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Introduction


Controlled transport of ions across biological membranes is
at the heart of a number of key cellular processes, such as
the generation of action potentials in neurons.[1a,b] The cor-
responding impulses allow communication between cells, for
example, instructing muscle cells to contract. We are inter-
ested in modeling this type of process by employing soluble
anionic spherical metal-oxide-based capsules with well-de-
fined pores/channels; that is, we are considering the trans-
port of (biologically relevant) cations from bulk solution
through pores and channels into the cavities of capsules that


act as artificial cells.[1c] Herein, we address polyoxomolyb-
date capsules, which are stable in solution, especially in or-
ganic solvents under exclusion of air.[1d] Due to confined
conditions, the process can only be treated approximately
with the classical equations of physical chemistry that are
valid for larger/macroscopic systems, and we refer to them
in this sense.


Consider a membrane bilayer that provides a barrier that
slows down the transfer of ions A into or out of the cell.
The thermodynamic tendency to transport A through the bi-
layer channels is determined by a concentration gradient
across the membrane, which results in a difference in molar
Gibbs energies between the inside and the outside of the
cell [Eq. (1)]. This equation implies that transport of either
neutral or charged species into the cell is thermodynamically
favored if [A]in< [A]out. As A is an ion, there is a second
component of DGm that arises from differences in Coulomb
repulsions on either side of the membrane and results in a
membrane potential difference Dø=øin�øout. The final ex-
pression for DG is then given by [Eq. (2)], in which z is the
charge of the ion and F is the Faraday constant.[2] [Eq. (2)]
implies that there is a tendency for a species to move down
concentration and membrane-potential gradients (i.e. elec-
trochemical gradients) under the above conditions, a process
which is called passive ion transport. In our situation, the
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Abstract: Porous nanosized polyoxo-
molybdate capsule anions of composi-
tion [{MoVI


ACHTUNGTRENNUNG(MoVI
5O21)ACHTUNGTRENNUNG(H2O)6}12


ACHTUNGTRENNUNG(linker)30]
n�, where (linker)30 is


{MoV
2O4ACHTUNGTRENNUNG(SO4)}30 (n=72) (1a) or


{MoV
2O4ACHTUNGTRENNUNG(SO4)}24ACHTUNGTRENNUNG{MoV


2O4 ACHTUNGTRENNUNG(CH3COO)}6


(n=64) (2a), model the (competitive)
cellular transmembrane transport of
Li+ , Na+ , K+ , and Ca2+ ions along ion
channels. According to X-ray crystal-
lography and 7Li and 23Na NMR spec-
troscopy, Li+ and Na+ , the counterions


for 1a and 2a, respectively, occupy in-
ternal sites of the capsule. This study of
the counterion transport phenomenon
shows that, while Li+ ions can be re-
placed to a large extent by Na+ and
K+ ions and completely by Ca2+ ions


added to a solution of 1a, external Li+


ions do not replace the incorporated
Na+ ions of 2a in an analogous experi-
ment. In this context, related proper-
ties of the capsules and especially of
their flexible channels, in connection
with the complex pathways of cation
uptake, are discussed briefly. The rele-
vance of these investigations for lithi-
um-based therapies is also addressed.
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chemical potential inside the capsule is strongly influenced
by receptors for the cations, that is, sulfates in the present
case.


DGm ¼ Gm,in�Gm,out ¼ RTlnð½A�in=½A�outÞ ð1Þ


DGm ¼ RTlnð½A�in=½A�outÞ þ zFDF ð2Þ


The artificial cells employed herein are represented by
the anionic capsules of [Me2NH2]44Li28�n [Lin�ACHTUNGTRENNUNG{MoVI-
ACHTUNGTRENNUNG(MoVI


5O21)ACHTUNGTRENNUNG(H2O)6}12 ACHTUNGTRENNUNG{MoV
2O4ACHTUNGTRENNUNG(SO4)}30]·	250H2O (1)[3a] and


[Me2NH2]52Na8ACHTUNGTRENNUNG[Na6�ACHTUNGTRENNUNG{MoVI
ACHTUNGTRENNUNG(MoVI


5O21) ACHTUNGTRENNUNG(H2O)6}12ACHTUNGTRENNUNG{MoV
2O4


ACHTUNGTRENNUNG(SO4)}24ACHTUNGTRENNUNG{MoV
2O4ACHTUNGTRENNUNG(CH3COO)}6]·	250H2O (2).[4] The anions


1a and 2a, respectively, consist of 12 pentagonal building
blocks {MoVI


ACHTUNGTRENNUNG(MoVI
5O21)} linked by 30 dinuclear {MoV


2O4}
type linkers (Figure 1a). The capsule anions contain 20
pores/channels, which consist of crown ether like Mo9O9


rings with sulfates at the base (Figure 1a–c). The 28 Li+


ions in 1 are associated with the bulk, the pores/channels,
and the cavity of the capsules.[3,5] In the case of 2a, six of
the 14 Na+ ions are, according to an X-ray crystallographic
study, located inside the capsule.[4] Each of these six Na+


ions is coordinated to three sulfate groups inside the cavity
in the form of [Na+


ACHTUNGTRENNUNG(h1-SO4)3ACHTUNGTRENNUNG(H2O)3] units positioned on the
C3 axis (Figure 1a,b).[4] We used dimethyl sulfoxide
(DMSO) as a solvent in order to approach the dielectric
conditions pertinent to cellular fluids.


Figure 1d illustrates the size of the outer-surface Mo9O9


pore and of the narrowest channel aperture, which restricts
the transport of cations to those that are sufficiently small
and that contain a sufficiently labile solvent shell, where
probably one of the H2O molecules is not stripped off. The
average distance between the center of the narrowest inside


channel and the channel O atoms is 2.1 M. Taking into ac-
count the van der Waals radius of the O atom (1.50 M), the
approximate radius of the inner aperture amounts to
	0.6 M. The cations investigated in this study (and their
ionic radii in M) are Li+ (0.78), Na+ (0.98), K+ (1.33), and
Ca2+ (1.06). (The radii indicated were calculated from the
effective (close-packing) ion volumes.[6]) Thus, to allow pas-
sage of the larger cations such as Na+ and especially K+


through the channel, flexibility of the sulfate groups within
a dynamic process has to be taken into account. These pro-
cesses are initiated and powered by effective interaction of
cations with the sulfate groups (see below). This finally
leads to the formation of the rather stable segments [Na+


ACHTUNGTRENNUNG(h1-SO4)3 ACHTUNGTRENNUNG(H2O)3]. Na+ , K+ , and Ca2+ ions are, of course,
physiologically important cations. Li+ ions are of interest as
they are used in lithium-based therapy of manic depression
and other brain disorders,[7] as well as lithium–sodium coun-
terion transport in the treatment of hypertension.[8] The


Abstract in German:
Porçse, nano-skalige, anionische Polyoxomolybdat-Kapseln
der Zusammensetzung [{MoVI


ACHTUNGTRENNUNG(MoVI
5O21)ACHTUNGTRENNUNG(H2O)6}12ACHTUNGTRENNUNG(linker)30]


n�


– (linker)30 entspricht {MoV
2O4ACHTUNGTRENNUNG(SO4)}30 (n=72), 1a, oder


{MoV
2O4ACHTUNGTRENNUNG(SO4)}24ACHTUNGTRENNUNG{MoV


2O4 ACHTUNGTRENNUNG(CH3COO)}6 (n=64), 2a – model-
lieren den (kompetitiven) zellulOren Transmembran-Trans-
port von Li+ , Na+ , K+ und Ca2+ =ber IonenkanOle. GemOß
Rçntgenstrukturanalyse und 7Li- sowie 23Na-NMR-spektros-
kopischen Untersuchungen besetzen die Gegenionen von 1a
und 2a, Li+ und Na+ , interne Positionen der Kapsel. Die
hier vorliegende Studie zum PhOnomen des Counter-Trans-
portes der Ionen zeigt, dass bei externer Zugabe von Na+


und K+ zu Lçsungen von 1a das Li+ weitgehend, bei
Zugabe von Ca2+ vollstOndig ausgetauscht wird. Anderer-
seits zeigt das komplementOre Experiment – die externe
Zufuhr von Li+ zu Lçsungen von 2a – dass inkorporiertes
Na+ nicht verdrOngt wird. Eigenschaften der Kapseln (und
insbesondere ihrer KanOle) werden im Kontext des kom-
plexen MechanismusQ der Aufnahme von Kationen kurz dis-
kutiert. Die Relevanz dieser Untersuchungen f=r Therapien,
die auf Lithium basieren, wird gleichfalls angesprochen.


