simplified models
to evaluate our explanations about the electrochemical and
amphiphilic behavior of the copper precursors 1–6. Fig-
ure 6a shows the models we used, which consist of amino-
methylpyridine head groups with shorter ethyl chains. These
simplified ligands are coordinated to copper and chloro
groups as in [CuIICl2ACHTUNGTRENNUNG(L


PyCn)] to mimic compounds 1–3, and
bromo groups as in [CuIIBr2 ACHTUNGTRENNUNG(L


PyCn)] to mimic 4–6. A model
in which one chloro group is replaced by water, described as
[CuIICl ACHTUNGTRENNUNG(H2O)L]


+ , was considered; this is the most likely spe-
cies to be in equilibrium with [CuIICl2L] at the air/water in-
terface. Another model, [CuII ACHTUNGTRENNUNG(H2O)2L]


2+ , was included for
comparison purposes, in spite of the fact that its concentra-
tion is not expected to be significant because the stabiliza-
tion of the 2+ charge would be energetically demanding
when chloride ions are present. In general terms, it can be
seen that all species exhibit a SOMO with distinctive metal
character. This orbital is best described as the dx2�y2 orbital,
which interacts in a s fashion with the p-type orbitals of the
halogen and nitrogen donors, as shown in Figure 6b. In ide-
alized N4 square planar environments, this would correspond
to the antibonding b1g molecular orbital.


[49] However, com-
pounds 1–6 have NN’Cl2 and NN’Br2 coordination environ-
ments, and therefore, much lower symmetry. Considering
equivalency between the amine and pyridine nitrogen atoms
would lead to N2Cl2 and N2Br2 environments of approximate
C2 symmetry. In that case, the SOMOs should be labeled as
a. Because more elaborate calculations would be required to
ascertain the answer to this question, the discussion will be
restricted to the relative energies of the highest occupied
molecular orbital (HOMO, which herein coincides with the
SOMO) and the lowest unoccupied molecular orbital
(LUMO). The influence of the different monodentate li-
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gands (Cl�, Br�, and H2O) on the energy of the HOMO and
the HOMO–LUMO gap is dramatic. Following an arbitrary
scale, as shown in Table 2, the [CuIICl2L] and [Cu


IIBr2L] spe-
cies display comparable gaps of 3.6 to 3.9 eV, whereas
[CuIICl ACHTUNGTRENNUNG(H2O)L]


+ and [CuII ACHTUNGTRENNUNG(H2O)2]
2+ show more pro-


nounced values of 5.0 to 5.9 eV due to the presence of posi-
tive charges.


It is assumed that the CuII!CuI reduction processes will
depend mainly upon the relative energies of the SOMO or-
bitals of the bivalent 3d9 metal complex. Therefore, for the
formation of a 3d10 CuI species by the addition of one elec-
tron, the vertical electron affinity is the best parameter for
comparison. The affinity for [CuIICl2L] and [Cu


IIBr2L] was
calculated and found to be 1.2 and 1.3 eV, respectively,
which leads to the conclusion that [CuIIBr2L] should have a
more energetically favorable reduction. As such, this is in
excellent agreement with the observed electrochemical data,
in which compound 5 displays slightly more affordable re-
ductions than 1. Therefore, it is expected that [CuIICl-
ACHTUNGTRENNUNG(H2O)L]


+ would display more positive potentials. As can be
observed in Figure 6c the spin-density plots and the orienta-
tion of the dipole moments are provided. The spin density
reinforces the notion that the unpaired electron of each
model does correlate to the SOMO, and that this shows a


dx2�y2 character, as proposed
previously. Equally interesting-
ly, the analysis of the dipole
moments may allow for the
discussion of the observed be-
havior in Langmuir films.
Models for the nonmetalated
ligand show a dipole moment
of 2.09 D, whereas [CuIICl2L]
and [CuIIBr2L] show higher but
similar dipole moments of 13–
14 D. The value observed for
the ligand is comparable to
that of pyridine alone
(2.30 D),[50] and upon metala-
tion the chloro species displays
a slightly higher value than the
bromo species. This is consis-
tent with the electronegativity
trend for the halogen atoms. A
considerable difference is seen
when [CuIICl2L] is compared


to [CuIICl ACHTUNGTRENNUNG(H2O)L]
+ , in which the replacement of a chloro


group results in a dramatic decrease in the original dipole
moment value to about half. This decrease is also followed
by a change in the direction of the vector. In the event that
[CuII ACHTUNGTRENNUNG(H2O)2L]


2+ would form in appreciable concentrations,
an inversion of the dipole takes place. A picture of the dy-
namic character of the films can be drawn, when considering
these species, and the equivalent bromo-substituted ones, at
the air/water interface. Because the [CuIICl2L]Q ACHTUNGTRENNUNG[CuIICl-
ACHTUNGTRENNUNG(H2O)L]


+ and, to a lesser extent, the [CuIICl ACHTUNGTRENNUNG(H2O)L]
+Q


[CuII ACHTUNGTRENNUNG(H2O)2L]
2+ equilibria are supposed to occur quickly,


the dipole moment of these species will be changing con-
stantly. The change is followed by molecular rearrangements
at the air/water interface, which can trigger aggregation and
domain formation as the surface pressure changes.


Conclusion


Herein we have synthesized and characterized a series of
novel surfactants and metallosurfactants. New pyridine-
based ligands LPyCn (Cn =C18, C16, C14, C10) were treated with
halogeno-copper(II) salts to give compounds 1–6, described
as [CuII ACHTUNGTRENNUNG(LPyCn)X2]. Compounds 1, 2, 3, and 6 had their mo-
lecular structure solved by X-ray diffraction methods, which
showed that the local geometry around the metal center is
distorted square planar. The electrochemical behavior of
these species revealed that the unique coordination sphere,
which contains halogen atoms and pyridines, leads to quasi-
reversible—rather than the expected irreversible—redox
processes. This property is enhanced in bromo-substituted
species in acetonitrile if TBAPF6 is used as the supporting
electrolyte. These results were partially supported by DFT-
based vertical electron affinity calculations that suggest a
more energetically favorable reduction for bromo-substitut-


Figure 6. a) Simplified models of the surfactants, b) Singly occupied molecular orbitals (SOMOs) for these
models, and c) spin-density plots.


Table 2. Electronic structure parameters.


Compound HOMO
[eV]


LUMO
[eV]


Electron
affinity [eV]


Dipole
moment [D]


ACHTUNGTRENNUNG[CuIICl2L] �6.3 �2.4 1.2 14.1
ACHTUNGTRENNUNG[CuIIBr2L] �5.9 �2.3 1.3 13.5
ACHTUNGTRENNUNG[CuIICl ACHTUNGTRENNUNG(H2O)L]


+ �10.6 �5.6 5.0 7.4
ACHTUNGTRENNUNG[CuIIACHTUNGTRENNUNG(H2O)2L]


+2 �14.6 �8.7 9.1 5.8
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ed models. Isothermal compression revealed that longer
chain lengths, such as -C18H37 in L


PyC18 and 1, lead to the for-
mation of a plateau that corresponds to a biphasic film. On
the other hand, chain lengths like -C16H33 in L


PyC16, 2, and 5
do not display such obvious mesophasic change. The effect
of the chain length seems to be overcome by the nature of
the anionic coligand because the larger bromo complex in 4
lacked the expected plateau. This was attributed to a higher
subphase solubility compared to that of the chlorinated
complexes. Furthermore, variation of the chain length in ab-
sence of the metal ion dictates the morphological character-
istics on the condensed domains. The metalated complexes
provide more homogeneous monolayer formation at signifi-
cantly higher pressures compared with the ligands alone. Fi-
nally, chain lengths shorter than C16H33 (as seen in 3 and 6)
typically failed to exhibit any organization at the air/water
interface under the current experimental settings. Although
the lack of a larger body of work prevents us from attempt-
ing generalizations for metallosurfactants in general, these
results exemplify the first detailed study on the behavior of
single-tail copper surfactants at the air/water interface and
as solid films. The analysis of calculated dipole moments
was used to rationalize the behavior observed in Langmuir
films, in which models of the ligands showed dipole mo-
ments comparable to that of pyridine. The metal-containing
complexes displayed considerably higher dipole moments
that indicated the efficacy of metalation as a tool for surfac-
tant design. The equilibrium between dihalogenated com-
plexes and monohalogenated/solvated complexes results in
dynamic changes in the dipole moment, which leads to the
biphasic topologies observed experimentally. On the basis of
these observations, we can conclude that the behavior of
metallosurfactants is unique and can be modulated further,
thereby leading to a general strategy for morphological con-
trol. Thus, it can be envisioned that customized film pattern-
ing can and will be useful for the design of LB-based devices
that take advantage of the intrinsic properties of metal cen-
ters. Ongoing research in our labs is focused on the develop-
ment of a broader selection of metallosurfactants, such as
iron and cobalt analogues, and on the alteration of deposi-
tion conditions, such as temperature and compression rate.
The inclusion of different ions is aimed at redox reversibility
and spin-crossover properties, whereas the changing deposi-
tion methods focus on the control of the patterning phenom-
enon.


Experimental Section


Materials and methods : All the reagents were obtained from commercial
sources and were used without further purification. Dichloromethane
was purified by using an I.T. solvent purification system. 1H NMR spectra
were recorded by using a Varian 400 MHz instrument. IR spectra were
measured from ñ=4000 to 400 cm�1 by using KBr pellets on a Tensor 27
FTIR-spectrophotometer. ESIMS were measured on a Micromass Quat-
troLC triple quadrupole mass spectrometer equipped with an electro-
spray/APCI source, Waters Alliance 2695 LC autosampler, and photo-
diode array UV detector. Experimental assignments were simulated


based on signal position and isotopic distributions. Elemental analyses
were performed by Midwest Microlab, Indianapolis, Indiana. Cyclic vol-
tammetry experiments were performed by using a BAS 50W voltammet-
ric analyzer. A standard three-electrode cell was employed with a glassy
carbon working electrode, a Pt wire auxiliary electrode, and an Ag/AgCl
reference electrode under an inert atmosphere at RT. Potentials are pre-
sented versus Fc+/Fc[51] as the internal standard. Dry dichloromethane,
acetonitrile, and dimethylformamide were used as the solvents. The con-
centration of the analytes was 1.0N10�3m and the concentration of the
supporting electrolytes TBAPF6 and TBAClO4 was 0.1m. Experiments
were run at scan rates of 50, 100, 150, 200, and 300 mVs�1.


X-ray structural determination for 1, 2, 3, and 6 : Diffraction data for
complex 1 were collected on a Bruker P4/CCD diffractometer equipped
with MoKa radiation and a graphite monochromator at 213 K. Data were
measured at 10 s frame�1 with 0.38 between frames. Diffraction data for
the remaining three structures (2, 3, and 6) were measured on a Bruker
APEX-II kappa geometry diffractometer with MoKa radiation and a
graphite monochromator at 100 K. Frames were collected with the detec-
tor at 40 mm, 0.38 between each frame, and 5–10 s frame�1. All frame
data were indexed and integrated by using the manufacturerQs SMART,
SAINT, and SADABS software.[52] The models were refined by using
SheldrickQs SHELX-97 software.[53] A summary of the crystal structure
parameters is shown below. These four complexes crystallize as dimers
through an inversion center, with long axial Cu···X interactions and N�
H···X hydrogen bonds.


Complex 1: Formula=C48H88N4Cl4Cu2; Mr=990.10; space group=P1̄;
a=7.5068(8), b=9.7426(12), c=19.250(2) K; a =90.194(2), b=98.838(2),
l=109.470(2)8 ; V=1309.4(3) K3; Z=1; T=213(2) K; l=0.71073 K;
1calcd=1.256 gcm�3 ; m =1.051 mm�1; R(F)=3.64%; wR(F)=8.63%.


Complex 2 : Formula=C44H80N4Cl4Cu2; Mr=934.00; space group=P1̄;
a=7.4943(10), b=9.7419(12), c=17.533(2) K; a=98.810(6), b=


94.108(7), l =108.915(6)8 ; V=1186.5(3) K3; Z=1; T=100(2) K; l=


0.71073 K; 1calcd=1.307 gcm�3; m =1.155 mm�1; R(F)=2.91%; wR(F)=


7.22%.


Complex 3 : Formula=C40H72N4Cl4Cu2; Mr=877.90; space group=P1̄;
a=7.5668(4), b=9.6649(5), c=16.0276(8) K; a =84.406(2), b=85.506(2),
l=70.545(2)8 ; V=1098.63(10) K3; Z=1; T=100(2) K; l=0.71073 K;
1calcd=1.327 gcm�3 ; m =1.243 mm�1; R(F)=3.14%; wR(F)=6.87%.


Complex 6 : Formula=C32H56N4Br4Cu2; Mr=943.53; space group=P1̄;
a=7.4601(3), b=10.0349(4), c=14.1949(7) K; a =100.620(2), b=


96.781(2), l =109.911(2)8 ; V=963.03(7) K3; Z=1; T=100(2) K; l=


0.71073 K; 1calcd=1.627 gcm�3; m =5.279 mm�1; R(F)=2.33%; wR(F)=


5.12%.


Compression isotherms : The P versus A isotherms were examined by
using an automated KSF Minitrough at (22.8�0.5) 8C. Ultra-pure water
with a resistivity of 17.5–18 MWcm�1 was obtained from a Barnstead
NANOpure system and used in all experiments. Impurities present at the
surface of the freshly poured aqueous subphase were removed by
vacuum after compression of the barriers. Spreading solutions were pre-
pared in spectroscopy-grade chloroform. A known quantity (typically
25 mL) of freshly prepared surfactant solution with a known concentra-
tion (1 mgmL�1) was then spread on the clean aqueous subphase. The
system was allowed to equilibrate for approximately 10 min before
mono ACHTUNGTRENNUNGlayer compression. The P versus A isotherms were obtained at a
compression rate of 10 mmmin�1. The Wilhelmy plate method (paper
plates, 40 mm diameter) was used to measure the pressure.[54] At least
three independent measurements were carried out per sample, with ex-
cellent reproducibility attained.


BAM studies : A KSV-Optrel BAM 300 equipped with a HeNe laser
(10 mW, 632.8 nm) and a CCD detector was used for all micrographs.
The compression rate was 10 mmmin�1, the field of view was 800N600
microns, and the lateral resolution was about 2–4 mm.