Figure 1. a) Structure of 2a in polyhedral representation viewed along a
C3 symmetry axis (without the acetate-type linkers, which are not in-
volved in the exchange process). The cluster surface is highlighted nicely,
showing four of the 20 nanoscale pores and emphasizing the central one.
Only one of the encapsulated Na+ ions (violet), coordinated to three sul-
fate groups (S yellow, O red) and water oxygen atoms (orange) is
shown.[4] b) Lateral view of the coordination of a Na+ ion positioned on
the C3 axis to three sulfate groups at the inner interface (S yellow, O red
(sulfate) and orange (water), Mo blue). c) Schematic space-filling repre-
sentation of the uptake and release of cations (counterion transport)
through the 20 pores of a highly charged anionic capsule (Mo blue, O
red). d) The distances (M) relevant to ion transport, that is, those be-
tween the channel-pore O atoms (red) and the center of the outside
Mo9O9 pore on the one hand, and the center of the related narrowest
channel area inside the channels (formed by three sulfate groups) on the
other, are shown. The centers of the outside and inside apertures of the
channel are in turquoise and lilac, respectively. In the case of 1a, the Li+


ions, which could only be localized indirectly by X-ray crystallography,[3a]


are each coordinated to only one sulfate ligand.
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function of lithium may be traced back to the interaction of
Li+ ions with the intracellular K+/Na+ balance, hence the
neural response.


When considering counterion transport (as well as sym-
port), one factor to be considered is the ion mobility u,
which depends on the viscosity h of the (liquid) solvent and
the hydrodynamic radius of the ion. The mobility is larger
for larger cations (7.62 for K+ , 5.89 for Na+ , in the usual
units).[2a] Several processes for the cation uptake/interaction
may be relevant:[9] outer- or inner-sphere association be-
tween the cations and the outer interface of the capsule
with Mo=O groups; fixation of the ion by the channels/
pores; capture by functionalities (sulfate) at the cavity inte-
rior; complexation at the inner interface by Mo=O groups;
and integration into the internal water shell structures as in
case of [NH4]


+ ions.[4,9]


The present study is an extension and sophistication of
our previous investigations of the transport of Li+ ions[3,5] as
well as the counterion transport reported in reference [3c].
Based on 7Li and 23Na NMR spectroscopy,[10] we address
herein the competing situations encountered when lithium,
sodium, potassium, or calcium cations[11] are added to solu-
tions of the porous polyoxomolybdate capsules 1a and 2a.


Results and Discussion


The 7Li NMR spectrum of 1 in DMSO (concentration of 1=
1 mm, [Li+]=28 mm, [H2O]	0.3m ; H2O is intrinsically pres-
ent in commercially available [D6]DMSO and as water of
crystallisation associated with 1) shows a strong and narrow
signal for solvated Li+ ions at �0.8 ppm, which consist
mainly of [Li ACHTUNGTRENNUNG(dmso)x]


+ that accounts for about 80% (from
this follows that n=5–6 for 1) of the overall intensity. There
are also three broad (linewidths W1=2


=50–100 Hz) but dis-
tinct signals at �1.6, �2.2, and �2.6 ppm. These signals, in-
dexed by a concentration- and solvent-dependent study,[5]


correspond to lithium sites associated with the pores/chan-
nels and the interior of the capsule, with the most-internal
site(s) tentatively assigned to the �1.6 ppm feature.[3,5] This
situation is represented by the bottom trace in the series of
7Li NMR spectra shown in Figure 2a. The broadening of the
signals for capsule-associated Li+ compared to that of [Li-
ACHTUNGTRENNUNG(dmso)x]


+ is primarily a consequence of a lowering of the
local symmetry at the quadrupolar 7Li nucleus, thus giving
rise to more efficient quadrupolar relaxation than in the
case of, say, cubic symmetry.


The introduction of sodium bromide to solutions of 1 in
increasing concentrations (10!30 mm) results in a gradual
decrease in the integral intensities of the high-field signals
and rearrangement of the overall pattern (Figure 2a, left).
This clearly indicates that Li+ ions “leave” the sites where
they are associated with the cluster anion. The remaining
signal (at �2.0 ppm; uppermost trace in Figure 2a, left), re-
corded after the introduction of Na+ ions in amounts rough-
ly equimolar to the overall [Li+], corresponds to only 	3%
(n=1 in 1) of the total amount of Li+ ions present. No fur-


ther change occurs as more Na+ ions are added; that is, this
residual Li+ site is stable to exchange. There are two plausi-
ble explanations for the extrusion of the lithium ions:
1) sodium ions interact with the capsule superficially, that is,
by forming outer-sphere complexes Na+�OH2···O=Mo and/
or Na+�O=Mo or coordinating to the Mo9O9 pore, thus re-
ducing DGm [Eq. (2)]; 2) sodium ions enter the capsule, ex-
plicitly displacing lithium ions. In view of the adequate size
of the Na+ ions (considering some flexibility of the sulfate
sites mentioned above) and the fact that Na+ ions were
shown by single-crystal XRD analysis to coordinate strongly
to three sulfate ligands below the channel, that is, exposed
to the cavity of the capsule (Figure 1b),[4,9,12] the latter ex-
planation is the correct one. In fact, the uptake of Na+ ions
by the capsule is also proven by 23Na NMR spectroscopy. As
NaBr is added to a solution of 1 in DMSO, two 23Na reso-
nances are observed (Figure 2a, right), which corresponds to
[Na ACHTUNGTRENNUNG(dmso)y]


+ (�0.6 ppm, W1=2
=250 Hz) and Na+�capsule


(�13 ppm, W1/2=850 Hz), with an intensity ratio of 2:1. The
broad high-field signal corresponds to internalized Na+ ions
in the local C3v environment of [Na+


ACHTUNGTRENNUNG(h1-SO4)3ACHTUNGTRENNUNG(H2O)3], as
found by X-ray crystallography.[4,9] This is nicely illustrated
by a comparison between the 23Na NMR spectrum for the
sodium cluster anion 2a and that of the solution of the lithi-
um cluster anion 1a treated with NaBr (Figure 3).


The situation analogous to the system 1+NaBr, that is, in-
troduction of LiBr to a solution of 2, is represented by the
23Na and 7Li NMR spectra in Figure 2b. While the
23Na NMR spectrum remains unchanged as increasing
amounts of LiBr are added (10!30 mm, that is, up to twice
the concentration of Na+), the signal at d=�2.0 ppm of the
7Li spectrum grows, which implies that the internal lithium
site is occupied step by step. (As not all Na+ sites are occu-
pied, some channels are open, that is, ready for uptake.) Im-


Figure 2. a) 7Li (left) and 23Na (right) NMR spectra of a solution of 1 in
DMSO ([Li+]=28 mm) treated with increasing amounts of NaBr; [Na+]
(from bottom to top)=0, 10, 13, 17, 20, 23, 30 mm. b) 23Na (left) and 7Li
(right) NMR spectra of a solution of 2 in DMSO ([Na+]=14 mm) treated
with increasing amounts of LiBr; [Li+] (from bottom to top)=0, 10, 17,
23, 30 mm.
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portantly, no extrusion of Na+ ions was observed within the
limits of error. Both complementary series of experiments
thus show that the affinity of Na+ ions to internal cluster
sites is much more pronounced than that of Li+ , although
several Li+ ions still interact along with Na+ within the
same capsule. This can be reasoned as follows: whereas each
Na+ ion is positioned on the C3 axis and coordinated to
three sulfate ligands,[4,9] the small Li+ ion can only coordi-
nate to one ligand[3a] and is therefore less strongly bound.


In contrast, introduction of KBr to solutions of 2 leads to
(only) partial Na+ ion leaching (Figure 4), thus reflecting
the similar polarizing abilities and binding qualities of
sodium and potassium ions.[9] This is in agreement with com-
parable affinities for the same positions on the C3 axis de-
fined by the oxygen atoms on the three sulfate ligands. As
in the case of NaBr, introduction of KBr to 1 results in ef-
fective extrusion of Li+ ions (Figure 4), again with a stabili-
zation for residual Li+�capsule characterized by the weak
signal at d=�2.0 ppm. Interestingly, as is again demonstrat-
ed by single-crystal XRD analysis, K+ ions enter the capsule
and coordinate in the same way as Na+ ions.[13] The dis-
placement of Li+ by K+ ions is thus due to direct competi-
tion for internal cluster sites. The situation changes when ru-
bidium ions are employed, as the radius of Rb+ (1.49 M)
dramatically exceeds that of the channel aperture. Further-
more, even when the flexibility of the sulfates is taken into
consideration, Rb+ ions do not “react” with them as strong-
ly as, for example, Na+ and Ca2+ ions (see below) because
of their smaller charge density. However, Rb+ ions can in-
teract with the capsule by complexation, for example, with
the external surface; they are not found in the cavity, that is,
below the channels.[14] The extrusion of Li+ ions on the in-
troduction of RbBr to a solution of 1 in DMSO (not shown)
should thus be due to the decrease in the difference in


Gibbs free energy DGm caused by the second part of
[Eq. (2)].[13]


According to an X-ray crystallographic study, as the ionic
radius of Ca2+ is comparable to that of Na+ , both are found
at approximately the same sites, that is, below the channels
of the C3 axis (Figure 1a and b).[4,9,15] As demonstrated in
Figure 5, the lithium ions are completely removed from the
capsule when equimolar amounts of CaBr2 (relative to the
overall concentration of Li+) are added stepwise to solu-
tions of 1, thus suggesting that besides the effects discussed
for Na+ ions, the high charge density increases the affinity


Figure 3. 23Na NMR spectra of 1a (concentration of 1a=1 mm) + 30 mm


NaBr and 2a (concentration of 2a=1 mm, [Na+]=14 mm). The solvent is
DMSO. The comparatively sharp low-field signal corresponds to solvated
sodium ions ([Na ACHTUNGTRENNUNG(dmso)y]


+), whereas the broad high-field signal corre-
sponds to internal sodium ions (Na+�capsule).


Figure 4. a) 23Na NMR spectra of a solution of 2 in DMSO ([Na+]=
14 mm) treated with different amounts of KBr; [K+] (from bottom to
top)=0, 10, 17, 23, 30 mm. b) 7Li NMR spectra of a solution of 1 in
DMSO ([Li+]=28 mm) treated with KBr; [K+] (from bottom to top)=0,
10, 17, 23, 30 mm.


Figure 5. 7Li NMR spectra of 1 dissolved in DMSO ([Li+]=28 mm), and
after introduction of CaBr2 (30 mm).
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of each Ca2+ ion to the three sulfate groups below the
pores. Alternatively, depletion of internal Li+ sites was ach-
ieved with cryptand C211.[5]


Conclusion


Many basic functions of cellular processes, including neural
responses, are closely related to the proper functioning of
the transport of essential cations (Na+ , K+ , Ca2+) across the
cell membrane. Thus, the maintenance of the correct osmot-
ic conditions and chemical- as well as electric-potential gra-
dients across the cell membrane is of central importance.
Ca2+ ions, in particular, are an indispensable second messen-
ger. Any disturbance of these parameters can lead to mal-
function and even severe pathogenic dysfunction. Channels,
which are usually voltage-, chemically (ligand), or mechani-
cally gated, are responsible for passive ion transport. An ex-
ception exists for K+ ions, for which open (leaky) channels
also exist.[16] Certain dysfunctions, such as hypertension[8,17]


and manic depression,[7] have been treated with lithium ther-
apy. A possible explanation of the action of Li+ ions is their
competitive interactions with Na+ and K+ ions,[18] which we
have investigated here.


Our spherical polyoxomolybdates,[1c] that is, porous nano-
capsules that contain a cavity (filled with well-structured
water clusters together with cations, reminiscent of the situa-
tion encountered within cells) and channels connecting the
cavity to an external medium, are well-suited to model
cation transport, especially under the exclusion of oxygen;
generally speaking, this means that it is possible to model
exchange processes between external (extracellular) media
and interior (intracellular) sites, in particular, the competi-
tive behavior with respect to mobility/affinity of ions that
exhibit different sizes and charge densities. We can thus con-
sider our porous capsules as artificial cells. In the present
study, we have (directly or indirectly) shown, based on 7Li
and 23Na NMR spectroscopic studies, that the cations Li+ ,
Na+ , Ca2+ , and K+ , with ionic radii (for the naked ion) of
0.78–1.33 M, all can enter the cavity of the artificial cells
through the narrowest part of the funnel-shaped channels
(shown explicitly in Figure 1d). The most fascinating aspect
is that the larger cations can only pass through that narrow
area if they react/interact strongly with the sulfate groups
and water molecules, thus resulting in the formation of the
fragments [Mn+


ACHTUNGTRENNUNG(h1-SO4)3ACHTUNGTRENNUNG(H2O)3] accompanied by a change
in the orientation of the sulfates. For the Li+ cluster 1a,
Na+ and K+ ions can replace most (but not all) of the inter-
nal Li+ ions, whereas Li+ ions, when added to a solution of
the Na+ cluster 2a, do not replace the Na+ ions, but still in-
teract to some extent with the cluster, and are accommodat-
ed with it along with the Na+ ions. The final and starting sit-
uations are independent of one another. The Ca2+ ion, the
charge density of which differs significantly from that of all
of the other cations investigated, fully removes Li+ ions
from the relevant cluster sites. As large rubidium ions do
not enter the cavity but are found, for example, below the


Mo9O9 rings, they act by decreasing the electric-field gradi-
ent across the cluster “membrane”. More detailed investiga-
tions into this exciting phenomenon and the complex trans-
port mechanism are in progress.[13]


Experimental Section


The two polyoxomolybdates employed in this investigation, 1[ 3a] and 2,[4]


were prepared according to procedures in the literature. NaBr, KBr,
LiBr, and CaBr2, all of purissimum grade, were obtained from Sigma–Al-
drich and kept under dry conditions. [D6]DMSO (99.8% deuterated,
Deutero GmbH), was used as the solvent throughout without drying.


NMR spectra were recorded with a Bruker Avance 400 spectrometer at
155.51 MHz (7Li) and 105.84 MHz (23Na), usually in nonrotating 5-mm di-
ameter vials with the following settings: 7Li NMR: relaxation delay=2 s,
acquisition time=3.5 s, pulse width=308 ; 23Na NMR: relaxation delay=
0.1 s, acquisition time=1.3 s, pulse width=908. All data are reported rel-
ative to the internal reference list of the spectrometer.[19]
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Dynamic Self-Assembly of an M3L6 Molecular Triangle and an M4L8
Tetrahedron from Naked PdII Ions and Bis(3-pyridyl)-Substituted Arenes


Dillip K. Chand,[a] Kumar Biradha,[a] Masaki Kawano,[a] Shigeru Sakamoto,[b]


Kentaro Yamaguchi,[b] and Makoto Fujita*[a]


Introduction


Synthesis of molecular structures from organic ligands and
transition-metal ions through self-assembly has received
privileged attention during the last decade.[1] As the coordi-
nation geometry around transition-metal ions, the key cor-
ners, is usually predictable, the self-assembly structure that
would result by the complexation of a metal ion with a des-
ignated ligand may be assumed a priori.[2] However, the
mode of arrangement of the participating components de-
pends on many factors: steric requirements, thermodynamic
stability, entropy cost of the final assembly, guest molecules
if any, solvent, and so on.[3] Thus, the prediction of a new
structure from a designated ligand and a selected metal ion
under a particular set of conditions is not always a straight-
forward task. In solution, two or more isomers or structures
may coexist in dynamic equilibrium, depending on the direc-
tionality/flexibility of the ligand, especially when the metal–
ligand bond of the system is labile.[4,5] It is also possible in


Abstract: The pyridine-appended non-
chelating bidentate ligands 1,4-bis(3-
pyridyl)benzene (1) and 4,4’-bis(3-pyr-
idyl) biphenyl (2) were complexed with
a naked PdII ion for the construction of
molecular cage compounds. Prior to
these experiments, the complexation of
the ligands with cis-[Pd(en)ACHTUNGTRENNUNG(NO3)2] was
also examined, because self-assemblies
from the cis-protected PdII ion were ex-
pected to be simple motifs that consti-
tute the assemblies from naked PdII


ion. The structures of the self-assem-
bled compounds resulting from 1 and
[Pd(en) ACHTUNGTRENNUNG(NO3)2] depended on the sol-
vent employed. In aqueous solution, an
M2L2 trenchlike compound was ob-
tained. In dimethyl sulfoxide, however,


a mixture of the M2L2 trench and an
M3L3 macrocycle was found in equilib-
rium, the dynamic nature of which was
confirmed by the concentration-depen-
dent nature of the species. At higher
concentration, an M4L4 macrocycle was
mostly observed. The complexation of
1 with naked PdII ions was expected to
produce novel structures that are com-
binations of the MnLn type frameworks.
A peculiar tetrahedral M4L8 assembly
was obtained quantitatively from 1 and
PdACHTUNGTRENNUNG(NO3)2, rather than the smallest pos-
sible M3L6 double-walled triangle. In-


terestingly, the use of Pd ACHTUNGTRENNUNG(CF3SO3)2 re-
sulted in the sole formation of the
latter structure. Thus, the anion is im-
portant as a template in the formation
of these assemblies. Ligand 2, which
contains an extra p-phenylene unit
compared to 1, behaved in a similar
manner when treated with
[Pd(en) ACHTUNGTRENNUNG(NO3)2], but showed subtle dif-
ferences with naked PdII ions. With Pd-
ACHTUNGTRENNUNG(NO3)2, 2 gave mostly a tetrahedron
along with a double-walled triangle.
With Pd ACHTUNGTRENNUNG(CF3SO3)2, this longer ligand
formed a double-walled triangle with a
negligible amount of tetrahedra. A
single discrete assembly of a perfect
tetrahedron was obtained from 2 and
PdII ions by choosing p-tosylate as a
counterion.
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certain cases to shift the equilibrium towards one of the
compounds as a single/major product by suitable control of
parameters such as solvent, guest molecules, temperature,
time, and so on.[6]


Herein, we describe the self-assembly of two bidentate
nonchelating pyridine-appended ligands 1 and 2 with a


naked PdII ion. Whereas self-assembly with cis-protected
PdII ions has been explored considerably,[2a] little attention
has been paid, to our surprise, to the use of naked PdII as
metal centers[7] in metal-directed self-assembly. As PdII ions
are easy to handle, owing to their thermo- and photo-stabili-
ty as well as the moderate lability of PdII–pyridine bonds,
the establishment of very efficient molecular self-assembly
systems should not be a problem. The orientation of four
pyridyl groups around each PdII center gives rise to more
possibilities for the dynamic self-assembly of two or more
structures. In fact, we observed the dynamic self-assembly of
two new types of architecture: a molecular double-walled
triangle and a peculiar tetrahedron. We show herein that the
dynamic equilibrium of the two compounds is controlled by
counteranions. The ability of the anion to induce the selec-
tive assembly[8] is also highlighted.