Electronic structure calculations : The B3LYP/6–311G(d) level of
theory[55] was employed throughout to allow for the handling of negative-
ly charged species. All calculations were done by using the Gaussian
series of programs.[56] Geometries were fully minimized without symme-
try constraints by using standard methods.[57] Located stationary points
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were characterized by computing analytic vibrational frequencies. Re-
ported energies include zero-point correction. Cartesian coordinates of
all optimized structures are provided as supporting material.


Synthesis of the surfactants LPyC18, LPyC16, LPyC14, LPyC10 : 2-Pyridinecarb ACHTUNGTRENNUNGoxy-
ACHTUNGTRENNUNGaldehyde (1.07 g, 10 mmol) was treated with 1 equivalent of the appropri-
ate alkylamine (1-octadecylamine, 1-hexadecylamine, 1-tetradecyl ACHTUNGTRENNUNGamine,
1-decylamine) in methanol (50 mL). The resulting compounds were
gently heated at reflux to give the equivalent imines, which were reduced
in the presence of NaBH4. The resulting compounds were obtained as
off-white and waxy solids after being washed with CH2Cl2 and 5%
NaHCO3, then dried over Na2SO4 and recrystallized in acetone (yields=


78–84%). 1H NMR (400 MHz, CDCl3, 300 K): d =0.85 (1N t, 3N1H;
CH3), 1.20–1.50 (m, 32H, 28H, 24H, 16H, respectively; CH2), 2.62 (1Nt,
2H; CH2NH), 3.89 (s, 2N1H; Py�CH2�NH), 7.14–7.61 (m, 3N1H; pyri-
dine), 8.49 ppm (d, 1H; pyridine); IR (KBr): ñ=3306 (s) (N�Hamine),
2920–2850 (C�Halkyl), 1426–1484 cm


�1 (s) (C=CPy); ESIMS (MeOH):
m/z : 361.3 [LPyC18+H+]; 333.3 [LPyC16+H+]; 305.3 [LPyC14+H+]; 249.3
[LPyC10+H+].


Synthesis of copper-containing surfactant complexes 1–3 : Complexes 1–3
were all synthesized in a similar manner, in which the appropriate ligand
(1.0 mmol) was treated with CuCl2·2H2O (0.183 g, 1 mmol; 1:1 ratio) in
methanol (50 mL). The solution was kept under mild reflux, and gave a
blue solution. Upon cooling, the complex was recrystallized from EtOH/
CHCl3 to give X-ray quality crystals that were used for structure determi-
nation.


ACHTUNGTRENNUNG[CuIICl2 ACHTUNGTRENNUNG(L
PyC18)] (1): Yield 84%; m.p. 206–208 8C; IR (KBr): ñ=2924(s),


2849(s) (alkyl�CH�); 1380 (C=NAr, Ar=aromatic); 1606(s), 1573(m),
1468(s) (C=NPy, C=C); ESIMS (MeOH): m/z (%): 458.2 (100) [CuIICl-
ACHTUNGTRENNUNG(LPyC18)]+ ; elemental analysis calcd (%) for C24H44Cl2CuN2: C 58.23, H
8.79, N 5.61; found: C 57.65, H 8.72, N 5.63.


ACHTUNGTRENNUNG[CuIICl2 ACHTUNGTRENNUNG(L
PyC16)] (2): Yield 88%; m.p. 203–205 8C; IR (KBr): ñ=2852 (s),


2925 (s) (alkyl CH); 1610 (s), 1560 (m), 1472 (m) (C=NPy, CH=CH);
1133 cm�1 (s) (R’�NH�R); ESIMS (MeOH): m/z (%): 430.2 (100)
[CuIICl ACHTUNGTRENNUNG(LPyC16)]+ ; elemental analysis calcd (%) for C22H40Cl2CuN2: C
56.58, H 8.63, N 6.00; found: C 56.48, H 8.35, N 5.82.


ACHTUNGTRENNUNG[CuIICl2 ACHTUNGTRENNUNG(L
PyC14)] (3): Yield 78%; m.p. 204–205 8C; IR (KBr): ñ=2854 (s),


2925 (s) (alkyl CH); 1608 (s), 1564 (m), 1471 (m) (C=NPy, CH=CH);
1130 cm�1 (s) (R’�NH�R); ESIMS (MeOH): m/z (%): 402.2 (100)
[CuIICl ACHTUNGTRENNUNG(LPyC14)]+ ; elemental analysis calcd (%) for C20H36Cl2CuN2: C
54.72, H 8.27, N 6.38; found: C 54.26, H 7.90, N 6.33.


Synthesis of copper-containing surfactant complexes 4–6 : Complexes 4–6
were synthesized in a manner similar to that of 1–3, except that
CuCl2·2H2O was replaced by the salt CuBr2 (1 mmol), and the resulting
solution was green instead of blue. Upon recrystallization from iPrOH/
CHCl3, X-ray quality crystals of 6 were isolated.


ACHTUNGTRENNUNG[CuIIBr2 ACHTUNGTRENNUNG(L
PyC18)] (4): Yield 87%; m.p. 172–174 8C; IR (KBr): ñ =2850 (s),


2920 (s) (alkyl CH); 1370 (C=Narom); 1159 (s) (R
’�NH�R); 1607 (s), 1573


(m), 1471 cm�1 (m) (C=NPy, C=C); ESIMS (MeOH): m/z (%): 504.2
(100) [CuIIBr ACHTUNGTRENNUNG(LPyC18)]+ ; elemental analysis calcd (%) for C24H44Br2CuN2:
C 49.28, H 7.75, N 4.79; found: C 49.31, H 7.60, N 4.79.


ACHTUNGTRENNUNG[CuIIBr2 ACHTUNGTRENNUNG(L
PyC16)] (5): Yield 83%; m.p. 170–172 8C; IR (KBr): 2850 (s),


2922 (s) (alkyl CH2); 1610 (s), 1569 (m), 1470 (m) (C=NPy, C=C);
1150 cm�1 (s) (R’�NH�R); ESIMS (MeOH): m/z (%): 476.2 (100)
[CuIIBr ACHTUNGTRENNUNG(LPyC16)]+ ; elemental analysis calcd (%) for C20H36Br2CuN2: C
47.53, H 7.25, N 5.04; found: C 47.48, H 7.18, N 5.03.


ACHTUNGTRENNUNG[CuIIBr2 ACHTUNGTRENNUNG(L
PyC10)] (6): Yield 76%; m.p. 142–143 8C; IR (KBr): ñ =2834 (s),


2931 (s) (alkyl CH); 1605 (s), 1568 (m), 1477 (m) (C=NPy, CH=CH);
1127 cm�1 (s) (R’�NH�R); ESIMS (MeOH): m/z (%): 392.3 (100)
[CuIIBr ACHTUNGTRENNUNG(LPyC10)]+ ; elemental analysis calcd (%) for C16H28Cl2CuN2: C
40.73, H 5.98, N 5.94; found: C 41.02, H 5.80, N 4.56.
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Introduction


In recent years, large efforts have been made to develop nu-
cleophilicity scales for comparing the reactivities of structur-
ally different compounds, such as alkenes and arenes,[1–3] al-
cohols and amines,[4–6] carbanions,[7,8] and organometallics[1,9]


or hydride donors.[1,10] To characterize the nucleophilicities
of these compounds, the kinetics of their reactions with
benzhydrylium ions (Ar2CH


+) and structurally related qui-
none methides have been investigated and evaluated by
using the linear free energy relationship given in Equa-
tion (1), in which N and s are nucleophile-dependent para-
meters and E is an electrophile-dependent parameter.


log k20 �C ¼ sðN þ EÞ ð1Þ


With the set of colored reference electrophiles defined in
references [1,2, 8] it has become possible to determine the
reactivity parameters N for nucleophiles up to N�22.


The characterization of more reactive nucleophiles has
been problematic until now, because the least reactive elec-
trophile parameterized had an electrophilicity parameter of
E=�17.9, that is, its reactions with nucleophiles of N>22
are very fast and cannot easily be determined.


Recently we demonstrated that Equation (1) also holds
for the reactions of carbanions with ordinary Michael ac-
ceptors, such as benzylidene malononitriles,[11] benzylidene
indandiones,[12] benzylidene barbituric acids,[13] and benzyli-
dene Meldrum3s acids.[14] We now report on the reactivities
of diethyl benzylidenemalonates, which are less electrophilic
than benzylidene Meldrum3s acids, their cyclic analogues,
and therefore may be suitable for extending the scale of ref-
erence electrophiles on the low-reactivity end.


Oh and Lee showed that the reactions of substituted
benzyl amines with 2-benzylidene-1,3-diketones[15] and di-
ethyl benzylidenemalonates[16] are much slower than the
analogous reactions with benzylidene malononitriles,[17] ben-
zylidene Meldrum3s acids,[18] and benzylidene indandiones.[19]


The considerably higher CH acidity of Meldrum3s acid rela-
tive to those of acyclic esters, such as dimethyl malonate,
has been ascribed to the fixed E conformation of the ester
linkage in the bislactone structure of Meldrum3s acid.[20]


Abstract: The second-order rate con-
stants of the reactions of nine substitut-
ed diethyl benzylidenemalonates 1a–i
with the carbanions 2a–e have been
determined spectrophotometrically in
dimethyl sulfoxide (DMSO). Product
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attack regioselectively at the electro-
philic C=C double bond of the Michael
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This rationalization has been supported by quantum chemi-
cal calculations by Houk and Wiberg, who showed that the
deprotonation of the E conformer of methyl acetate re-
quires approximately 20 kJmol�1 less energy than deproto-
nation of the Z conformer.[21]


Benzylidene malonates 1 have found synthetic applica-
tions as Michael acceptors in reactions with propargyl alkox-
ides to create a variety of heterocycles, such as highly substi-
tuted tetrahydrofurans under mild reaction conditions,[22]


and in diastereoselective oxy-Michael additions of 6-methyl
d-lactol to yield protected b-hydroxy ester derivatives.[23] Or-
ganocatalytic enantioselective additions of ketones to ben-
zylidene malonates,[24] and copper-catalyzed nucleophilic ad-
ditions of indoles with formation of enantiomerically en-
riched 3-substituted indoles have been reported.[25]


Benzylidene dimalonates, which have been claimed to
serve as bone affinity agents, have previously been synthe-
sized by tandem Michael additions of aryl sulfonimines with
diethyl malonate.[26]


We now report on the kinetics of the additions of carban-
ions towards electrophiles 1a–i in dimethyl sulfoxide
(DMSO) and show that the second-order rate constants of
these reactions can be described by Equation (1).


Results and Discussion


The previously reported compounds 1a–g and the novel
substrates 1h,i (Scheme 1) were prepared by Knoevenagel
condensation from diethyl malonate (2b-H) and the corre-
sponding aldehyde in boiling toluene following a modified
protocol of Zabicky.[27]


The electrophiles 1a–f are colorless compounds with ab-
sorption maxima between 277 and 316 nm, while their
amino-substituted analogues 1g–i are yellow with absorption
maxima between 383 and 407 nm (Figure 1). The molar
decadic absorption coefficients e in DMSO were found to
be similar to those previously reported for some of these
compounds in dioxane.[28]


To characterize the electrophilic reactivities of compounds
1a–i, the kinetics of their reactions with the carbanions 2a–e
(Table 1) were investigated.


Product studies : To confirm the course of the investigated
Michael additions (Scheme 2), the products of representa-
tive combinations of the arylidene malonates 1a–i with the
carbanions 2a–f were studied by NMR spectroscopy
(Table 2).


As depicted in Scheme 2, the nucleophilic additions of the
carbanions 2a–f to the diethyl benzylidenemalonates 1a–i
initially yield the anionic adducts 3, which may undergo a


Abstract in German: Geschwindigkeitskonstanten 2. Ord-
nung f�r die Reaktionen von neun substituierten Benzyliden-
malons&urediethylestern 1a–i mit den Carbanionen 2a–e in
DMSO wurden photometrisch bestimmt. Die Produktstudien
zeigen, dass die Nucleophile regioselektiv die elektrophile
Kohlenstoff–Kohlenstoff Doppelbindung der Michael-Akzep-
toren angreifen, wobei die carbanionischen Addukte 4 gebil-
det werden. Mit den in dieser Arbeit bestimmten Geschwin-
digkeitskonstanten und den bereits verçffentlichten N- und s-
Parametern der Nucleophile 2a–e ermçglicht die Korrelation
log k ACHTUNGTRENNUNG(20 8C)= s ACHTUNGTRENNUNG(N+E) die Bestimmung der Elektrophilie-Pa-
rameter E f�r die Elektrophile 1a–i. Die Elektrophilie E der
Verbindungen 1a–i deckt einen Bereich von sechs Grç-
ßenordnungen ab (�17.7>E>�23.8) und korreliert ausge-
zeichnet mit Hammett:s Substituentenkonstanten sp. Die Ti-
telverbindungen sind ca. zehn Grçßenordnungen weniger re-
aktiv als analog substituierte Benzyliden-Meldrum-S&uren,
ihre cyclischen Analoga. Wegen ihrer geringen Reaktivit&t
sind die Verbindungen 1a–i passende Referenzelektrophile
zur Bestimmung der Reaktivit&ten hoch reaktiver Nucleo-
phile, z. B. von Carbanionen mit 16<N<30.


Scheme 1. Synthesis of diethyl benzylidenemalonates 1a–i by Knoevena-
gel condensation.


Figure 1. UV/Vis spectra of the electrophiles 1a–i in DMSO, lmax in pa-
rentheses. Molar decadic absorption coefficient e for 1a : 17200, 1b :
22500, 1c : 17300, 1d : 16500, 1e : 20700, 1 f : 25100, 1g : 32800, 1h :
33700, and 1 i : 32400 Lmol�1 cm�1 (for e values for 1a, 1d, 1 f, and 1g in
dioxane see ref. [28]).
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proton transfer with formation of the tautomeric carbanions
4. Acidic workup of 4 then yields compounds 5.