Results and Discussion


Complexation with a cis-Protected PdII Ion


First, we examined the complexation of 1 and 2 with cis-
[Pd(en) ACHTUNGTRENNUNG(NO3)2],


[2a] because self-assemblies from the cis-pro-
tected PdII ion are expected to be simple motifs that consti-
tute the assemblies from a naked PdII ion. In the following
complexation experiments, the solutions obtained from H2O
or dimethyl sulfoxide (DMSO) were subjected to coldspray
ionization (CSI)-MS,[9] and those from D2O or [D6]DMSO
were used for 1H and 13C NMR spectroscopic measurement.


Ligands 1 and 2 were prepared by Negishi coupling of 3-
bromopyridine with 1,4-diiodobenzene or 4,4’-diiodobiphen-
yl in a single step with a general method. Products that as-
sembled in a pure form in solution were isolated as powders,
whereas no effort was made to segregate the assemblies that
exist as a dynamic equilibrium of two or more compounds.
The NMR spectrum obtained from a solution of the com-
plex matched that of the corresponding isolated complex
when redissolved in the deuterated solvent.


A Molecular Trench in an Aqueous Solution


Ligand 1 was mixed with [Pd(en) ACHTUNGTRENNUNG(NO3)2] (1:1) in D2O
(5 mm), and the suspension was stirred at 60 8C for 1 h to
obtain a clear solution. The proton NMR signals for the re-
sulting complex were shifted downfield relative to those of 1
(Figure 1a), particularly for Ha and Hb (Dd=0.55 and


Figure 1. 1H NMR spectra of a) ligand 1, b) tetrahedron 7a, c) tetrahe-
dron 7b, and d) double-walled triangle 6 (500 MHz, [D6]DMSO, 25 8C,
TMS as external standard); a–e: double-walled edges, a’–e’: single-walled
edges.
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0.26 ppm, respectively); this shift can be ascribed to metal–
ligand complexation. The simple pattern of the spectrum
suggests the formation of a single species. Interestingly, the
signal of He is shifted upfield (Dd=0.35 ppm). Considering
the rigidity and ability of angular coordination of 1, the
smallest structure assumed for this condition is the M2L2


[10]


trench 3. CSI-MS measurements of the aqueous solution


(2% N,N-dimethylformamide (DMF), ligand concentra-
tion=5 mm) showed the existence of this formulation, which
was confirmed from its crystal structure (as discussed later).
The upfield shift of the He signal above probably resulted
from the ring current of adjacent aromatic rings of the com-
plexed ligands held closely in a special position in 3.


Dynamic Equilibrium of Molecular Trench, Triangle, and
Square


The complexation of 1 (5 mm) with [Pd(en) ACHTUNGTRENNUNG(NO3)2] was also
performed in [D6]DMSO. A dynamic-equilibrium mixture of
two assemblies was observed in the solution as indicated by
NMR spectroscopy. However, a single structure out of the
two was almost invariably observed at a ligand concentra-
tion of 1 mm. All proton signals were shifted down-field
except for the C6H4 signals, which showed a small upfield
shift (also found in the case of 3 in D2O), thus suggesting
the formation of 3 at this concentration. Increasing the
ligand concentration (e.g. 5 or 10 mm) resulted in the coexis-
tence of structure 4, as evident from a new set of signals
that developed from the minor peaks seen at a concentra-
tion of 1 mm. In this case, the signal of C6H4 in 4 was shifted
downfield, in contrast to the upfield shift of the signal of


C6H4 in the spectrum of 3. Therefore, the hydrophobic
shielding on C6H4 for 3 is no longer present in 4. Thus, the
constituent ligands in 4 are expected not to be very close to
each other, unlike in 3. The new signals became intense with
increasing concentration and, from entropic considerations,
4 is considered as an M3L3 trinuclear molecular triangle.[11]


Because of their high solubility in DMSO, we could prepare
the complexes at even higher concentrations. With a ligand
concentration of 40 mm, 4 was the major product (Table 1),


along with a small amount of 3 and another new compound
5, which is a tetranuclear M4L4 molecular square.[12] At a
ligand concentration of 500 mm, 5 was almost the only prod-
uct. CSI-MS measurements strongly supported the NMR
spectroscopic result and the formation of 3, 4, and 5. Equi-
librium between a molecular triangle and a square are often
discussed.[13] There are also reports on selective crystalliza-
tion of this kind of species.[13a,14] Herein is the first time a di-
nuclear species that is also in equilibrium is reported.
Ligand 2 behaved in a similar way to 1, as observed by
1H NMR spectroscopy.


Complexation with a Naked
PdII Ion


It was assumed that complexa-
tion of a naked PdII ion with 1
should result in new assemblies
in which both trench and trian-
gle-like moieties (correspond-
ing to the frameworks of 3 and
4, respectively) exist.


Molecular Tetrahedron from 1


As described earlier, there is a
dynamic equilibrium between
3 and 4 at moderate concentra-
tions in DMSO. In principle,
use of a naked PdII ion in com-


Table 1. Percentage ligand distribution for 3, 4, and 5 at specified ligand
concentrations.


Concentration
of 1 [mmol][a]


Ligand distribution [%][b]


3 4 5


1 87 13 N[c]


5 58 42 N
10 44 56 N
20 29 61 10
40 18 58 24


100 7 36 57
200 N 20 80
400 N 12 88
500 N 8 92


[a] Concentration of 1 was varied (e.g. 1–500 mm) with appropriate
amount of metal ion in [D6]DMSO, upon which mixture of 3, 4, and 5
was obtained in a concentration-dependent manner. [b] Calculated from
the integration of peaks corresponding to Ha in


1H NMR spectra. [c] N=


intensity of observed peak is negligible.
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bination with 1 in DMSO should lead to structures that are
composed of both the skeletons of M2L2 and M3L3 cyclic
frameworks. The smallest structure logically considered is
double-walled triangle 6 (Scheme 1). One can consider that


6 is composed of three units of the backbone of 3 or two
units of that of 4.


The complexation reaction was carried out in [D6]DMSO
with 1 (10 mm) and Pd ACHTUNGTRENNUNG(NO3)2 (5 mm). Instead of the pattern
of five signals that should be seen for the proposed structure
of 6, it was observed that each kind of proton appeared at
two distinct positions, thus giving a total of ten peaks (Fig-
ure 1b). The ratio of two signals belonging to any of the
proton types was 1:1. Furthermore, the ratio remained inde-
pendent of ligand concentration over a range of 1 to
100 mm, which suggests the self-assembly of a single discrete
component. The CSI-MS spectrum of the new assembly cor-
responded to the formulation M4L8. The next-biggest possi-
ble structure after 5 that could explain the NMR spectrosco-
py and MS results is 7a, with a tetrahedron framework
(Scheme 1b). The structure of 7a is composed of one unit of


the backbone of 3 and two units of 4, thus giving rise to four
ligands in one environment and four in another. As shown
in Scheme 1, 7a corresponds to the formulation M4L8 and
confers to the two sets of signals in the NMR spectrum a
ratio of 1:1 for each proton type. Four ligands occupy four
edges of the tetrahedron as a single-walled and another four
ligands cover the remaining two edges as a double-walled
combination. Formation of the double-walled M4L8 square
was ruled out by consideration of the NMR spectroscopic
evidence. All peaks of 7a were assigned (Figure 1b) by
1H–1H COSY and NOESY spectra and by the comparison
of its proton NMR spectrum with that of a mixture of 3 and
4. Notably, cross-peaks were observed from the protons Ha


(or Hb) of the two different sets in the NOESY spectrum of
7a (Figure 2). This observation gives extra evidence that
both sets of signals belong to a single compound and are


positioned close to each other, as the NOESY spectrum of a
mixture of 3 and 4 does not exhibit such cross-peaks for Ha


or Hb protons. A convincing crystal structure of 7a, dis-
cussed below, provides the final evidence for the assembly.