Thus, mixing the Michael acceptors 1c–f with two equiva-
lents of 2b-K+ in dry DMSO, subsequent workup with
aqueous HCl solution, and distillation gave products 5cb–
5 fb in moderate to good yields (Table 2, entries 1–4). The
NMR spectra of 5 db–5 fb (Supporting Information) agree
with those previously described in reference [26]. The reac-
tions of 1a–f with the anion of ethyl cyanoacetate 2c were
studied by NMR spectroscopy and showed the predominant
formation of anions 4ac–4 fc (Table 2, entries 5, 6, and 8–
11), in accordance with the higher acidity of ethyl cyanoace-
tate (pKaACHTUNGTRENNUNG(DMSO)=13.1)[30] relative to diethyl malonate
(pKaACHTUNGTRENNUNG(DMSO)=16.4).[31] Additional signals (<10%) indicate
the presence of a second compound, potentially the corre-
sponding anions 3. Electrophile 1b and ethyl cyanoacetate


2c-H reacted in the presence of K2CO3 in a dimethoxy-
ethane/DMSO mixture to yield the retro-Michael product
shown at the bottom right of Scheme 2 (Table 2, entry 7).
The reaction of 1a with 2d and subsequent acidic workup as
described for entries 1–4 in Table 2 gave the product 5ad as
a mixture of diastereoisomers in a ratio of 2:1 in 71% yield.
The malononitrile anion 2 f reacted with electrophile 1a to
yield 4af, which was converted into 5af by acidic workup
(Table 2, entries 13 and 14). Michael additions of the nitro-
ethyl anion 2a,[13,14] and the dinitrobenzhydryl anion 2e[29] to
similar electrophiles have recently been shown to proceed
analogously. Therefore we have not identified the adducts of
2a and 2e with the benzylidenemalonates 1a–i.


Kinetic measurements : To obtain pseudo-first-order kinetics,
solutions of the electrophiles 1a–i (1.0L10�5–1.0L
10�3 molL�1) were mixed with more than ten equivalents of
the compounds 2a–d. (For the reactions of 1a–c with the
green dinitrobenzhydryl anion 2e the first-order rate con-
stants kobs were determined with 2e as the minor compo-
nent). The decay of the absorptions of the electrophiles was
then followed spectrophotometrically either with stopped-
flow instruments or, for reactions with half-lives of more
than �15 s, with conventional UV/Vis diode-array spec-
trometers equipped with fiber optics and a submersible
probe. From the fit of the absorbance At to the exponential
function At=A0exp ACHTUNGTRENNUNG(�kobst)+C, the first-order rate constants
kobs were derived. Because the UV absorption maxima of
the electrophiles 1a–f are close to those of the carbanions
2a-d, the combinations of these substrates were not fol-
lowed at the absorption maxima of the electrophiles, but at
shoulders of the absorption bands of the electrophiles, at
which neither the carbanions 2 nor the resulting products
showed significant absorptions.


Figure S1 (Supporting Information) shows the develop-
ment of a weak absorption band at lmax�360 nm during the
reaction of the p-cyano-substituted benzylidenemalonate 1b
with 2c ; this observation may be typical for this electrophile,


Table 1. Nucleophilicity parameters of carbanions 2a–f in DMSO.


Nucleophile N[a] s[a]


2a 21.54 0.62


2b 20.22 0.65


2c 19.62 0.67


2d 18.82 0.69


2e 19.92 0.67


2 f 19.36 0.67


[a] For N and s-parameters of 2a see reference [11], for 2b–d,f see refer-
ence [8], for 2e see reference [29]


Scheme 2. Addition of the carbanions 2a–f to the benzylidenemalonates
1a–i and possible subsequent protonation, elimination, or cyclization
paths.


Table 2. Characterized Michael adducts 4 and 5.


Entry Electrophile Nucleophile Product Yield/%


1 1c 2b 5cb 47
2 1d 2b 5 db 83
3 1e 2b 5eb 47
4 1 f 2b 5 fb 78
5 1a 2c 4ac [a]


6 1b 2c 4bc [a]


7 1b 2c [b] 25
8 1c 2c 4cc [a]


9 1d 2c 4dc [a]


10 1e 2c 4ec [a]


11 1 f 2c 4 fc [a]


12 1a 2d 5ad 71[c]


13 1a 2 f 4af [a]


14 1a 2 f 5af 35


[a] Adducts 4 were not isolated, but identified in the crude reaction mix-
ture by 1H and 13C NMR spectroscopy. [b] Retro-Michael adduct
(Scheme 2 bottom right, see text and Supporting Information). [c] The
yield of the isolated major diastereomer is 47%.
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because a comparable weak band (lmax�350 nm) was
formed during the reaction of 1b with 2a.


Similar observations were made when the p-nitro-substi-
tuted benzylidenemalonate 1a was combined with the nucle-
ophiles 2a–d. Orange products with weak absorptions at
lmax=455–470 nm were formed, and for the reaction of 1a
with the anion of diethyl malonate the rate of the formation
of the 455 nm band was found to equal the rate of the decay
of the absorption band of 1a at l=325 nm. Though the
nature of these colored side products is not clear, it is con-
ceivable that in the presence of p-NO2 or p-CN groups (i.e.,
in the reactions with 1a and 1b) the initially-formed adducts
4 undergo cyclization with formation of intramolecular Mei-
senheimer–Jackson complexes,[32] as shown for the adduct
from 2b and 1a at the bottom left of Scheme 2.


Generally, plots of the first-order rate constants (kobs)
against the concentrations of the carbanions were linear
with slopes k2 and negligible intercepts (Figure 2, Table 3).


Equilibrium constants : Although most of the Michael addi-
tions listed in Table 3 proceeded quantitatively, as indicated
by negligible end absorptions of the solutions at the absorp-
tion maxima of the benzylidenemalonates 1, several reac-
tions of the malonate anion 2b turned out to be reversible.


Thus, the p-dimethylamino-substituted benzylidenemalo-
nate 1g did not react at all when combined with the carban-
ion 2b-K+ . However, in the presence of 3–5 equivalents of
the conjugate acid 2b-H (�2L10�2 molL�1) almost quanti-
tative conversion of 1g was achieved, and the k2 value listed
in Table 3 refers to these conditions. Similar behavior was
expected for other additions of the carbanions 2b–f to the
amino-substituted benzylidenemalonates 1g–i. However, be-
cause of the expected low reaction rates, these additions
have not been investigated.


The reactions of 2b-K+ with 1e,f also proceeded incom-
pletely, as indicated by significant end absorptions of the
mixtures at the absorption maxima of the electrophiles. In
line with the assumption of a reversible Michael addition,
the linear plot of kobs versus [2b] had a positive intercept
(Figure 3, upper graph), which equals the rate constant of


the reverse reaction.[33] Complete consumption of 1e was
achieved when the reaction of 1e with 2b-K+ was per-
formed in the presence of the conjugate CH acid 2b-H (2–
6 equivalents). The linear plot of kobs versus [2b] obtained
under these conditions had almost the same slope (Figure 3,
lower graph) as the one obtained in the absence of 2b-H, in-
dicating that the rate-determining step is the same in both
cases, that is, the proton transfer from 2b-H to 3 (=4 for
R1, R2=CO2Et) is a fast subsequent reaction. Analogously,


Figure 2. Determination of the second-order rate constant for the reac-
tion of 1a with 2b-K in DMSO at 20 8C (k2=43.0 Lmol�1 s�1).


Table 3. Second-order rate constants k2 for the reactions of the electro-
philes 1a–i with the nucleophiles 2a–e in DMSO at 20 8C.


Electrophile E[a] Nucleophile k2 [Lmol�1 s�1]


1a �17.67 2a 2.41L102


1a 2b[b] 4.29L101


1a 2c 2.12L101


1a 2c[c] 2.24L101


1a 2d[c] 6.58
1a 2e 1.09L101


1b �18.06 2a 1.45L102


1b 2b[c] 2.86L101


1b 2c 9.77
1b 2e 5.94
1b 2e[c] 6.03
1c �18.98 2a 3.71L101


1c 2b[c] 6.81
1c 2c 2.68
1c 2c[c] 2.51
1c 2e 1.67
1d �20.55 2b[c] 5.93L10�1


1d 2c 2.43L10�1


1e �21.11 2a 2.99
1e 2b[c] 2.37L10�1


1e 2b[d] 2.33L10�1


1e 2c 1.11L10�1


1 f �21.47 2a 1.70
1 f 2b[c] 1.41L10�1


1 f 2c 4.27L10�2


1g �23.1 2a 1.68L10�1


1g 2b[d] 8.85L10�3


1h �23.4 2a 6.96L10�2


1 i �23.8 2a 3.94L10�2


[a] Calculated from Equation (1); see section “Correlation Analysis”.
[b] From the increase of the absorbance at l=425 nm one derives k2=


42.6 Lmol�1 s�1. [c] In the presence of [18]crown-6. [d] Reaction in the
presence of the conjugate CH acid 2b-H.


Figure 3. Reaction of the electrophile 1e (1L10�4 molL�1) with the carb-
anion 2b without addition of 2b-H (*, kobs=0.237 [2b] + 0.0004) and in
the presence of 2–6 equivalents of 2b-H (*, kobs=0.223 [2b] - 0.0001) in
DMSO at 20 8C.
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the linear plot of kobs versus [2b] for the reaction of 2b with
1 f showed a positive intercept (Supporting Information,
Table S23).


By theory,[33] it is now possible to calculate the equilibri-
um constants K for the reactions of 2b with 1e and 1 f as
the ratio of the forward (k2, slope of kobs vs. [2b] plot) and
backward (k�, intercept of kobs vs. [2b] plot) rate constants
[Eq. (2)]. However, because of the uncertainty in the deter-
mination of k� as the intercept of such correlations, the
equilibrium constants K have been determined directly from
the absorbances of 1e and 1 f in the presence of variable
concentrations of 2b using Equation (3).


K ¼ k2=k� ð2Þ


K ¼
½3	eq


½1	eq½2 b	eq
¼


½1	0�½1	eq
½1	eqð½2 b	0�½1	0 þ ½1	eqÞ


ð3Þ


The equilibrium constants K derived from Equation (3),
which are listed in Table 4, can then be combined with the
rate constants k2 from Table 3 to give the values of k- listed
in the fourth line of Table 4. The values for the reverse reac-
tions derived in the two different ways differ by factors of
1.1 and 1.7, and we consider the values in the fourth line of
Table 4 to be more reliable.


Substitution of DG� and DG0 for these reactions into the
Marcus equation[34]


ACHTUNGTRENNUNG[Eq. (4)], in which the work term has
been neglected, yields intrinsic barriers of DG�


0 =


83 kJmol�1.


DG� ¼ DG�
0 þ 0:5DG0 þ ðDG0Þ2=ð16DG�


0 Þ ð4Þ


This value is considerably higher than those previously re-
ported for the additions of pyridines[4c] and tertiary alkyl
amines[5,6] to structurally related Michael acceptors.


Interestingly, the addition reactions of the carbanion 2c to
the electrophiles 1e,f proceed quantitatively, although 2c
reacts more slowly (N=19.62) than the reversibly reacting


carbanion 2b (N=20.22). How can this behavior be ex-
plained?


Scheme 2 shows that DG0 for the reaction of 1 with 2 to
give 4 includes the difference in “carbanion stabilization” of
anions 2 and 4. Because pKa values for the Michael adducts
5, the conjugate acids of 4, are not available, we estimated
the influence of alkyl groups on the CH acidities of these
compounds from a comparison of the carbanions 2 with
their methyl analogues, as illustrated in Table 5.


Although pKaH values are not available for all methyl an-
alogues of carbanions 2a–f, the examples shown in Table 5
indicate that introduction of a methyl group leads to a par-
ticularly large decrease in carbanion stabilization in the case
of malonate 2b. This effect may account for the observation
that the Michael additions of 2b are less exergonic than the
analogous reactions of the other carbanions of Table 1.


Correlation analysis : In Figure 4, the logarithmic second-
order rate constants (logk2) for the reactions of the carban-
ions 2a–d with the arylidene malonates 1a–i and the refer-


Table 4. Equilibrium and rate constants for the reactions of carbanion
2b with the electrophiles 1e,f in DMSO at 20 8C.


1e 1 f


k�
[a] [s�1] 4L10�4[a] 1L10�3 [a]


K [Lmol�1] 5.3L102[b] 2.3L102 [b]


k�
[c] [s�1] 4.5L10�4[c] 6.0L10�4 [c]


DG0 [kJmol�1] �15.3[d] �13.3[d]
DG� [kJmol�1] 75.3[e] 76.5[e]


DG�


0 [kJmol�1] 82.8[f] 83.0[f]


[a] Intercept on the Y-axis for the plot of kobs versus [2b] (as shown in
Tables S20 and S23, Supporting Information). [b] From Equation (3)
using the initial absorptions of the electrophiles 1e and 1 f and the equi-
librium absorptions after addition of carbanion 2b (see Tables S1 and S2,
Supporting Information). [c] Calculated on the basis of Equation (2) and
the second-order rate constants listed in Table 3. [d] Calculated from the
equilibrium constants K. [e] Forward reaction; from second-order rate
constants k2 in Table 3. [f] Calculated on the basis of Equation (4) and
DG0 and DG� from this table.


Table 5. Influence of methyl groups on the basicities of carbanions
(DMSO).


Carbanion pKaH (R=H) pKaH (R=CH3)


16.7[a] (2a) 16.8[a]


16.4[b] (2b) 18.7[c]


11.1[d] (2 f) 12.4[d]


[a] From reference [35]. [b] From reference [31]. [c] From reference [36].
[d] From reference [37].


Figure 4. Plot of log k2 for the reactions of carbanions 2a–d with electro-
philes 1a–i (open symbols) and with reference electrophiles 6a–f (filled
symbols) in DMSO versus the electrophilicity parameter E of the em-
ployed electrophiles.
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ence electrophiles 6a–f (quinone methides) are plotted
against the corresponding electrophilicity parameters E. The
E parameters of 6a–f were taken from reference [8], and
those for 1a–i were calculated from the rate constants for
their reactions with the carbanions 2a–d (reference nucleo-
philes). For that purpose, the nonlinear solver “What3s
Best!” was used to minimize the square of the deviations
(D2) between calculated and experimental rate constants
D2=� ACHTUNGTRENNUNG(logk2�sACHTUNGTRENNUNG(N+E))2. Because N and s of the carbanions
are given in Table 1 and the corresponding rate constants k2


are listed in Table 3, the electrophilicity parameters E for
1a–i could be obtained.


Figure 5 illustrates that the rate constants of the reactions
of the dinitrobenzhydryl anion 2e with various classes of
electrophiles follow separate logk versus E correlations. The
upper correlation line for the reactions of 2e with the qui-
none methides 6a–e was used for the calculation of the N
and s parameters of 2e.[29] The benzylidenemalonates 1a–c
are on the same, somewhat lower correlation line as the Mi-
chael acceptors indandiones 7-X and the barbiturates 8-X.