Anion-Assisted Assembly of Pure Double-Walled Triangle
and Tetrahedron from 1


The role of cationic/neutral templates to dictate cage struc-
tures has been well-explored.[15] Recently, there were also
examples where anionic templates[8] direct self-assembly in a
selective manner. Various aspects of the role of anions in
supramolecular chemistry[16] are recently gaining impor-
tance. However, anion-templated synthesis is still at its in-
fancy and deserves much more study for generalization.
Since our cages are cationic, these are expected to encapsu-
late anionic guests. Therefore, the variation of anions associ-


Scheme 1. a) Schematic representation of double-walled triangle 6 and
tetrahedron 7; the lines stand for ligand 1 and the balls for the PdII ion
(anions are not shown). b) Structural drawings for 6 and 7.


Figure 2. NOESY spectrum of 7a (500 MHz, [D6]DMSO, 25 8C, TMS as
external standard); a–e: double-walled edges, a’–e’: single-walled edges.
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ated with PdII centers was carried out in [D6]DMSO to
check the possibility of obtaining structure 6 and to under-
stand their templating nature toward the PdII-linked cages.


Previous discussion herein describes that 1 and PdACHTUNGTRENNUNG(NO3)2
gave a peculiar tetrahedral assembly 7a. With tetrafluorobo-
rate as the anion, both CSI-MS and NMR spectroscopic
studies indicated the sole formation of a tetrahedral struc-
ture 7b (Figure 1c) that is similar to 7a. However, the sig-
nals for protons Ha and He were shifted relatively less down-
field compared to those for 7a. This observation preliminar-
ily suggests that a nitrate ion binds strongly to the cavity at
the corners. Interestingly, the double-walled triangle struc-
ture of the framework of 6 was confirmed when triflate
anion was used. A simple concentration-independent pat-
tern of one set of five signals (Figure 1d) was observed, and
CSI-MS supported the formulation M3L6.


Dynamic Equilibrium Between Double-Walled Triangle and
Tetrahedron from 2 and Formation of Pure Tetrahedron


We designed a higher homologue of double-walled triangle/
tetrahedron starting from the longer ligand 2. Ligand 2, like
1, formed a mixture of molecular trench 8 and triangle 9
when treated with cis-protected PdII ions. At higher concen-
trations, square 10 could be also seen (the structures of 8–10
can be defined by replacing ligand 1 with ligand 2 in the
structures of 3–5, respectively). Thus, this system is also ex-
pected to give, upon complexation with naked PdII ions,
double-walled triangle 11 and tetrahedron 12, which are log-
ically composed of the frameworks of 8 and 9. When 2 was
treated with naked PdII ions, the resulting self-assemblies
were again found to be anion-dependent in nature. In this
case, dynamic equilibrium between the two products is ob-
served (Scheme 2). With nitrate as the anion, there is a dy-


namic equilibrium between 11a and 12a with a 1:1 ratio.
With triflate, 11b was predominantly observed along with a
negligible proportion of 12b. Since 2 contains one more p-
phenylene ring than 1, it is logical to check whether an aro-
matic sulfonate can act as a template to readily give a single
structure. In fact, the use of p-tosylate leads to the forma-
tion of pure tetrahedron 12c of the M4L8 framework, and


no trace of a double-walled triangle like 11c was detected.
A concentration study was not performed due to the con-
straint of solubility of complexes above a ligand concentra-
tion of 10 mmol. The formation of all the structures was sup-
ported by proton NMR spectroscopy and CSI-MS data. The
crystal structure of 12c was determined; the data showed
the framework, but was not good enough for further discus-
sion.


Crystal Structures


3 : Single crystals of 3 were grown by slow evaporation of its
aqueous–methanolic solution at room temperature. The
crystal structure consists of molecules of 3 and water of crys-
tallization. The cationic fragment is shown in Figure 3. The
distance between the two metal centers is 11.3 M, and the
Pd�N bond distances are around 2.0 M. The structure is in
line with the spectroscopic evidence. Structure 3 is reminis-
cent of the tetrahedral assembly 7a as discussed in next
paragraph.
7a : Diffusion of acetone into a solution of 7a in DMSO


gave single crystals suitable for structure determination. The
results of the XRD study (Figure 4) agrees with the struc-
ture predicted from spectroscopic evidence. The four PdII


Figure 3. Representation of [{Pd(en)}2(1)2]
4+ in the crystal structure of 3 ;


palladium (magenta), nitrogen (blue), carbon (gray).


Figure 4. Representation of [(Pd)4(1)8]
8+ in the crystal structure of 7a ;


palladium (magenta), nitrogen (blue), carbon (gray).


Scheme 2. Schematic representation of the dynamic equilibrium between
double-walled triangle and tetrahedron; the lines stand for ligand 2 and
balls for the PdII ion. The structures 11a and 12a exist in dynamic equi-
librium, as do 11b and 12b. However, only 12c is formed and no trace of
11c is observed.
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ions involved in the structure occupy the apices of an imagi-
nary tetrahedral array. All the metal centers have square-
planar geometry with Pd�N bond distances of 1.9–2.0 M.
The average distance between terminal metal centers of
single-walled edges is 12.2 M, whereas that of double-walled
edges is 11.4 M. Four of the eight nitrate ions are outside
the cavity, one bound axially on each PdII ion with a Pd�O
distance of 3.0 M. Two nitrate ions are in the cavity, one at
an inner corner and the other penetrating one of the four
faces of the tetrahedron. One nitrate ion is outside the
cavity without any possible interaction, and the last one was
not located. The remaining three inner corners of the cavity
are occupied one by a water molecule and the other two by
unresolved fragments. All four triangular windows of the
tetrahedron are also covered, one with a nitrate ion as de-
scribed above, two each with one DMSO molecule, and the
fourth with an unresolved molecule similar to acetone. Thus,
at least two nitrate ions interact with the cavity.


The structure 7a is a unique molecular tetrahedron that
deserves particular attention. The other reported structures
of edge-capped tetrahedral self-assemblies driven by suita-
ble metal ions consist of six ligand units, one at each edge of
the tetrahedron.[17] Herein, however, we have eight ligand
moieties arranged in a typical fashion where two edges are
double-walled and the remaining four edges are single-
walled.
12c : Similarly, diffusion of acetone into a solution of 12c


in DMSO resulted in single crystals. The results of the XRD
study confirmed the tetrahedral framework (Figure 5). How-
ever, the data were not good enough for further discussion.


Conclusions


In conclusion, we have shown the usability of a particular
ligand to both cis-protected and naked PdII ions for self-as-
sembly. The results show that metal-directed self-assembly


structures can be quantitatively obtained by proper tuning
of the conditions, particularly with respect to the anion. The
formation of peculiar molecular tetrahedrons provides a
new class of examples to complement the family of tetrahe-
drons reported earlier.


Experimental Section


Material and Methods


All chemicals were of reagent grade and used without any further purifi-
cation. Ethylenediamine was used for the cis-protection of PdII ions, as
described earlier, to obtain cis-[Pd(en)ACHTUNGTRENNUNG(NO3)2]. Melting points were re-
corded on an electrical micro-melting-point apparatus (Yanaco) and were
uncorrected. Deuterated solvents were acquired from Cambridge Isotop-
ic Laboratories, Inc. and used as such for the complexation reactions and
NMR spectroscopic measurements. NMR spectral data were recorded
with a Bruker DRX 500 spectrometer at ambient temperature, and the
chemical shift values reported here are with respect to an external tetra-
methylsilane (TMS) standard. CSI-MS data were measured with a four-
sector (BE/BE) tandem mass spectrometer (JMS-700T, JEOL) equipped
with the CSI source.


Crystallography


Single-crystal XRD data for 3 were obtained with a Rigaku AFC5S dif-
fractometer with graphite-monochromated CuKa radiation, whereas those
of 7a and 12c were collected with a Siemens SMART/CCD diffractome-
ter with MoKa radiation. For the data of 3, an empirical absorption cor-
rection was applied with the program DIFABS;[18] structure refinement
was performed by utilizing SHELX86.[19] The data for 7a and 12c were
corrected for absorption with the SADABS[20] program; SHELXTL[21]


was used for structure solution and refinement. All nonhydrogen atoms
were refined anisotropically. The H atoms were fixed in calculated posi-
tions and refined isotropically. Crystal data and structure refinement pa-
rameters are shown in Table 2. CCDC-297694, -297695, and -297117 con-
tain the supplementary crystallographic data for 3, 7a, and 12c, respec-
tively. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.