As a consequence, the logk2 values for the reactions of 2e
with 1a–c, 7-X, and 8-X, which are calculated using Equa-
tion (1), are 2–4 times higher than the experimental values.
The benzylidene malononitriles 9-X deviate even more, and
the observed rate constants are approximately one order of
magnitude smaller than those calculated by Equation (1).
Though a similar split-up of the correlation lines for differ-
ent classes of electrophiles was reported earlier,[14] we resist


the temptation to improve the reliability of the correlations
by the addition of correction terms. Rather, we keep the
correlation simple and unambiguous, and emphasize that
the use of Equation (1) implies errors up to factors of 10–
100, which we consider acceptable in a reactivity range of
more than thirty orders of magnitude.


Figure 6 shows that the electrophilicities of the benzylide-
nemalonates 1a–i cover a range of more than six orders of
magnitude from �17.7>E>�23.8. Hence, the title com-
pounds 1a–i are roughly ten to eleven orders of magnitude
less reactive than their cyclic analogues 10a–d. Thus, fixa-
tion of the two ester groups of 1 in a six-membered ring has
an enormous effect on the reactivity of these Michael
acceptors.


According to Figure 7, the electrophilicity parameters E
for the benzylidenemalonates 1a–i correlate excellently with
Hammett3s sp values.


[38] Comparison with the corresponding
Hammett plot for benzylidene Meldrum3s acids shows that
the electrophilicities of the acyclic Michael acceptors 1a–i
are less affected by substituent variation than the electrophi-
licities of their cyclic analogues 10a–d. For reactions with
typical amines and carbanions (s�0.65, Table 1) the slopes
given in Figure 7 correspond to Hammett reaction constants
of 1�2.4 (for 1) and 1�3.5 (for 10).


The fact that compound 1 i with the “julolidyl” substituent
(for definition see Scheme 1) fits nicely on this correlation
line confirms the validity of the Hammett substituent con-
stant spACHTUNGTRENNUNG(jul)=�0.89, which has recently been derived from
related experiments.[14] Analogously, spACHTUNGTRENNUNG(thq)=�0.77 can be


Figure 5. Correlation of log k2 versus E for the reactions of carbanion 2e
with different Michael acceptors in DMSO: structures of 1a–c in
Scheme 1; structures of 6a–e in Figure 4; structures of (7–9)-X see text;
for “jul”-substituent see 1 i in Scheme 1.


Figure 6. Comparison of the electrophilicity parameters E of diethyl ben-
zylidenemalonates 1a–i with those of some reference electrophiles 6a–f
and benzylidene Meldrum3s acids 10a–d. For “jul”-substituent see 1 i in
Scheme 1.
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derived by substituting the E parameter for 1h into the cor-
relation equation given in Figure 7.


Conclusion


Diethyl benzylidenemalonates 1a–i are more than 1010 times
less reactive than benzylidene Meldrum3s acids 10, their
cyclic counterparts. They extend our electrophilicity scale on
the low-reactivity end by more than six orders of magnitude,
from �17.7>E>�23.8, and are, therefore, recommended as
reference electrophiles for determining the nucleophilicities
of highly reactive nucleophiles, with N values of 16<N<30.
A report on the use of 1a–i for the characterization of the
anions of arylacetonitriles and arylpropionitriles is in
preparation.


Experimental Section


Diethyl benzylidenemalonates 1a–i : Diethyl benzylidenemalonates 1a–i
were prepared following a modified method of Zabicky.[27] Diethyl malo-
nate and the corresponding benzaldehyde (1 equiv) were stirred under
reflux in toluene for 3–4 h using piperidine (�10 mol%) as a catalyst.
The product formation was followed by TLC. The reaction mixture was
consecutively washed with aqueous HCl, aqueous NaHCO3 solution, and
water. After drying the solution, the solvent was evaporated. The residue
was either distilled or recrystallized from ethanol to obtain the diethyl
benzylidenemalonates. 1H NMR spectra and melting points for the thus
obtained compounds 1a–g were in agreement with literature reports (see
Supporting Information).


Diethyl 2-(1-methyl-1,2,3,4-tetrahydroquinoline-6-ylmethylene)malonate
(1h): Diethyl malonate (1.15 g, 7.18 mmol), 6-formyl-1-methyl-1,2,3,4-tet-
rahydroquinoline (1.26 g, 7.19 mmol), and piperidine (300 mL) gave a
crude product that was washed as described in the general procedure
(Supporting Information) and further purified using MPLC (SiO2, di-
chloromethane/isohexane=1/1). The fractions were combined, the sol-
vents evaporated in vacuum, and the residue was crystallized from etha-
nol/isohexane at �5 8C. Yield: 1.50 g, 4.7 mmol, 65%; yellow solid; m.p.
56.2–56.7 8C; 1H NMR (400 MHz, [D6]DMSO): d=1.22 (t, J=7.1 Hz,
3H; CH3), 1.26 (t, J=7.1 Hz, 3H; CH3), 1.85 (quint, J=6.3 Hz, 2H;
CH2), 2.64 (t, J=6.3 Hz, 2H; CH2), 2.92 (s, 3H; NMe), 3.31 (t, J=6.3 Hz,
2H; NCH2), 4.17 (q, J=7.1 Hz, 2H; OCH2), 4.27 (q, J=7.1 Hz, 2H;
OCH2), 6.57 (d, J=8.7 Hz, 1H; ArH), 7.02 (s, 1H; ArH), 7.18 (dd, J=


8.8 Hz, 2.3 Hz, 1H; ArH), 7.45 ppm (s, 1H; C=CH); 13C NMR


(100.6 MHz, [D6]DMSO): d=13.7 (q), 14.0 (q), 21.1 (t), 27.0 (t), 38.2 (q;
NCH3), 50.2 (t; NCH2), 60.5 (t; OCH2), 60.9 (t; OCH2), 110.0 (d), 118.1
(s), 118.5 (s), 121.7 (s), 130.1 (d), 130.5 (d), 141.7 (d; =CH), 148.6 (s),
164.2 (s), 167.1 ppm (s); HR-MS: m/z calcd for C18H23O4N: 317.1627;
found: 317.1610; elemental analysis calcd (%) for C18H23O4N: C 68.12, H
7.30, N 4.41; found: C 67.96, H 7.28, N 4.38.


Diethyl 2-{(1,2,3,5,6,7-hexahydropyridoACHTUNGTRENNUNG[3,2,1-ij]quinolin-9-yl)methylene}-
malonate (1 i): A mixture of 1,2,3,5,6,7-hexahydropyrido ACHTUNGTRENNUNG[3.2.1-ij]quino-
line-9-carbaldehyde (1.00 g, 4.98 mmol), diethyl malonate (0.79 g,
4.93 mmol), and piperidine (350 mL) was stirred in toluene under reflux
until TLC indicated full conversion (3 h). After washing the crude reac-
tion mixture as described in the general procedure (Supporting Informa-
tion), the resulting oily residue was crystallized from EtOAc/isohexane
(1:3). The solid was filtered and washed with isohexane. Yield: 1.1 g,
65%; yellow solid; m.p. 83.2–83.4 8C; 1H NMR (600 MHz, CDCl3,): d=


1.30 (t, J=6.2 Hz, 3H; CH3), 1.35 (t, J=6.2 Hz, 3H; CH3), 1.93 (quint,
J=6.2 Hz, 2L2H; CH2), 2.69 (t, 3J=5.6 Hz, 2L2H; CH2), 3.23 (t, J=


5.6 Hz, 2L2H; NCH2), 4.25 (q, J=7.2 Hz, 2H; OCH2), 4.35 (q, J=


7.2 Hz, 2H; OCH2), 6.91 (s, 2H; ArH), 7.52 ppm (s, 1H, 1H; C=CH);
13C NMR (150 MHz, CDCl3): d=14.0 (q), 14.2 (q), 21.4 (t), 27.6 (t), 49.9
(t; NCH2), 60.9 (t; OCH2), 61.2 (t; OCH2), 118.5 (s), 119.0 (s), 120.6 (s),
129.7 (d), 143.0 (d, =CH), 145.2 (s), 165.3 (s), 168.2 ppm (s); HR-MS:
m/z calcd for C20H25O4N: 343.1784; found: 343.1775; elemental analysis
calcd (%) for C20H25O4N: C 69.95, H 7.34, N 4.08; found: C 69.66, H
7.35, N 4.09.


Procedure for the reactions of electrophiles 1 with nucleophile 2b : Com-
pound 2b-K+ (4.0–7.5 mmol) was dissolved in dry DMSO (20 mL), and a
solution of 1a–f (2.0–2.5 mmol) in dry DMSO was added under a nitro-
gen atmosphere. Stirring was continued for 5 h at room temperature, and
the solution was diluted with diethyl ether (25 mL). The reaction mixture
was then poured on water (50 mL), cooled with ice, and acidified with
acetic acid. After extraction with diethyl ether, the combined organic
fractions were washed with water and dried over Na2SO4. After removal
of the solvent under reduced pressure, the crude product was purified by
distillation.


Tetraethyl 2-(4-methoxyphenyl)propane-1,1,3,3-tetracarboxylate (5 fb):
From 1 f (0.56 g, 2.0 mmol) and 2b-K (0.79 g, 4.0 mmol). Yield: 0.68 g,
78%; colorless oil; b.p. 210–220 8C (1.3L10�2 bar); 1H NMR (300 MHz,
CDCl3): d=1.04 (t, J=7.1 Hz, 2L3H; CH3), 1.23 (t, J=7.1 Hz, 2L3H;
CH3), 3.75 (s, 3H; OCH3), 3.95 (q, J=7.1 Hz, 2L2H; OCH2), 4.04–4.18
(m, 7H), 6.76–6.79 (m, 2H; ArH), 7.24–7.27 ppm (m, 2H; ArH);
13C NMR (75.5 MHz, CDCl3): d=13.6 (q), 13.8 (q), 43.0 (d; Cb), 54.9 (q;
OCH3), 55.1 (d; Ca), 61.1 (t), 61.4 (t), 113.1 (d), 129.0 (s), 130.4 (d), 158.7
(s), 167.4 (s), 167.9 ppm (s); the NMR chemical shifts are in agreement
with the data reported in ref. [26].


Kinetics : For fast kinetic experiments (t1/2<15 s), standard stopped-flow
UV/Vis spectrophotometer systems were used in their single mixing
mode. Solutions of the electrophiles 1 in DMSO were mixed with solu-
tions of the carbanions 2 in DMSO (either generated by deprotonation
of 2-H with 1.05 equiv KOtBu in DMSO or by dissolving 2-K+ in
DMSO). CAUTION: Because of explosion hazards, the isolation of 2a-
K+ should be avoided.[39] We therefore recommend generating 2a in situ
from the corresponding CH acid 2a-H. Kinetics of slow reactions (t1=2


>


15 s) were determined by UV/Vis spectrometry using a J&M TIDAS
diode array spectrophotometer. To obtain pseudo-first-order kinetics, the
carbanions 2 were used in large excess (10 to 100 equivalents) over the
electrophiles (except for kinetics with nucleophile 2e, which was used as
the minor component, see section “Kinetic Measurements”). The temper-
ature of the solutions was kept constant (20
0.1 8C) by using circulating
bath thermostats. Rate constants kobs (s


�1) were obtained by fitting the
single exponential At=A0 expACHTUNGTRENNUNG(�kobst)+C to the observed time-dependent
electrophile absorbance (the evaluated wavelengths are given in the Sup-
porting Information). As depicted in the Supporting Information, the
second-order rate constants k2 (Table 3) were obtained from the slopes of
the linear plots of kobs versus the carbanion concentrations [2].


Figure 7. Correlation between the electrophilicity parameters E of elec-
trophiles 1a–i and 10a–d in DMSO with Hammett3s sp values (for 1a–i :
E=3.68sp � 20.57; for 10a-d : E=5.37sp � 9.08). sp for “thq” in 1h has
not been reported but is derived from this correlation.
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Introduction


Anion recognition by neutral H-bond donor receptors has
become a challenging theme in supramolecular chemistry
and represents an area of fervent research.[1] The most fre-
quently used H-bond donating group is the N-H fragment
from amides,[2] sulfonamides,[3] amines,[4] pyrroles,[5] ureas
and thioureas.[6] A urea/thiourea subunit can donate two hy-
drogen bonds according to a bifurcate mode and is therefore
an ideal receptor for anions that present two proximate
oxygen atoms, for example, carboxylates and inorganic oxo-
ACHTUNGTRENNUNGanions. Hydrogen bonding can be considered as a more or
less advanced proton transfer from the donor (the receptor)
to the acceptor (the anion).[7] The more acidic the receptor,


the more advanced the proton transfer and the stronger the
receptor–anion interaction. It is for this reason that the
rather acidic thiourea fragment (pKA 21.1 in DMSO) estab-
lishes with oxoanions stronger interactions than the distinct-
ly less acidic urea (pKA 26.9 in DMSO).[8] In a limiting situa-
tion, urea- and thiourea-based receptors, made particularly
acidic by covalently linked electron withdrawing substitu-
ents, may undergo deprotonation of one N-H fragment on
interaction with strongly basic anions.[9] This is a rather
common behaviour in the presence of an excess of fluoride,
due to the formation of the particularly stable HF2


� hydro-
gen bonding self-complex.[10] Also, the solvent plays a role
in controlling N-H deprotonation. In particular, deprotona-
tion and formation of the [HA2]


� self-complex are favoured
by more polar media, which stabilise the negatively charged
products. For instance, derivative 1 in a DMSO solution un-
dergoes N-H deprotonation not only in presence of fluoride,
but also on addition of excess acetate, with formation of the
[CH3COOH···CH3COO]� self-complex.[11] Quantitative as-
pects of anion induced N-H deprotonation of urea–thiourea
derivatives have been clearly discussed in a recent article.[12]


Abstract: The terdentate ligand 3 (LH,
2-formylpyridine 4-thiosemicarbazone)
forms with FeII and NiII 2:1 complexes
of octahedral geometry of formula
[MII(LH)2]


2+ . X-ray diffraction studies
have shown that in both complexes the
thiourea moieties of the coordinated
thiosemicarbazones are exposed to the
outside and are prone to establish hy-
drogen-bonding bifurcate interactions
with oxoanions. However, spectropho-


tometric studies in CHCl3 solution
have shown that only the poorly basic
NO3


� ion is able to form authentic hy-
drogen-bond complexes with thiourea
subunits, whereas all the other investi-
gated anions (CH3COO�, NO2


�, F�)


induce deprotonation of the N-H frag-
ment. The extreme enhancement of the
thiourea acidity is based on the coordi-
native interaction of the sulphur atom
with the metal, which stabilises the
thio ACHTUNGTRENNUNGlate form, and it is much higher
than that exerted by any other cova-
lently linked electron-withdrawing sub-
stituent, for example,�NO2.
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We have recently investigated the interaction of a family
of R-substituted-benzylideneamine-N’-(R1-substituted-phe-
nyl)thioureas (2) with a variety of anions in MeCN solu-
tion.[13] The formation of genuine H-bond association com-
plexes with CH3COO� and H2PO4


� was observed, whereas
F� induced deprotonation. Other oxoanions (HSO4


�, NO2
�,


NO3
�) did not form any complex even with receptors


equipped with powerful electron-withdrawing substituents
(e.g. NO2, CF3).


We assumed that a transition-metal ion, conveniently co-
ordinated to the benzylidene-thiourea framework, could act
as a powerful electron-withdrawing substituent, thus enhanc-
ing the acidity of the thiourea fragment and hopefully induc-
ing novel selectivity effects in anion recognition. Thus, we
have prepared derivative 3, in which the benzylidene phenyl
ring of receptor 2 has been replaced by a pyridine ring.
System 3 can behave as a terdentate ligand (LH) through an
N2S donor set (as indicated by arrows in the formula) and
can give 1:2 complexes of formula [MII(LH)2]


2+ with metals
prone to six-coordination and octahedral geometry, for ex-
ample, FeII, NiII, as illustrated in Scheme 1.


In principle, in the [MII(LH)2]
2+ metal complex, the two


thiourea subunits can interact with two oxoanions RO2
�, ac-


cording to the equilibrium shown in Scheme 1 (constituted
by two steps), to give eventually the genuine H-bond com-
plex [MII(LH)2ACHTUNGTRENNUNG(···RO2)2]


2+ . Moreover, the role of the coordi-
nated metal centre, as an electron-withdrawing group, on
the polarization of thiourea N-H fragments has to be consid-
ered, which may lead to stepwise deprotonation.


We describe here an investigation on the interaction of
octahedral complexes of type [MII(LH)2]


2+ (M=Fe, Ni) with
anions in a CHCl3 solution. It will be shown that most
anions promote N-H deprotonation, according to two dis-
tinct steps, signalled by noticeable colour changes. Only the
poorly basic nitrate ion is able to form stable and authentic
hydrogen bonding complexes, still in a stepwise mode, with
moderate colour modifications.


Results and Discussion


Anion affinity of thioureas in a CHCl3 solution : The com-
plexation equilibria of a variety of thiourea derivatives to-
wards anions have been investigated in media of different
polarity. On the other hand, it has been previously pointed
out that the higher the solvent polarity, the more pro-


nounced the tendency of the receptor to deprotonate in
presence of basic anions. In this study, we have chosen as a
solvent the poorly polar chloroform, with the aim of favour-
ing the formation of genuine receptor–anion H-bond com-
plexes. In order to assess anion binding tendencies of thiour-
ea-based receptors in chloroform, we carried out prelimina-
ry investigations with the thio ACHTUNGTRENNUNGurea derivative 4.


In 4, a 4-nitrophenyl substituent has been appended to
the thiourea unit in order i) to increase H-bond donating
tendencies and ii) to provide a powerful chromogenic re-
porter for signalling anion binding. On the other hand, the
methyl group in the meta position of the other phenyl sub-
stituent reduces the symmetry of the molecule, thus afford-
ing surprisingly high solubility in CHCl3 (up to 0.1m).
Figure 1 shows the family of spectra recorded over the
course of the titration of a solution of 4 in CHCl3 with a
standard solution of [Bu4N]CH3COO.


The receptor shows two overlapping bands, one centred at
270, the other at 315 nm. It is suggested that the two bands
result from charge-transfer transitions to the nitrophenyl
substituents, one from the tolyl subunit, the other from the
thiourea subunit.


Upon acetate addition, the spectrum undergoes two
major modifications: i) the intensity of the band at 270 nm
undergoes a moderate decrease; ii) the band at 315 nm ex-
periences a drastic red shift: in particular, a new band devel-


Scheme 1. Interaction of [MII(3)2]
2+ complexes (M=Fe, Ni) with oxo-


ACHTUNGTRENNUNGanions.


Figure 1. a) Spectra taken over the course of the titration of a 5.04L
10�5m solution of 4 in CHCl3 with a solution 6.34L10�3m of
[Bu4N]CH3COO in CHCl3; a : refers to the spectrum of receptor 4,
before anion addition; b) titration profiles at selected wavelengths: !,
band centred at 300 nm, pertinent to the uncomplexed receptor 4 (AH),
decreasing profile; !: band centred at 371 nm, pertinent to the hydrogen-
bonding complex [AH···CH3COO]� , increasing profile.
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ops at 370 nm. It is suggested that the band at 315 nm origi-
nates from a charge-transfer transition from the thiourea
subunit to the nitrobenzene subunit and that the urea–ace-
tate interaction stabilises the excited state resulting from
such a transition, thus inducing a significant bathochromic
shift of the absorption band. The tolyl-to-nitrophenyl charge
transfer is not perturbed by the thiourea–acetate interaction
and the corresponding band, centred at 270 nm, does not
undergo any red shift. Moreover, multi-wavelength treat-
ment of titration data over the 250–550 nm range, by Hyper-
Quad program,[14] indicated the formation of a receptor-
anion complex of 1:1 stoichiometry, [AH···CH3COO]� , ac-
cording to Equilibrium (1):


AH þ X� Ð ½AH � � �X�� ð1Þ


with a logK=4.44	0.03. It has to be noted that semiempiri-
cal studies, using PM3 method, suggested that the uncom-
plexed receptor 4 should exist in the trans conformation il-
lustrated by formula 6. Therefore, anion binding should
induce a geometrical rearrangement of 4, from the trans
conformation 6 to the cis conformation 7, required for es-
tablishing bifurcate hydrogen-bonding interaction with ace-
tate and pictorially illustrated in Scheme 2.


A similar behaviour was observed on spectrophotometric
titration of 4 with a variety of oxoanions: H2PO4


�, HSO4
�,


NO2
�, NO3


�. In particular, a red shift of the band at 315 nm
was observed on anion addition and titration data could be
interpreted on assuming the formation of a 1:1 receptor–
anion complex, [AH···X]� , according to Equation (1). Limit-
ing spectra obtained on addition of a large anion excess are
shown in Figure 2a. logK values for Equation (1) involving
the investigated anions are reported in Table 1.


The stability of the [AH···X]� complex decreases along
the series CH3COO� > H2PO4


� > HSO4
� > NO2


� >


NO3
�, which reflects the decreasing basicity of the anion, a


behaviour typically observed in the interaction of urea- and
thiourea-based receptors with anions. Hydrogen bonding
has been defined as a more or less advanced (and “frozen”)
proton transfer from the donor (the receptor) to the accept-
or (the anion).[7] The more basic the anion, the more ad-
vanced the proton transfer, the stronger the H-bond interac-


tion. Quite interestingly, also the magnitude of the red shift
decreases according to the same sequence: CH3COO� >


H2PO4
� > HSO4


� > NO2
� > NO3


�. In particular, a rough
linear relationship exists between logK and the wavelength
of the absorption band of the [AH···X]� complex (see Fig-
ure 2b). Such a correlation is not surprising, if one considers
that the interaction with the oxoanion stabilizes the charge
transfer excited state of the receptor: the stronger anion ba-
sicity, the more pronounced the stabilization of the excited
state, the lower the energy of the optical transition(s). In
any case, it is demonstrated once again that the stability of
the H-bond complexes does not reflect any geometrical
complementarity between the N-H fragments of the urea/
thiourea subunit and two consecutive oxygen atoms of the
anion, but simply depends upon the basic tendencies of the
oxoanion.


Halide ions showed a markedly different behaviour. In
fact, addition of a large excess of tetraalkylammonium chlo-
ride, bromide and iodide salts to a CHCl3 solution of 4 did
not induce any spectral change, indicating no or very poor
receptor–anion interaction. On the other hand, fluoride ex-
hibited a rather intricate behaviour. Figure 3 displays the
family of spectra taken over the course of the titration of a
solution of 4 in CHCl3 with a standard solution of
[Bu4N]F·3H2O.


Scheme 2. Formation of the H-bond complex 7 induces a conformational
rearrangement of receptor 6, from the stable trans arrangement (the ni-
trophenyl substituent is trans with respect to the thiourea sulphur atom)
to the cis arrangement, suitable for bifurcate hydrogen bonding interac-
tion with the acetate ion.


Figure 2. a) Spectra obtained on addition of a large anion excess to a so-
lution of 4 in CHCl3; b) plot of the logK values for the receptor–anion
equilibrium vs. the wavelength of the absorption band of the pertinent re-
ceptor-anion complex, as taken from limiting spectra in Figure 2a.


Table 1. logK values for the formation of H-bond complexes in CHCl3
solution, at 25 8C, according to the equilibrium: AH + X� Q [AH···X]� .
logK2 for F� refers to the equilibrium: [AH···F]� + F� Q A� + HF2


�.


Anion 4 (AH) 5


CH3COO� 4.44	0.03 2.7	0.1
NO2


� 3.54	0.01 –
F� logK1=5.31	0.01; logK2=4.29	0.01 2.74	0.01
HSO4


� 3.91	0.01 –
H2PO4


� 4.41	0.01 –
NO3


� 3.49	0.01 –
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Addition of fluoride first induces a moderate red shift of
the band at 315 nm (thiourea-to-nitrophenyl charge-transfer
transition), which indicates the formation of a genuine H-
bond complex [AH···F]� , according to Equation (1). In
Figure 3, the spectrum taken upon addition of 1 equiv of
fluoride has been drawn as a black dashed line. However,
on further anion addition, a more pronounced red shift of
the absorption band is observed. Such a spectrum, drawn as
a grey dashed line in Figure 3, clearly displays a two-transi-
tion nature. It is suggested that such a spectrum pertains to
the deprotonated form of the receptor, A�, which results
from Equation (2)


½AH � � � F�� þ F� Ð A� þ ½HF2�� ð2Þ


Deprotonation of the N-H fragment of urea and thiourea
derivatives on addition of excess fluoride has been observed
for a variety of anion receptors and has to be ultimately as-
cribed to the high stability of the [HF2]


� self-complex;[7] in
fact, one F� is not an especially strong base, but two F� are.
Best fitting of titration data using the HyperQuad program
was obtained on assuming the occurrence of stepwise Equili-
bria (1) and (2), to which the following values of K1 and K2


correspond: logK1=5.31	0.01, logK2=4.29	0.02.
Figure 4 reports the concentration profiles of the three


species present at the equilibrium over the course of the ti-
tration: AH, [AH···F]� , A�. It is observed that the H-bond
complex, [AH···F]� , reaches its maximum concentration,
about 60%, on addition of 1 equiv of fluoride. Interestingly,
the absorbance at 360 nm, which refers to the maximum of
the band drawn as a black dashed line in Figure 4, superim-
poses onto the ascending branch of the concentration profile
of the H-bond complex [AH···F]� . Likewise, the absorbance
at 450 nm, which refers to the higher wavelength component
of the spectrum drawn as a grey dashed line in Figure 4, par-
allels the increase of the concentration profile of the depro-
tonated receptor A�. It is also suggested (and corroborated
by semi-empirical calculations) that on fluoride release and


deprotonation, the receptor moves again to a trans confor-
mation, as represented by structural formula 8 in Scheme 3.


It is suggested that form A� is stabilised by the circum-
stance that the negative charge left on the thiourea nitrogen
atom upon proton release can delocalize, through a p mech-
anism, onto the NO2 fragment of the nitrophenyl substitu-
ent, as pictorially illustrated by the resonance formula 9 in
Scheme 3. Notice that the excess of electronic charge on the
NO2 fragment increases the intensity of the dipole of both
charge transfer transitions (at 270 and 315 nm in the neutral
form AH), which are bathochromically shifted at 385 and
435 nm in the deprotonated form A�.


The major role played by the nitrophenyl substituent in
enhancing the acidity of the proximate N-H fragment has
been further demonstrated by the behaviour of the thiourea
derivative 5, in which the �NO2 group has been removed.
Figure 5 displays the family of spectra recorded over the
course of the titration of a solution of 5 in CHCl3 with a
standard solution of [Bu4N]F·3H2O.


It is observed that even large excess addition of fluoride
induces only a moderate shift of the charge transfer band of
the receptor, which indicates the formation of a hydrogen-
bonding complex of low thermodynamic stability. In particu-


Figure 3. Spectra recorded over the course of the titration of a 5.08L
10�5m solution of 4 in CHCl3 with a solution 5.14L10�3m of
[Bu4N]F·3H2O in CHCl3. Spectra taken on solutions containing 0 equiv
of fluoride (g), 1 equiv of fluoride (a); 8 equiv of fluoride (a) are
indicated.


Figure 4. Lines (left vertical axis): concentration of the species which
form over the course of the titration illustrated in Figure 4 (AH=4,
a). Symbols (right vertical axes): absorbance at selected wavelengths
over the course of the titration; the band at 300 nm (~) pertains to the
uncomplexed receptor AH, the band at 360 nm (!) to the H-bond com-
plex [AH···F]� (c), the band at 450 nm (!) to the deprotonated form
A� (b).


Scheme 3. Resonance representation of the deprotonated form of recep-
tor 4. The electronic charge left on the thiourea nitrogen atom following
N-H deprotonation (limiting formula 8) delocalizes onto the �NO2 group
of the nitrophenyl substituent, according to limiting formula 9.


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9683 – 96969686


L. Fabbrizzi et al.



www.chemeurj.org





lar, a logK=2.74	0.01 was calculated from multiwave-
length least-squares treatment of titration data. The devel-
opment of a new band at higher wavelength was not ob-
served even on addition of 20 equiv and more of F�, ruling
out the deprotonation of one of the N-H fragments of the
thiourea subunit. It is therefore confirmed that proton re-
lease from thiourea (and urea) subunits in non-aqueous
media is driven both by the high stability of the [HF2]


� self-
complex and by the presence of powerful electron withdraw-
ing substituents, in particular �NO2. Receptor 5 formed a
poorly stable H-bond complex also with CH3COO� (logK=


2.7	0.1), as obtained from a spectrophotometric titration
experiment. On titration of 5 with all the other investigated
anions, no significant spectral modifications were observed,
indicating the formation of association complexes of very
low stability or no formation at all.