Syntheses


1: Ligand 1 was prepared by the Negishi coupling of 3-bromopyridine
with 1,4-diiodobenzene. Dry diethyl ether (100 mL) was placed in a
three-necked flask under Ar atmosphere. It was cooled to �78 8C fol-
lowed by the introduction of nBuLi (1.5m in n-hexane, 33.33 mL,
50 mmol) with continuous stirring. 3-bromopyridine (7.27 g, 46 mmol)
was then added dropwise, and the solution was stirred for another
30 min. The lithiated pyridine compound was converted into the corre-
sponding organozinc salt by slow introduction of ZnCl2 (0.5m in THF,
100 mL, 50 mmol). The mixture was warmed to room temperature and
allowed to stir for 1 h. A solution of 1,4-diiodobenzene (6.60 g, 20 mmol)
in THF was added slowly followed by transfer of a suspension of the cat-
alyst [Pd ACHTUNGTRENNUNG(PPh3)4] (2.31 g, 2 mmol) in THF through a canula. The mixture
was then stirred at room temperature for 12 h. After the usual aqueous
workup, the residue was purified by column chromatography over silica
gel (CHCl3/MeOH=20:1) to obtain 1 as a pale solid (2.60 g, 56%). M.p.:
117–118 8C; 1H NMR(500 MHz, CDCl3, TMS): d=8.91 (d, J=2.24 Hz,
2H; a), 8.63 (dd, J=1.4, 4.7 Hz, 2H; b), 7.93 (td, J=7.8, 2.0 Hz, 2H; d),
7.72 (s, 4H; e), 7.40 ppm (dd, J=8.0, 5.0 Hz, 2H; c); 1H NMR (500 MHz,
D2O, TMS): d=8.90 (s, 2H; a), 8.57 (d, J=3.1 Hz, 2H; b), 8.23 (d, J=
5.9 Hz, 2H; d), 7.89 (s, 4H; e), 7.61 ppm (m, 4H; c); 1H NMR (500 MHz,
[D6]DMSO, TMS): d=9.51 (s, 2H; a), 9.14 (d, J=3.2 Hz, 2H; b), 8.70 (d,
J=7.3 Hz, 2H; d), 8.43 (s, 4H; e), 8.06 ppm (dd, J=7.4 and 4.8 Hz, 2H;
c); 13C NMR (125 MHz, [D6]DMSO, TMS): d=149.7 (b), 148.7 (a), 137.8
(Cq), 135.9 (Cq), 135.1 (d), 128.6 (e), 125.0 ppm (c); elemental analysis:
calcd (%) for C16H12N2: C 82.73, H 5.21, N 12.06; found: C 82.67, H 5.10,
N, 12.06.


Figure 5. Representation of [(Pd)4(2)8]
8+ in the crystal structure of 12c ;


palladium (magenta), nitrogen (blue), carbon (gray).
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2 : Ligand 2 was prepared by the Negishi coupling of 3-bromopyridine
with 4,4’-diiodobiphenyl in a similar manner as described above for the
synthesis of 1 (yield 74%). M.p.: 225–226 8C; 1H NMR (500 MHz, CDCl3,
TMS): d=8.92 (d, J=2.4 Hz, 2H; a), 8.62 (dd, J=4.8, 1.6 Hz, 2H; b),
7.93 (td, J=7.8, 2.1 Hz, 2H; d), 7.77 (d, J=8.4 Hz, 4H; e), 7.70 (d, J=
8.4 Hz, 4H; f), 7.39 ppm (dd, J=8.0, 4.9 Hz, 2H; c); 1H NMR (500 MHz,
[D6]DMSO, TMS): d=9.51 (s, 2H; a), 9.13 (d, J=3.7 Hz, 2H; b), 8.69 (d,
J=7.7 Hz, 2H; d), 8.41 (d-like, J=6.6 Hz, 8H; e and f), 8.02 ppm (t, J=
7.0 Hz, 2H; c); 13C NMR (125 MHz, [D6]DMSO, TMS): d=149.5 (b),
148.4 (a), 139.9 (Cq), 137.2 (Cq), 135.9 (Cq), 134.9 (d), 128.4 (f), 128.2
(e), 124.8 ppm (c); elemental analysis: calcd (%) for C22H16N2: C 85.69,
H 5.23, N 9.08; found: C 85.87, H 5.11, N 8.89.


3 : (Concentration of 1 in solution: 5 mm) [Pd(en) ACHTUNGTRENNUNG(NO3)2] (7.3 mg,
0.025 mmol) was added to a suspension of 1 (5.8 mg, 0.025 mmol) in
water (5 mL). The mixture was stirred at 60 8C for 10 min to give a clear
solution. Subsequent introduction of diethyl ether resulted in the precipi-
tation of 3 (10.2 mg, 73%). M.p.: decomp. at 240 8C; 1H NMR (500 MHz,
D2O, TMS): d=9.44 (s, 4H; a), 8.83 (d, J=5.4 Hz, 4H; b), 8.152 (d, J=


6.4 Hz, 4H; d), 7.579 (t, J=6.5 Hz, 4H; c), 7.54 (s, 8H; e), 2.97 ppm (s,
8H; -CH2-);


13C NMR (125 MHz, D2O, TMS): d=150.4 (b), 149.0 (a),
138.8 (Cq), 138.1 (d), 135.8 (Cq), 128.1 (e), 126.6 (c), 46.8 ppm (-CH2-);
elemental analysis: calcd (%) for C36H40N12O12Pd2·4H2O: C 38.69, H
4.33, N 15.04; found: C 38.91, H 4.0, N 15.28; CSI-MS (2% DMF added):
m/z=254, 272, 290, 308, 335, 359, 384, and 460, which correspond to [(3-
(NO3)4)+3DMF]4+ , [(3-(NO3)4)+4DMF]4+ , [(3-(NO3)4)+5DMF]4+ , [(3-
(NO3)4)+6DMF]4+ , [(3-(NO3)3)+2DMF]3+ , [(3-(NO3)3)+3DMF]3+ , [(3-
(NO3)3)+4DMF]3+ , and [(3-(NO3)2)]


2+ , respectively.


Mixture of 3 and 4 : (Concentration of 1 in solution: 10 mm) [Pd(en)-
ACHTUNGTRENNUNG(NO3)2] (14.5 mg, 0.050 mmol) was added to a solution of 1 (11.6 mg,
0.050 mmol) in DMSO (5 mL). The mixture was stirred at 60 8C for
10 min to give a clear solution. A control experiment in [D6]DMSO
under the same conditions showed the formation of a mixture of 3 and 4.
1H NMR (500 MHz, [D6]DMSO, TMS): for 3 : d=10.40 (s, 4H; a), 9.44
(d, J=5.5 Hz, 4H; b), 9.00 (d, J=8.1 Hz, 4H; d), 8.38 (s, 8H; e), 8.32 (m,
4H; c), 6.27 (s, 8H; -NH2), 3.30 (s, 8H; -CH2-); for 4 : 9.86 (s, 6H; a),
9.53 (d, J=5.5 Hz, 6H; b), 9.00 (d, J=8.1 Hz, 6H; d), 8.48 (s, 12H; e),
8.32 (m, 6H and 4H; c), 6.23 (s, 12H; -NH2), 3.28 ppm (s, 12H; -CH2-)
(the percentage ligand distribution is almost equal for both structures at
this concentration, but there exists a negligible amount of 5 (Table 1));
13C NMR (125 MHz, [D6]DMSO, TMS): d=152.2 (b of 3), 151.5 (b of 4),
151.1 (a of 4), 150.1 (a of 3), 139.1 and 138.7 (d of 3 and 4), 137.9 (Cq),
137.9 (Cq), 136.4 (Cq), 136.1 (Cq), 129.0 (e of 4), 128.8 (e of 3), 127.5
and 127.4 (c of 3 and 4), 48.0 (-CH2-), 47.8 ppm (-CH2-); CSI-MS (con-
centration of 1 in solution: 20 mm ; 20% MeOH added): m/z=297
[(3-(NO3)4+5DMSO]4+ , 317 [(3-(NO3)4)+6DMSO]4+ , 337 [(3-(NO3)4)+
7DMSO]4+ , 364 [(3-(NO3)3)+3DMSO]3+ , 390 [(3-(NO3)3)+4DMSO]3+ ,
500 [(3-(NO3)2)+DMSO]2+; m/z=486 [(4-(NO3)3)+1DMSO]3+ , 512
[(4-(NO3)3)+2DMSO]3+ , 694 [(4-(NO3)3)+9DMSO]3+ , 721 [(4-(NO3)2)+
DMSO]2+ ; 5 could also be observed at this concentration (Table 1) at
m/z=982 [(5-(NO3)2)]


2+ .


5 : (Concentration of 1 in solution: 500 mm) Structure 5 was observed
with 92% ligand sharing at this concentration. 1H NMR (500 MHz,
[D6]DMSO, TMS): d=9.88 (bs, 8H; a), 9.33 (br s, 8H; b), 8.90 (br s, 8H;
d), 8.40 (br s, 16H; e), 8.14 (br s, 8H; c), 6.22 (br s, 16H; -NH2),
3.18 ppm (br s, 16H; -CH2-,);


13C NMR (125 MHz, [D6]DMSO, TMS):
d=151.5 (b), 151.0 (a), 138.9 (d), 137.9 (Cq), 136.4 (Cq), 129.0 (e), 127.4
(c), 47.8 ppm (-CH2-). CSI-MS could not be performed at such a high
concentration. However, at lower concentrations, a peak corresponding
to 5 was seen (see above) along with the peaks of 3 and 4.