Studies on thiourea derivatives 4 and 5 have provided
firm bases, which may be useful for the investigation of the
anion binding tendencies of 3 (LH) and of its metal com-
plexes [MII(LH)2]


2+ (M=Fe, Ni).


The interaction of 3 with anions and metal cations : Anion-
binding tendencies of 3 towards anions in CHCl3 are poor
or nil. Figure 6a shows the family of spectra recorded over
the course of the titration of a solution 5.00L10�5m in 3
with a rather concentrated solution of [Bu4N]CH3COO
(0.1m).


Minor spectral modifications are observed on acetate ad-
dition (up to 120 equiv). In particular, a very slight curva-
ture is observed in the titration profile shown in Figure 6b,
indicating a binding constant value logK 
1. Less pro-
nounced or no spectral modifications at all were observed
on titration of 3 with other anions. Semiempirical investiga-
tions have shown that the uncomplexed receptor 3, in ab-
sence of anions, exists in the conformation illustrated in
Scheme 4 by formula 10. Such an arrangement is stabilised


by the presence of intramolecular hydrogen-bonding inter-
actions involving the N-H fragments of the thiourea moiety
and pyridine and imine nitrogen atoms, as outlined in
Scheme 4. It is suggested that the endothermic contribution
associated to the breaking of such intramolecular interac-
tions is responsible for the poor stability of complex 11 and
analogues.


Most interestingly, 3 (LH) behaves as a terdentate ligand
and forms with divalent transition metals six-coordinate
complexes of formula [MII(LH)2]


2+ . In particular, on diffu-
sion of diethyl ether on a MeCN solution containing [FeII-
ACHTUNGTRENNUNG(CF3SO3)2] and 2 equiv of 3, violet crystals of the complex
salt of formula [FeII(LH)2]ACHTUNGTRENNUNG(CF3SO3)2·H2O suitable for X-ray
diffraction studies were obtained. An ORTEP view of the
complex salt is shown in Figure 7.


The FeII complex exhibits a distorted octahedral coordina-
tion, with the two ligands arranged according to a meridia-
nal coordination. Selected geometrical features are shown in
Table S1 of Supporting Information.


No structures of bis(thiosemicarbazone) FeII complexes
have been previously reported. However, the short Fe�N
bond lengths, lying in the range 1.88(2)–1.97(2) P, are typi-
cal for low-spin FeII octahedral complexes with ligands con-
taining sp2 nitrogen atoms. In particular, the FeII–N-
ACHTUNGTRENNUNG(pyridine) mean distance (1.97(1) P) is the same as ob-
served in the classical complexes [FeII ACHTUNGTRENNUNG(bpy)3]


2+ (1.97 P,
bpy=2,2’-bipyridine).[15] The FeII–N ACHTUNGTRENNUNG(imine) mean distance
appears as especially short, 1.89(1) P, if compared, for in-


Figure 5. a) Spectra obtained over the course of the titration of a 4.79L
10�5m solution of 5 in CHCl3 with a solution 5.04L10�3m of
[Bu4N]F·3H2O in CHCl3; b) absorbance values at 320 nm (!, e right ver-
tical axis) superimpose well on the concentration profile of the H-bond
complex [A-H···F]� (c, left vertical axis).


Figure 6. a) Spectra obtained over the course of the titration of a 5.00L
10�5m solution of 3 in CHCl3 with a solution 9.62L10�2m of
[Bu4N]CH3COO in CHCl3; b) absorbance at 330 nm (!).


Scheme 4. Intramolecular hydrogen bonding interactions stabilize the
conformation of receptor illustrated by formula 10, which disfavours the
association with oxoanions (e.g., acetate, to form complex 11).
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stance, with the complex [FeII(N,N’-dimethylethylenedi-
ACHTUNGTRENNUNGimine)3]


2+ : 1.95 P.[16] It is suggested that the unusually short
FeII–N distance is a consequence of the steric constraints as-
sociated to the coordination of the terdentate ligand. The
sulphur atoms are placed 2.28(1) and 2.30(1) P from the
metal centre. Such distances are distinctly lower than ob-
served in the octahedral [FeII(N,N’-dimethylthiourea)6]


2+ ,
which has a high-spin nature and FeII�S bond lengths range
over the interval 2.49–2.61 P.[17] The two mer-terdentate li-
gands are placed in an almost perpendicular setting and the
dihedral angle between the two thiosemicarbazone moieties
is 89.8(4).


Very interestingly, with respect to the anion-recognition
properties of the complex, each thiourea subunit establishes
a bifurcate hydrogen-bonding interaction with a triflate ion.
Selected features of the hydrogen-bonding interactions are
shown in Table 2. Donor···acceptor distances are those ob-
served for moderate-to-weak interactions.[18]


Notwithstanding the presence of a different solvent mole-
cule in the crystals, MeCN instead of H2O, the [NiII(3)2]-
ACHTUNGTRENNUNG(CF3SO3)2·MeCN complex salt is isostructural with the


[FeII(3)2] ACHTUNGTRENNUNG(CF3SO3)2·H2O analogue. An ORTEP view of the
complex salt is shown in Figure 8.


Actually, relevant geometrical features are similar for
both compounds, as shown by values in Tables 1 and 2.
Metal–donor atom distances of the NiII complex are larger
than for FeII, due to the closed shell electronic configuration
(t2g


6) of the latter metal centre (see d values in Table 1).
Geometrical features and distances are similar to those ob-
served in previously investigated NiII bis(thiosemicarba-
zones) complexes.[19,20] Also in the present case, an unusually
short metal–N ACHTUNGTRENNUNG(imine) distance is observed, which is again
ascribed to the constraints associated to the terdentate coor-
dination mode of each thiosemicarbazone ligand (mean
NiII–N ACHTUNGTRENNUNG(imine)=2.01(1) P; compare with 2.11 P in the com-
plex [NiII(acetaldoxime)4Cl2]


2+ ,[21] or 2.10 P in the complex
[NiII ACHTUNGTRENNUNG(pyrazole)6]


2+).[22] Finally, structural features of the bi-
furcate hydrogen interactions of the two thiourea subunits
are totally analogous to those of the FeII complexes, as
shown by structural parameters in Table 2. Moreover, the


perpendicular setting of the two
mer-terdentate moieties, with a
dihedral angle 89.3(2)8, is total-
ly similar to that observed for
the FeII analogue.


The [FeII(LH)2]
2+ metal com-


plex as an anion receptor :
Structural studies have demon-
strated that octahedral metal
complexes of 3 (=HL) expose
their thiourea subunits towards
the outside and are therefore
inclined to establish hydrogen


Figure 7. ORTEP view of the [FeII(3)2] ACHTUNGTRENNUNG(CF3SO3)2·H2O molecular complex
(ellipsoids are drawn at the 30% probability level; the water molecule
was omitted for clarity, as were hydrogen atoms not belonging to thio-
ACHTUNGTRENNUNGurea groups).


Table 2. Features of the hydrogen bonds involving the thiourea subunits of 3 and the triflate counterions in
FeII and NiII complexes.


Donor N-H fragment D···A [P] H···A [P] D-H···A [8] Acceptor atom


N(3)–H(3N) FeII 2.81(4) 1.9(2) 168(17) O(6)
NiII 3.00(1) 2.2(1) 145(3)


N(4)–H(4N) FeII 3.21(4) 2.4(2) 145(20) O(6)
NiII 3.38(1) 2.6(1) 138(3)


N(4)–H(4N) FeII 3.24(7) 2.4(3) 144(20) O(4)
NiII 3.06(1) 2.1(1) 164(3)


N(7)–H(7N) FeII 2.84(3) 1.9(2) 157(15) O(1)
NiII 2.83(1) 1.9(1) 172(3)


N(8)–H(8N) FeII 2.95(4) 2.1(2) 147(12) O(3)
NiII 2.99(1) 2.1(1) 161(2)


Figure 8. ORTEP view of the [NiII(3)2] ACHTUNGTRENNUNG(CF3SO3)2·MeCN molecular com-
plex (ellipsoids are drawn at the 30% probability level; the MeCN mole-
cule was omitted for clarity, as were hydrogen atoms not belonging to
thio ACHTUNGTRENNUNGurea groups). Hydrogen bonds are drawn as dashed lines.
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bonding interactions with
anions, without experiencing
any preliminary endothermic
conformational rearrangement
(as the uncomplexed thiosemi-
carbazone receptor does). Our
first interest was to determine
the intrinsic tendencies of thio-
urea N-H fragments to release
protons and to characterize the


deprotonated species that form, if any. Thus, we carried out
a preliminary titration experiment on a CHCl3 solution of
the [FeII(LH)2]


2+ complex with the Proton Sponge (12,
N1,N1,N8,N8-tetramethylnaphthalene-1,8-diamine,
Scheme 5).


Compound 12 guarantees the highest proton affinity in
non-aqueous media and is not hygroscopic (like, for in-
stance, the strong base currently used in such circumstances,
[Bu4N]OH). Figure 9 shows the family of spectra recorded
over the course of the titration of a CHCl3 solution 9.74L
10�5m in [FeII(3)2]


2+ with a solution of 12 (1.03L10�2m). In
particular, Figure 9a shows the UV portion of the spectrum,
displaying the ligand-to-metal charge transfer (LMCT)
band; Figure 9b shows the visible part of the spectrum, with
metal-to-ligand charge transfer (MLCT) bands.


On addition of base, drastic colour changes and spectral
modifications are observed. Colour changes are shown in


Figure S3 in the Supporting Information. The [FeII(LH)2]
2+


complex has a violet colour, which originates from rather in-
tense MLCT transitions. In particular, the band results from
two transitions: one centred at 510 nm, the other centred at
570 nm. MLCT bands in this spectral portion are usually ob-
served in FeII (d6, low-spin) octahedral complexes with
ligand containing sp2 hybridized nitrogen atoms (polypyri-
dines, imines), and result from the transitions from metal
centred p orbitals (pM, t2g in origin) to p* orbitals, essential-
ly centred on the ligands. In particular, the model 1:3 com-
plex of FeII with the pyridine-imine ligand N-phenyl-pyri-
dine-2-yleneamine shows a similar two-transition MLCT
spectrum, with one band centred at 495 nm (shoulder, e=


2100m
�1 cm�1) and the other centred at 535 nm (e=


2630m
�1 cm�1, see Figure S4, Supporting Information). Base


addition induces a dramatic red shift of the two-transition
band of the [FeII(LH)2]


2+ complex. However, the change
does not take place gradually, but discontinuously. In partic-
ular, on addition of the first equivalent of base, the MLCT
band of the [FeII(LH)2]


2+ complex (solid line in Figure 9b,
responsible for the violet colour) decreases in intensity,
while a new band forms and develops, featuring two transi-
tions at 535 and 607 nm (while a dark blue colour appears,
see Figure S3 in the Supporting Information). On addition
of the second equivalent of base, such a two-transition band
decreases and a new one develops at higher wavelengths
(568 and 643 nm). Such a band reaches a limiting value after
the addition of 2 equiv of base, while the solution takes an
emerald green colour. This behaviour can be accounted for
by assuming the occurrence of the two stepwise acid–base
Equilibria (3) and (4):


½FeIIðLHÞ2�2þ þ PS Ð ½FeIIðLHÞðLÞ�þ þ PSHþ ð3Þ


½FeIIðLHÞðLÞ�þ þ PS Ð ½FeIIðLÞ� þ PSHþ ð4Þ


In particular, it is suggested that each proton is released
from an N-H fragment of the thiourea moiety of each coor-
dinated thiosemicarbazone. Moreover, the electron pair left
on the thiourea nitrogen atom on deprotonation, formula
14, is transferred onto the entire ligand framework, accord-
ing to the p-conjugative mechanism illustrated in Scheme 6.


In particular, electron charge can be relocated onto the
sulphur atom, according to the pathway illustrated by black


Scheme 5. Neutralization of a
monoprotic acid HA by the
Proton Sponge.


Figure 9. Spectra obtained over the course of the titration of a 9.74L
10�5m solution of [FeII(3)2]


2+ in CHCl3 with a solution 1.03L10�2m of 12
in CHCl3 (LH=3). a) UV portion, displaying LMCT bands; b) visible
portion, showing MLCT bands. Thick lines refer to spectra taken after
the addition of 0, 1, 2 equiv of base.


Scheme 6. Resonance formulae of the monodeprotonated complex
[FeII(LH)(L)]+ . The lone pair left on the thiourea nitrogen atom, follow-
ing N-H deprotonation, delocalizes both on the pyridine nitrogen atom
(grey arrows) and on the sulphur atom (black arrows), even if to a differ-
ent extent.
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arrows in Scheme 6 (to give formula 15) or on the pyridine
nitrogen atom, according to the pathway illustrated by grey
arrows (to give formula 13). In any case, negative charge is
eventually transferred from the donor atoms to the metal
centre, the reducing tendencies of which increase. As a con-
sequence, the charge transfer transition from the metal to
the empty p* orbitals centred on the pyridine–imine system
becomes easier and pertinent MLCT bands are red shifted.
Such an effect becomes more pronounced on successive de-
protonation of an N-H fragment from the other coordinated
thiosemicarbazone, which brings additional charge on the
metal, whose reducing properties are further enhanced.
Notice that in Scheme 6 it has been assumed that N-H de-
protonation induces a simultaneous conformational change,
leading to a trans arrangement of the phenyl substituent
with respect to the sulphur atom. Such an arrangement has
been observed in the 1:1 complex of CuII with a deprotonat-
ed thiosemicarbazone.[23] This would imply that the cis con-
formation, observed for instance in the [FeII(3)2] ACHTUNGTRENNUNG(CF3SO3)2
in the solid state, is intrinsically unstable and is adopted
only in the presence of hydrogen bonding bifurcate interac-
tions of the thiourea subunit with an oxoanion (e.g.,
CF3SO3


�).
Figure 10 shows the profiles of the lower energy compo-


nent of the MLCT band for the three species at equilibrium,
[FeII(LH)2]


2+ , [FeII(LH)(L)]+ , [FeII(L)2].


The profiles show discontinuity approximately at 1 and
2 equiv of added base. Solid and dashed lines in Figure 10
represent the concentration of the [FeII(LH)2]


2+ ,
[FeII(LH)(L)]+ , [FeII(L)2] complexes over the course of the
titration, which have been calculated on assuming for Equi-
libria (3) and (4) the following values: logK(3)=13.5,
logK(4)=10.0. It is observed that symbols (i.e., absorbances
of the low energy charge transfer bands) superimpose, at
least partially, on the concentration curves. Poorly satisfacto-
ry fitting may depend on the fact that each absorbance
value does not pertain to a single species, but receives
minor, yet significant contributions from other complexes


present at the equilibrium. In any case, diagrams in
Figure 10 confirm the existence of three distinct species,
with a defined stoichiometry and with different spectral
properties.


The [FeII(LH)2]
2+ complex presents also a rather intense


band at 335 nm (Figure 9a). Such a band results from a tran-
sition from a donor atom of the thiosemicarbazone ligand
(either sulphur or nitrogen, or both) to an empty antibond-
ing orbital centred on the metal (sM*, eg in origin). On base
addition, the intensity of such a band decreases, while a new
band forms and develops at 375 nm. This behaviour clearly
reflects the progress of Equilibria (3) and (4) on base addi-
tion. In particular, on N-H deprotonation, negative charge is
transferred onto the donor atoms, whose reducing tenden-
cies are increased. As a consequence, the LMCT band is sig-
nificantly red shifted.


Quite interestingly, appearance and modifications of
LMCT and MLCT bands over the course of the titration are
definitely different. Actually, looking at spectra in Figure 9,
one could assume that spectral changes in the MLCT region
(Figure 9b) proceed horizontally (as indicated by a two-step
bathochromic shift of the band) and those in the LMCT
region (Figure 9a) proceed vertically (i.e. , through the simul-
taneous decrease-increase of two bands). The apparently
paradoxical behaviour results from the fact that the three
degrees of deprotonation (0, �1, �2) generate three distinct


states of charge of the metal,
which give rise to three differ-
ent metal-to-ligand transitions
and to three limiting MLCT
spectra (Figure 9b: solid, short
dashed and long dashed thick
lines). On the other hand, the
thiosemicarbazone donor atoms
(either sulphur or pyridine ni-
trogen atom, or both) can exist
only in two states: either neu-
tral or negatively charged, to
which two ligand-to-metal tran-
sitions correspond: this results
in two bands, one decreasing,
the other increasing (Figure 9a).
Thus, the intermediate species
[FeII(LH)(L)]+ does not show
its specific LMCT band, but a


spectrum which results from the balanced combination of
the band originating from the neutral donor atom-to-FeII


charge transfer and of that originating from the negatively
charged donor atom-to-FeII transition.


The Brønsted acidic tendencies of [FeII(3)2]
2+ in CHCl3


being defined, titration experiments with anions were car-
ried out. Figure 11 displays the family of spectra obtained
over the course of the titration of a 9.74L10�5m solution of
[FeII(3)2]


2+ in CHCl3 with a solution 8.03L10�3m of
[Bu4N]CH3COO in CHCl3 (LH=3).


Quite surprisingly, on acetate addition, the same spectral
pattern was obtained, as observed on titration with the


Figure 10. Symbols (e, right vertical axes): titration profiles of the lower energy MLCT band (pM!p-pyridine)
for the three species at equilibrium, [FeII(LH)2]


2+ , [FeII(LH)(L)]+ , [FeII(L)2]. Lines (left vertical axis): % con-
centration of the three complex species calculated on assuming for equilibria (3) and (4) the following values:
logK(3)=13.5, logK(4)=10.0.
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Proton Sponge. This indicates that the following stepwise
acid–base equilibria take place (X�=CH3COO�):


½FeIIðLHÞ2�2þ þ X� Ð ½FeIIðLHÞðLÞ�þ þ HX ð5Þ


½FeIIðLHÞðLÞ�þ þ X� Ð ½FeIIðLÞ2� þ HX ð6Þ


Thus, the investigated iron(II) complex appears as an ex-
tremely strong acid in CHCl3, which affords definitive
proton transfer from thiourea N-H fragments of the two co-
ordinated thiosemicarbazones to the base CH3COO�. Strong
acidity reflects the stabilization experienced by the metal
complex on N-H deprotonation, due to the electron-pair de-
localization towards the donor atoms and to the establishing
of especially intense metal–ligand interactions. Titration ex-
periments with H2PO4


� and HSO4
� induced precipitation.


On titration with NO2
�, the same spectral pattern obtained


with PS and CH3COO� was observed (see Figure S5, Sup-
porting Information), indicating the occurrence of acid–base
Equilibria of type (5) and (6). A similar behaviour was ob-
tained on titration with fluoride (Figure S6). Quite interest-
ingly, each deprotonation step proceeded in presence of
only 1 equiv of F�, thus obeying to Equations (5) and (6):
the diprotic acid [FeII(3)2]


2+ is so strong that its stepwise de-
protonation needs not to be associated to the formation of
HF2


�.


Among the investigated anions, NO3
� exhibits a peculiar


behaviour. Figure 12 shows the spectra taken over the
course of the titration of a 9.74L10�5m solution of
[FeII(3)2]


2+ in CHCl3 with a solution 1.01L10�3m of [Bu4N]-
ACHTUNGTRENNUNGNO3 in CHCl3. The spectral pattern is remarkably different
from that observed with CH3COO� and involving stepwise
double deprotonation: i) LMCT region: the band centred at
335 nm on nitrate addition undergoes a less pronounced red
shift (from 335 to 350 nm, to be compared to 335-to-375 nm,
observed with CH3COO�, NO2


� and PS); moreover, on
NO3


� addition, the intensity of the band decreases; ii)
MLCT region: also the two-transition MLCT band under-


goes a less pronounced red shift and decreases in intensity;
moreover, a continuous shift is observed, which seems to ex-
clude the formation of two species with a different degree
of deprotonation. On these bases, it is suggested that the
NO3


� establishes hydrogen-bonding interactions with the
thiourea subunit of the metal coordinated thiosemicarba-
zone, as observed in the solid state with the CF3SO3


� anion.
In particular, the interaction should take place at the two
thiourea moieties of the [FeII(LH)2]


2+ complex, according to
the stepwise Equilibria (7) and (8):


½FeIIðLHÞ2�2þ þ NO3
� Ð ½FeIIðLHÞ2 � � �NO3�þ ð7Þ


½FeIIðLHÞ2 � � �NO3�þ þ NO3
� Ð ½FeIIðLHÞ2 � � � ðNO3Þ2�


ð8Þ


On non-linear least-squares treatment of spectrophotomet-
ric titration data over the 200–800 nm spectral range, the fol-
lowing stepwise constants were obtained, associated to the
binding of the first [logK1=4.78	0.06, Eq. (7)] and of the
second NO3


� ion [logK2=4.3	0.1), Eq. (8)].
Figure 13 displays the concentration profiles of the species


present at the equilibrium along the titration experiment.
The absorbance at 615 nm (pertinent to the lower energy
transition of the MLCT band of the limiting spectrum,
dashed line in Figure 13) is also reported (open triangles).
The latter profile does not show any discontinuity, but
smoothly proceeds towards saturation. The above evidences
indicate that, following the hydrogen-bonding interaction of
the NO3


� ion at the N-H fragments of the thiourea subunit,
partial negative charge is transferred on the sulphur atom,
which accounts for the red shift of the LMCT band. Such an
effect is remarkably less pronounced than observed on de-
protonation of the N-H fragment, which justifies the moder-
ate magnitude of the red shift. Consequent transfer of nega-
tive charge on the FeII centre induces a red shift also of the
MLCT band. Such a transfer of electron charge on the


Figure 11. Spectra obtained over the course of the titration of a 9.74L
10�5m solution of [FeII(3)2]


2+ in CHCl3 with a solution 8.03L10�3m of
Bu4N]CH3COO in CHCl3 (LH=3). Thick lines refer to spectra taken
after the addition of 0 (c), 1 (a), 2 equiv (b) of acetate.


Figure 12. Spectra taken over the course of the titration of a 9.74L10�5m


solution of [FeII(3)2]
2+ in CHCl3 with a solution 1.01L10�2m of


[Bu4N]NO3 in CHCl3 (LH=3). Thick lines refer to spectra taken after
the addition of 0 (c) and 6.5 equiv (a) of nitrate.
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metal takes place progressively, following the interaction of
the first and the second NO3


� ion with thiourea moieties. As
a consequence, the red shift of the MLCT band is gradual
and smooth, as shown in Figure 13, and does not show the
discontinuous behaviour observed with deprotonation. No-
ticeably, the association of the two NO3


� ions proceeds inde-
pendently, without any mutual electrostatic or electronic in-
fluence. In particular, the difference between logK1 and
logK2 (0.5	0.1)) has to be ascribed to the sole statistical
effect (
 log 4=0.602).


The [NiII(LH)2]
2+ metal complex as an anion receptor : The


solution behaviour of the [NiII(LH)2]
2+ complex is similar to


that observed with the [FeII(LH)2]
2+ analogue, with respect


to both deprotonation of N-H fragments and formation of
genuine hydrogen-bonding complexes.


Figure 14a shows the family of spectra recorded over the
course of the titration of a solution 1.08L10�4m in
[NiII(3)2]


2+ in CHCl3 with a solution of base 12 (1.03L
10�2m). The spectrum of the [NiII(3)2]


2+ complex, prior of
base addition (thick solid line in Figure 14a), shows a rather
intense band centred at 340 nm, of LMCT nature. On addi-
tion of the Proton Sponge, the LMCT band undergoes a
pronounced red shift and discloses two well distinct transi-
tions, one centred at 385 nm, the other at about 425 nm
(shoulder). The titration profile, based on the band at
385 nm and displayed in Figure 14b, increases steeply and
reaches a plateau on addition of 2 equiv of base. A flex is
observed at 1 equiv addition. Such a spectral pattern can be
accounted for on assuming the occurrence of the two step-
wise deprotonation Equilibria (9) and (10), in analogy with
what observed for the corresponding FeII complex:


½NiIIðLHÞ2�2þ þ PS Ð ½NiIIðLHÞðLÞ�þ þ PSHþ ð9Þ


½NiIIðLHÞðLÞ�þ þ PS Ð ½NiIIðLÞ� þ PSHþ ð10Þ


The nature of the spectral modifications observed during
the titration has to be explained. In fact, the [NiII(LH)2]


2+


complex shows a single band (thick solid line in Figure 14a),
whereas, on stepwise deprotonation, two distinctly separated
components are observed (limiting spectrum as thick dashed
line in Figure 14a). We suggest that the rather broad single
band of the [NiII(LH)2]


2+ complex is the envelope of two
close ligand-to-metal transitions: one from the pyridine ni-
trogen atom, the other from the thiourea sulphur atom. On
deprotonation of the N-H fragment, charge is transferred
onto the pyridine nitrogen atom and onto the sulphur atom,
according to the p-delocalization mechanisms outlined in
Scheme 6. However, such a charge transfer is not equally
distributed over the two donor atoms. In particular, one
donor atom should receive a substantially larger amount of
negative charge, being thus responsible for the LMCT tran-
sition at higher wavelength. It is suggested that such a donor
atom is the sulphur one and that the S-to-FeII LMCT transi-
tion is that undergoing the most pronounced red-shift. Such
a hypothesis is based on structural considerations. Unfortu-
nately, we were not able to grow crystals of the [NiII(L)2]
and [FeII(L)2] complex salts suitable for X-ray diffraction
studies and no structural data are available in the literature
for complexes of NiII and FeII with analogous deprotonated
thiosemicarbazones. However, the crystal and molecular
structure has been reported for the 1:1 CuII complex of the
deprotonated form of the derivative 2-Benzoylpyridine N4-
phenylthiosemicarbazone: [CuII(L)NCS]+ .[23] In this com-
plex, the CuII–S distance (2.23 P) is distinctly shorter than
that observed in CuII complexes with a coordinated thiourea
(e.g., [CuII


ACHTUNGTRENNUNG(bpy)2 ACHTUNGTRENNUNG(thiourea)]
2+ = 2.37 P), indicating a stron-


ger coordinative interaction. Moreover, the C–S distance
(1.75 P) is slightly, still detectably longer than that observed
in CuII-coordinated thiourea (1.72 P), which indicates a de-
crease of the bond order of C=S, due to the p-delocalization
pathway outlined in Scheme 6. On the other hand, no signif-


Figure 13. Lines (left vertical axis): % concentration of the three complex
species: [FeII(LH)2]


2+ , [FeII(LH)2···NO3]
+ and [FeII(LH)2··· ACHTUNGTRENNUNG(NO3)2], which


form according to Equilibria (7) and (8), over the course of the spectro-
photometric titration illustrated in Figure 12. Symbol (e, right vertical
axis): titration profile based on the band developing at 615 nm (lower
energy of the MLCT transition pertinent to the two H-bond complexes
[FeII(LH)2···NO3]


+ and [FeII(LH)2···ACHTUNGTRENNUNG(NO3)2]).


Figure 14. a) spectra recorded over the course of the titration of a 1.08L
10�4m solution of [NIII(LH)2]


2+ in CHCl3 with a solution 1.03L10�2m of
12 in CHCl3 (LH=3); b): titration profile at 385 nm.
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icant difference has been observed for the CuII–N ACHTUNGTRENNUNG(pyridine)
distances in the [CuII(L)Cl]+ complex (2.01 P) and for the
model compound [CuII


ACHTUNGTRENNUNG(pyridine)2ACHTUNGTRENNUNG(H2O)2]
2+ (2.00 P).[24] All


evidence points towards a partial thiolate nature of the coor-
dinated sulphur atom in deprotonated thiosemicarbazones
and accounts for the separation of the two LMCT transi-
tions, as observed in the [NiII(LH)(L)]+ and [NiII(L)2] com-
plexes.


No MLCT bands are expected for a d8 octahedral com-
plex. This explains the less vivid colour change observed on
base addition to a CHCl3 solution of the [NiII(LH)2]


2+ , as
compared with the [FeII(LH)2]


2+ analogue. In particular, ad-
dition of the Proton Sponge and stepwise deprotonation
caused a continuous colour variation from yellow to brown,
as illustrated in Figure S7 in the Supporting Information.


On titration with CH3COO�, NO2
� and F�, the same spec-


tral pattern was obtained, which indicated the occurrence of
the stepwise acid–base Equilibria (11) and (12):


½NiIIðLHÞ2�2þ þ X� Ð ½NiIIðLHÞðLÞ�þ þ HX ð11Þ


½NiIIðLHÞðLÞ�þ þ X� Ð ½NiIIðLÞ� þ HX ð12Þ


As an example, Figure 15a shows the family of spectra taken
over the course of the titration of a CHCl3 solution 1.35L
10�4m in [NiII(3)2]


2+ in CHCl3 with a solution of base
[Bu4N]F·3H2O (1.58L10�2m).