6 : (Concentration of 1 in solution: 20 mm) A suspension of PdCl2
(8.9 mg, 0.050 mmol) and AgCF3SO3 (25.7 mg, 0.100 mmol) in DMSO (or
[D6]DMSO; 5 mL) was stirred at 90 8C for 30 min, whereupon AgCl was
precipitated. 1 (23.2 mg, 0.100 mmol) was added to this mixture, and the
stirring was continued for another 10 min at 90 8C followed by filtration
to obtain a clear solution. Subsequent introduction of chloroform/diethyl
ether resulted in precipitation of 6 (37.2 mg, 71%). M.p.: decomp. at
281 8C; 1H NMR (500 MHz, [D6]DMSO, TMS) d=10.93 (br s, 12H; a),
9.90 (d, J=5.4 Hz, 12H; b), 9.02 (d, J=7.9 Hz, 12H; d), 8.43 (dd, J=7.6,
5.8 Hz, 12H; c), 8.37 ppm (s, 24H; e); 13C NMR (125 MHz, [D6]DMSO,
TMS): d=151.1 (b), 150.9 (a), 139.5 (d), 138.7 (Cq), 136.1 (Cq), 129.4
(e), 128.5 (c), 121.7 ppm (Ctriflate); elemental analysis: calcd (%) for
C102H72N12F18O18Pd3·6DMSO·4H2O: C 43.49, H 3.71, N 5.34; found: C
43.16, H 3.39, N 5.02; CSI-MS (33% MeOH added): m/z=409
[(6-(CF3SO3)5)+2DMSO+MeOH]5+ , 425 [(6-(CF3SO3)5)+3DMSO+


MeOH]5+ , 441 [(6-(CF3SO3)5)+4DMSO+MeOH]5+ , 510
[(6-(CF3SO3)4)+MeOH]4+ , 529 [(6-(CF3SO3)4)+DMSO+MeOH]4+ ,
549 [(6-(CF3SO3)4)+2DMSO+MeOH]4+ , 729 [(6-(CF3SO3)3)+MeOH]3+ ,
1169 [(6-(CF3 SO3)2)+MeOH]2+ .


7a : (Concentration of 1 in solution: 20 mm) A mixture of 1 (23.2 mg,
0.100 mmol) and Pd ACHTUNGTRENNUNG(NO3)2 (11.5 mg, 0.050 mmol) in DMSO (5 mL) was
stirred at 90 8C for 10 min, and the solution was filtered to obtain a clear
solution. Subsequent introduction of chloroform/diethyl ether resulted in
precipitation of 7a (28.7 mg, 68%). M.p.: decomp. at 297 8C; 1H NMR
(500 MHz, [D6]DMSO, TMS): d=10.78 (s, 8H; a), 10.22 (s, 8H; a’), 10.14
(d, J=5.5 Hz, 8H; b’), 9.59 (d, J=5.5 Hz, 8H; b), 9.07 (d, J=8.0 Hz, 8H;
d’), 8.90 (d, J=8.0 Hz, 8H; d), 8.69 (s, 16H; e’), 8.50 (dd, J=7.7, 5.9 Hz,


Table 2. Crystallographic data and summary of data collection and refine-
ment for structures 3, 7a, and 12c.


3 7a 12c


Empirical for-
mula


C36H44N12O15Pd2 C182H156N24O38Pd4S8 C511H580N31O62Pd8S16


Mr 1097.61 3993.58 9512.22
T [K] 173(2) 193(2) 113(2)
l [M] 1.54178 ACHTUNGTRENNUNG(Cu-Ka) 0.71073 ACHTUNGTRENNUNG(Mo-Ka) 0.71073 ACHTUNGTRENNUNG(MO-Ka)
Crystal system monoclinic triclinic triclinic
Space group P21/n P1̄ P1̄
a [M] 22.178(3) 20.705(3) 26.590(8)
b [M] 12.998(2) 21.151(2) 26.735(8)
c [M] 30.286(2) 22.278(3) 40.142(12)
a [8] 90.0 91.725(2) 87.676(6)
b [8] 98.138(8) 90.595(2) 79.046(6)
g [8] 90.0 107.389(2) 85.476(6)
V [M3] 8642(1) 9304.0(19) 27920(15)
Z 8 2 2
Dc [gcm


�3] 1.687 1.426 1.131
M [mm�1] 7.428 0.550 0.374
F ACHTUNGTRENNUNG(000) 4448 4112 9966
Crystal
size [mm3]


0.35U0.18U0.35 0.20U0.15U0.15 0.33U0.17U0.09


V range [8] 3.0 to 60.1 1.21 to 25.00 2.0 to 20.0
Index ranges 0�h�24, �24�h�22, �35�h�34,


0�k �14, �25�k�19, �35�k�35,
�34� l�33 �26� l�26 �52�h�53


Reflections
collected


13916 48020 342806


Independent
reflections


13521 31665 134310


Rint 0.035 0.0519 0.3907
Completeness 100%


(V=60.18)
96.6% (V=25.08) 95.6% (V=28.58)


Max. and min.
transmission


0.263 and 0.200 0.9220 and 0.8979 0.9671 to 0.8864


Refinement
method


full-matrix-
least-squares


full-matrix-block
least-squares on F2


full-matrix-block
least-squares on F2


Data/re-
straints/param-
eters


7942/0/1301 31665/0/2149 134310/4128/2617


Goodness-of-
fit on F2


1.92 1.392 1.097


Final R indices
(I>2s(I))


R1=0.0654,
wR2=0.0932


R1=0.1094,
wR2=0.3154


R1=0.2169,
wR2=0.4760


Largest diff.
peak/hole
[eM�3]


2.35 and �1.0 3.239 and �2.164 2.011 and �1.029
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8H; c’), 8.40 (s, 16H; e), 8.22 ppm (dd, 8H; c) (a–e: double-walled edges,
a’–e’: single-walled edges); 13C NMR (125 MHz, [D6]DMSO, TMS): d=
151.1 (b), 150.8 (b’), 150.1 (a’), 149.7 (a), 139.7 (d’), 139.2 (d), 138.4 (Cq),
138.1 (Cq), 136.1 (Cq), 135.9 (Cq), 129.0 (e’), 128.9 (e), 128.7 (c’),
128.1 ppm (c); elemental analysis: calcd (%) for C128H96N24O24Pd4·
7DMSO·3H2O: C 50.45, H 4.29, N 9.94; found: C 50.05, H 4.12, N 9.92;
CSI-MS: m/z=540 [(7a-(NO3)5)+3DMSO]5+ , 632 [7a-(NO3)4]


4+ , 864
[7a-(NO3)3]


3+ , 889 [(7a-(NO3)3)+1DMSO]3+ .


7b : (Concentration of 1 in solution: 20 mm) A suspension of PdCl2
(8.9 mg, 0.050 mmol) and AgBF4, (19.5 mg, 0.100 mmol) in DMSO
(5 mL) was stirred at 90 8C for 30 min, whereupon AgCl was precipitated.
1 (23.2 mg, 0.100 mmol) was added to this mixture, and the stirring was
continued for another 10 min at 90 8C followed by filtration to obtain a
clear solution. Subsequent introduction of chloroform/diethyl ether re-
sulted in precipitation of 7b (30.4 mg, 66%). M.p.: decomp. at 262 8C;
1H NMR (500 MHz, [D6]DMSO, TMS): d=10.50 (s, 8H; a), 10.148 (d,
J=5.6 Hz, 8H; b’), 10.107 (s, 8H; a’), 9.591 (d, J=5.6 Hz, 8H; b), 9.05
(d, J=8.0 Hz, 8H; d’), 8.88 (d, J=8.1 Hz, 8H; d), 8.58 (s, 16H; e’), 8.504
(dd, J=7.8, 6.0 Hz, 8H; c’), 8.25 (s, 16H; e), 8.25 ppm (merged inside a
singlet, 8H; c) (a–e: double-walled edges, a’–e’: single-walled edges);
13C NMR (125 MHz, [D6]DMSO, TMS): d=151.3 (b), 151.0 (b’), 150.2
(a’), 149.6 (a), 140.0 (d’), 139.5 (d), 138.7 (Cq), 138.1 (Cq), 136.4 (Cq),
136.2 (Cq), 129.0 (e and e’), 128.7 (c’), 128.2 ppm (c); elemental analysis:
calcd (%) for C128H96N16B8F32Pd4·8DMSO·5H2O: C 46.83, H 4.20, N
6.07; found: C 46.67, H 4.43, N 5.71; CSI-MS: m/z=461
[(7b-(BF4)6)+4DMSO]6+ , 474 [(7b-(BF4)6)+5DMSO]6+ , 487
[(7b-(BF4)6)+6DMSO]6+ , 500 [(7b-(BF4)6)+7DMSO]6+ , 539
[(7b-(BF4)5)+2DMSO]5+ , 555 [(7b-(BF4)5)+3DMSO]5+ , 571
[(7b-(BF4)5)+4DMSO]5+ , 586 [(7b-(BF4)5)+5DMSO]5+ , 657
[(7b-(BF4)4)]


4+ , 677 [(7b-(BF4)4)+1DMSO]4+ , 696 [(7b-(BF4)4)+
2DMSO]4+ , 715 [(7b-(BF4)4)+3DMSO]4+ .