Again, only in the case of the NO3
� anion, the formation


of authentic hydrogen bonding complexes was observed. In
particular, only a moderate shift of the LMCT band was ob-
served (see Figure 16).


Best fitting of titration data was obtained on assuming the
occurrence of the stepwise Equilibria (13) and (14), to
which the following association constants correspond:
logK1=5.17	0.05, logK2=4.3	0.1. The difference between
logK1 and logK2 slightly exceeds the statistical contribution.


½NiIIðLHÞ2�2þ þ NO3
� Ð ½NiIIðLHÞ2 � � �NO3�þ ð13Þ


½NiIIðLHÞ2 � � �NO3�þ þ NO3
� Ð ½NiIIðLHÞ2 � � � ðNO3Þ2�


ð14Þ


Figure 17 shows the concentration profiles of the species
present at the equilibrium along the titration experiment il-
lustrated in Figure 16. The absorbance at 375 nm (triangles
in Figure 17) shows a continuous profile, which reaches satu-
ration on addition of a slight excess of nitrate. In particular,
absorbance values seem to result from the weighted contri-
butions of the absorbance of the hydrogen bonding com-
plexes at the equilibrium, [NiII(LH)2···NO3]


+ and
[NiII(LH)2·· ACHTUNGTRENNUNG(NO3)2]. The moderate transfer of negative
charge on the donor atoms following the H-bond interaction
accounts for the moderate red shift of the LMCT band.


On titration with [Bu4N]H2PO4 and with [Bu4N]HSO4,
precipitation was observed. Even large excess addition of
[Bu4N]ClO4 and [Bu4N]PF6 did not induce any significant
spectral modification.


Figure 15. a) spectra obtained over the course of the titration of a 1.35L
10�4m solution of [NiII(LH)2]


2+ in CHCl3 with a solution 1.58L10�2m of
[Bu4N]F·3H2O in CHCl3 (LH=3); b): titration profile at 380 nm.


Figure 16. Spectra taken over the course of the titration of a 1.22 L10�4m


solution of [NiII(LH)2]
2+ in CHCl3 with a solution 2.51L10�2m of


[Bu4N]NO3 in CHCl3 (LH=3). Thick lines refer to spectra taken after
the addition of 0 (c) and 10 equiv (a) of nitrate.


Figure 17. Lines (left vertical axis):% concentration of the three complex
species [NiII(LH)2]


2+ [NiII(LH)2···NO3]
+ [NiII(LH)2··· ACHTUNGTRENNUNG(NO3)2], which form


according to Equilibria (13) and (14), over the course of the spectropho-
tometric titration experiment illustrated in Figure 16. Symbol (e right ver-
tical axis): titration profile based on the developing LMCT band.
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Conclusion


The intensity of hydrogen bond is related to the acidity of
the donor (in anion coordination chemistry: the N-H con-
taining receptor) and to the basicity of the acceptor (the
anion): the higher receptorSs acidity and anionSs basicity, the
stronger the hydrogen-bonding interaction and the higher
the association constant. For these reasons, on one side, re-
ceptors are often equipped with electron-withdrawing sub-
stituents (i.e. , the �NO2 subunit) in order to improve their
anion binding tendencies and, on the other side, in the ab-
sence of designed geometrical constraints, binding tenden-
cies parallel the basic properties of the anion: CH3COO� >
H2PO4


� > HSO4
� 
NO2


� > NO3
�. In the presence of


either a strong acid or a strong base, or both, the partial and
frozen proton transfer proceeds to a complete extent, with
receptorSs deprotonation and formation of the conjugate
acid of the anion. This work has demonstrated that coordi-
native interaction of a 3d metal centre with the sulphur
atom of the thiourea moiety of a thiosemicarbazone deriva-
tive induces an extremely high polarization of the N-H frag-
ment, which undergoes deprotonation in presence of most
anions, even if not especially basic. Such an effect had been
observed, to a moderate extent, on coordination of the thio-
urea sulphur atom to an AgI centre in a scorpionate com-
plex.[25]


Finally, it has to be noted that, upon irradiation at l >


300 nm, the thione form of thiourea (a in Scheme 7) can be
converted to the tautomeric thiol form b, through a proton
tunnelling mechanism, characterised by a high energy barri-
er (108 kJmol�1).[26] The thioneQthiol tautomeric conversion
could take place, in principle, through the classical deproto-
nation–protonation pathway illustrated in Scheme 7, a pro-
cess which is prevented by the low Brønsted acidity of the
thione form. This work has demonstrated that such an acidi-
ty can be highly enhanced through the sulphur coordination
to a 3d divalent metal centre.


Experimental Section


General procedures and materials : All reagents for syntheses were pur-
chased from Aldrich/Fluka and used without further purification. All re-
actions were performed under N2. UV/Vis spectra were recorded on a
Varian CARY 100 spectrophotometer, with quartz cuvettes of the appro-
priate path length (1 or 0.1 cm). In any case, the concentration of the


chromophore and the optical pathway were adjusted to obtain spectra
with AU � 1. In the titrations with anions, the UV/Vis spectra of the
samples were recorded after the addition of aliquots of the tetraalkylam-
monium salt solution of the envisaged anion. All spectrophotometric ti-
tration curves were fitted with the HYPERQUAD program.[14] 1H NMR
spectra were obtained on a Bruker Avance 400 spectrometer (400 MHz)
operating at 9.37 T. Mass spectra were acquired by using a Thermo-Finni-
gan ion-trap LCQ Advantage MAX instrument equipped with an ESI
source.


Synthesis of ligand 3 (2-formylpyridine 4-thiosemicarbazone): 4-Phenyl-
thiosemicarbazide (1.67 g, 9.98 mmol) was dissolved in methanol (50 mL)
under vigorous stirring. As the solid was completely dissolved, a metha-
nol solution of pyridine-2-carboxaldehyde (956 mL, 9.99 mmol in 30 mL)
was added dropwise. A white precipitate formed after 2 h and the reac-
tion mixture was left under stirring at room temperature for 24 h.


The mixture was filtered under vacuum and the solid was washed with
several portions of cold methanol. The solid was dried under vacuum to
yield 3 (2.16 g, 8.43 mmol, 90%) as a white, fibrous product. 1H NMR
(400 MHz, [D6]DMSO): d =7.20 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H), 7.45 (m, 3J-
ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H+1H), 7.53 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H), 7.81 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H), 8.18 (s, 1H, imine), 8.40 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 1H),
8.56 (d, 3J ACHTUNGTRENNUNG(H,H)=5.0 Hz, 1H), 10.35 (br s, 1H; thioureic N-H), 12.08 ppm
(br s, 1H; hydrazone N-H); ESI-MS: m/z (+ ): 257.2 [M+H]+ (100),
512.9 [2M+H]+ (10); m/z (�): 255.3 [M�H]� (42), 291.2 [M+Cl]� (24),
301.1 [M+HCOO]� (100).


Synthesis of [FeII(3)2] ACHTUNGTRENNUNG(CF3SO3)2·H2O : Fe ACHTUNGTRENNUNG(CF3SO3)2 (55.6 mg, 0.16 mmol)
was added to a suspension of 3 (80.4 mg, 0.31 mmol) in MeCN (50 mL)
in an N2 atmosphere and under vigorous stirring. The reaction mixture,
greenish in colour, was refluxed under a positive pressure of argon for
30 min, and allowed to cool to room temperature. The purple, limpid so-
lution was concentrated in vacuo to 15 mL. Diethyl ether (100 mL) was
added and the resulting solution was left to stand overnight under inert
atmosphere. Precipitation occurred overnight to give a dark purple crys-
talline solid, which was filtered in vacuo, rapidly washed with small por-
tions of diethyl ether, then dried in vacuo (112.3 mg, 0.13 mmol, 84%).
Single crystals suitable for X-ray structural determination were chosen
from this product. 1H NMR (400 MHz, CD3CN): d = 7.28 (t, 3J ACHTUNGTRENNUNG(H,H)=


7.2 Hz, 2H), 7.39 (m, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 4H+2H), 7.46 (d, 3J ACHTUNGTRENNUNG(H,H)=


7.8 Hz, 4H), 7.80 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 7.93 (d, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz,
2H), 8.05 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 9.50 (s, 2H, imine), 9.8–10.0 (br s,
2H, thioureic N-H); 12.9–13.5 ppm (br s, 2H, hydrazone N-H).


Synthesis of [NiII(3)2] ACHTUNGTRENNUNG(CF3SO3)2·MeCN : Ni ACHTUNGTRENNUNG(CF3SO3)2 (274.3 mg,
0.77 mmol) was added to a suspension of 3 (398.8 mg, 1.56 mmol) in
MeCN (50 mL) in an N2 atmosphere and under vigorous stirring. The
pale yellow mixture was refluxed until complete dissolution (15 min), and
allowed to cool down to room temperature. The dark-yellow solution was
concentrated under vacuum to a final volume of 10 mL. Diethyl ether
(60 mL) was then added and the resulting solution was left overnight at
room temperature. A microcrystalline, brownish-yellow solid was ob-
tained. The product was filtered under vacuum and washed with small
portions of diethyl ether, then desiccated in vacuo until constant weight
(485.1 mg, 0.56 mmol, 73%). Single crystals suitable for X-ray diffraction
analysis were obtained by slow vapour diffusion of diethyl ether on a
MeCN solution of the complex salt.


Syntheses of model compounds 4 and 5


Scheme 7. Thione-to-thiol tautomeric conversion of urea derivatives.
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1-(4-Nitrophenyl)-3-(3-methylphenyl)thiourea (4): m-Toluidine (1400 mL,
12.9 mmol) was dissolved in anhydrous dichloromethane (70 mL). 4-Ni-
trophenylisothiocyanate (2.33 g, 12.9 mmol) was then added. The solution
was refluxed for 2 h. The clear solution was allowed to cool to room tem-
perature, to give a supersaturated solution which gave abundant precipi-
tate after sonication. The bright yellow precipitate was filtered off by suc-
tion and the solid was washed to the analytical grade with several, small
portions of cold diethyl ether, then dried under vacuum, to give a pale
yellow powder (2.76 g, 9.6 mmol, 74%). 1H NMR (400 MHz, CDCl3):
d = 2.37 (s, 3H, benzylic), 7.14 (s, 1H), 7.15 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1H),
7.21 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 7.39 (t, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 7.75 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.8 Hz, 2H), 7.87 (brs, 1H, N(3)-H), 8.16 (br s, 1H, N(1)-H),
8.22 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 2H); ESI-MS: m/z (�): 159.0 [(2M�H)+


MeOH]2� (45), 286.3 [M�H]� (58), 322.0 [M+Cl]� (18), 331.8
[M+HCOO]� (60), 400.0 [M+CF3COO]� (74), 572.9 [2M-H]� (100),
609.0 [2M+Cl]� (42), 636.1 [2M+NO3]


� (15), 686.8 [2M+CF3COO]�


(34).


1-(3-Methylphenyl)-3-phenylthiourea (5): m-Toluidine (764 mL,
5.64 mmol) was dissolved in anhydrous dichloromethane (30 mL) under
vigorous stirring. Phenylisothiocyanate (606 mL, 5.65 mmol) was rapidly
added to the solution. The resulting solution was refluxed for 2 h. Then,
the solution was allowed to cool to room temperature and left to stand
for further 12 h. The solvent was removed with a rotary evaporator to
give a pale yellow oil. After trituration with diisopropyl ether, a precipi-
tate was obtained and filtered by suction, followed by washings with
small portions of cold diisopropyl ether. The solid was then dried in
vacuum to afford an ivory-coloured powder (1.190 g, 4.91 mmol, 87%).
1H NMR (400 MHz, CDCl3): d=2.34 (s, 3H, benzylic), 7.12 (d, 3J ACHTUNGTRENNUNG(H,H)=


8.1 Hz, 1H), 7.19 (s, 1H), 7.21 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 7.32 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.7 Hz, 1H), 7.39–7.44 (m, 5H), 7.77 ppm (br s, 2H, thioureic N-
H); ESI-MS: m/z (�): 241.3 [M-H]� (10), 277.2 [M+Cl]� (20), 287.0 [M+


HCOO]� (100), 304.1 [M+NO3]
� (5), 354.9 [M+CF3COO]� (45).


X-ray crystallographic study : Diffraction data for [FeII(3)2]-
ACHTUNGTRENNUNG(CF3SO3)2·H2O crystal have been collected at ambient temperature by
means of an Enraf-Nonius CAD4 four circle diffractometer, working
with graphite-monochromatized MoKa X-radiation (l =0.7107 P). Data
reductions (including intensity integration, background, Lorentz and po-
larization corrections) were performed with the WinGX package.[27] Ab-
sorption effects were evaluated with the psi-scan method[28] and absorp-
tion correction was applied to the data (min/max transmission factors
were 0.748/0.851).


Diffraction data for [NiII(3)2] ACHTUNGTRENNUNG(CF3SO3)2·MeCN crystal have been collect-
ed at ambient temperature by means of a Bruker-Axs CCD-based three
circle diffractometer, working with graphite-monochromatized MoKa X-
radiation (l=0.7107 P). Crystals of the NiII complex were unstable
under ambient conditions and data collection has been performed with
the crystal placed in a closed glass capillary containing also a bit amount
of mother liquor. Frames collected by the CCD based system were pro-
cessed with the SAINT software[29] and intensities were corrected for
Lorentz and polarization effects; absorption effects were empirically
evaluated by the SADABS software[30] and absorption correction was ap-
plied to the data (0.612 and 0.848 were min and max transmission fac-
tors). Crystal data for studied crystals are shown in Table 3.


Both crystal structures were solved by direct methods (SIR 97)[30] and re-
fined by full-matrix least-square procedures on F2 using all reflections
(SHELXL 97).[31] Anisotropic displacement parameters were refined for
all non-hydrogen atoms, excluding the water oxygen of the FeII complex.
Hydrogens bonded to carbon atoms were placed at calculated positions
with the appropriate AFIX instructions and refined using a riding model;
hydrogen bonded to the N atoms were located in the DF map and refined
restraining the N–H distance to be 0.96	0.01 P.


CCDC 685928, 685929 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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