Mixture of 8, 9, and 10 : (Concentration of 2 in solution: 40 mm) [Pd(en)-
ACHTUNGTRENNUNG(NO3)2] (58.0 mg, 0.200 mmol) was added to a solution of 2 (61.6 mg,
0.200 mmol) in DMSO (5 mL). The mixture was stirred at 60 8C for
10 min, whereupon a clear solution was obtained. No attempt was made
to isolate the mixture of complexes. The experiment was also carried out
in [D6]DMSO under the same conditions. 1H NMR (500 MHz,
[D6]DMSO, TMS): d=10.40 (s, 4H; a of 8), 9.99 (s, 8H; a of 10), 9.86 (s,
6H; a of 9), 9.47 (d, 6H; b of 9), 9.42 (d, 4H and 8H; b of 9 and 10, re-
spectively), 8.99–8.94 (m, 4H, 6H, and 8H; d of 8, 9, 10, respectively),
8.54–8.25 (m, 20H, 30H, and 40H; e, f, c of 8, 9, 10, respectively), 6.26
(m; all -NH2), 3.28 ppm (m; all -CH2-).


Mixture of 11a and 12a : (Concentration of 2 in solution: 10 mm) A mix-
ture of 2 (15.4 mg, 0.050 mmol) and Pd ACHTUNGTRENNUNG(NO3)2 (5.8 mg, 0.025 mmol) in
DMSO (5 mL) was stirred at 9 8C for 10 min and filtered to obtain a
clear solution that is an almost equimolar mixture of 11a and 12a. The
solution was left to stand at room temperature for two months to obtain
a mixture of 12a with a small proportion of 11a. The experiment was
also carried out in [D6]DMSO under the same conditions. 1H NMR
(500 MHz, [D6]DMSO, TMS): d=10.76 (s, 8H; a), 10.28 (s, 8H; a’), 10.17
(d, J=5.05 Hz, 8H; b’), 9.57 (d, J=5.1 Hz, 8H; b), 9.03 (d, J=8.1 Hz,
8H; d’), 8.91 (d, J=7.8 Hz, 8H; d), 8.59 (d, J=8.1 Hz, 16H; e’), 8.53–
8.48 (m, 56H; c’ and f’, e and f), 8.22 ppm (t, J=6.7 Hz, 8H; c) (a–f:
double-walled edges, a’–f’: single-walled edges); 13C NMR (125 MHz,
[D6]DMSO, TMS) d=150.9 (b), 150.5 (b’), 150.5 (a’), 149.5 (a), 140.6
(Cq), 140.3 (Cq), 140.1 (Cq), 139.7 (d’),138.9 (d), 138.9 (Cq), 135.1 (Cq),
134.7 (Cq), 129.1 (e’), 129.0 (c’), 128.6 (e and f’), 128.3 (f), 128.1 ppm (c);
CSI-MS (MeOH added): m/z=784 [(12a-(NO3)4)]


4+ , 862
[(12a-(NO3)4)+4DMSO]4+ , 1067 [(12a-(NO3)3)+3DMSO]3+ , and 1142
[(12a-(NO3)3)+3DMSO]3+ ; ACHTUNGTRENNUNGm/z=1208 [(11a-(NO3)2)]


2+ .


Mixture of 11b and 12b : (Concentration of 2 in solution: 10 mm) A sus-
pension of PdCl2 (4.4 mg, 0.025 mmol) and AgCF3SO3 (12.8 mg,
0.050 mmol) in DMSO (5 mL) was stirred at 90 8C for 30 min, whereupon
AgCl was precipitated. 1 (12.9 mg, 0.050 mmol) was added to this mix-
ture, and the stirring was continued for another 10 min at 90 8C followed
by filtration to obtain a clear solution of 11b along with a small propor-
tion of 12b. The experiment was also carried out in [D6]DMSO under
the same conditions. 1H NMR (500 MHz, [D6]DMSO, TMS): d=10.46


(br s, 12H; a), 9.88 (d, J=5.4 Hz, 12H; b), 9.02 (d, J=7.9 Hz, 12H; d),
8.44 (d, J=8.1 Hz, 24H and 12H; e and c), 8.31 ppm (d, J=7.9 Hz, 24H;
f) (peaks of 12b are not described here); 13C NMR (125 MHz,
[D6]DMSO, TMS): d=150.9 (b), 150.1 (a), 139.9 (Cq), 139.5 (d), 139.0
(Cq), 135.4 (Cq), 129.1 and 128.5 (e and c), 127.9 (f), 122.7 ppm (Ctriflate);
CSI-MS (MeOH added): m/z=400 [(11b-(triflate)6)+3DMSO]6+ , 413
[(11b-(triflate)6)+4DMSO]6+ , 426 [(11b-(triflate)6)+5DMSO]6+ , 478
[(11b-(triflate)5)+1DMSO]5+ , 494 [(11b-(triflate)5)+2DMSO]5+ , 510
[(11b-(triflate)5)+3DMSO]5+ , 526 [(11b-(triflate)5)+4DMSO]5+ , 541
[(11b-(triflate)5)+5DMSO]5+ , 635 [(11b-(triflate)4)+1DMSO]4+ , 655
[(11b-(triflate)4)+2DMSO]4+ , 871 [(11b-(triflate)3)]


3+ , and 1381
[(11b-(triflate)2)]


2+ ; m/z=1212 [(12b-(triflate)3)]
3+ .


12c : (Concentration of 2 in solution: 10 mm) A suspension of PdCl2
(4.4 mg, 0.025 mmol) and AgOTs (13.9 mg, 0.050 mmol) in DMSO
(5 mL) was stirred at 90 8C for 30 min, whereupon AgCl was precipitated.
2 (15.4 mg, 0.050 mmol) was added to this mixture, and the stirring was
continued for another 10 min at 90 8C followed by filtration to obtain a
clear solution. Subsequent introduction of chloroform/diethyl ether re-
sulted in precipitation of 12c (29.4 mg, 82%). M.p.: decomp. at 270 8C;
1H NMR (500 MHz, [D6]DMSO, TMS): d=11.02 (s, 8H; a), 10.69 (s, 8H;
a’), 10.24 (d, J=5.6 Hz, 8H; b’), 9.61 (d, J=5.6 Hz, 8H; b), 9.06 (d, J=
8.3 Hz, 8H; d’), 8.92 (d, J=8.1 Hz, 8H; d), 8.67 (d, J=8.3 Hz, 16H; e’),
8.54 (d, J=8.1 Hz,16H; e), 8.54 (merged, 8H; c’), 8.36 (d, J=
8.4 Hz,16H; f’), 8.31 (bs, 16H; tosylateortho), 8.27 (d, J=8.4 Hz,16H; f),
8.22 (t, J=6.1 Hz, 8H; c), 7.68 (d, J=7.9 Hz, 16H; tosylatemeta), 2.79 ppm
(s, 24H; -CH3) (a–f: double-walled edges, a’–f’: single-walled edges);
13C NMR (125 MHz, [D6]DMSO, TMS): d=151.0 (b), 150.8 (b’), 150.5
(a’), 149.9 (a), 146.4 (Cq), 140.5 (Cq), 140.2 (Cq), 139.5 (d’), 139.4 (Cq),
138.8 (Cq), 138.7 (d), 138.6 (Cq), 134.8 (Cq), 134.5 (Cq), 129.3 (e’ and to-
sylatemeta), 128.7 (e), 128.6 (c’), 128.1 (f’), 127.9 (f and c), 126.6 (tosyla-
teortho), 21.8 ppm (-CH3); elemental analysis calcd (%) for
C232H184N16O24Pd4S8·19DMSO: C 56.43, H 5.23, N, 3.90; found: C 56.16,
H 5.01, N 3.87; CSI-MS: m/z=893 [(12c-(tosylate)4)]


4+ , 1248
[12c-(tosylate)3]


3+ , and 1958 [12c-(tosylate)2]
2+ .
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Unexpected Chiroptical Inversion Observed for Supramolecular Complexes
Formed between an Achiral Polythiophene and ATP


Chun Li ,[a, c] Munenori Numata,[a] Masayuki Takeuchi,[a] and Seiji Shinkai*[a, b]


Introduction


Chirality induction, amplification, and inversion in supra-
and macromolecular p-conjugated systems have attracted
widespread interest in view of their importance for the
better understanding and mimicking of stereochemical as-
pects in biological systems and for potential applications to
molecular electronics, sensing, and asymmetric catalysis.[1,2]


Oligo- and polythiophenes (PTs) that bear covalently linked


chiral a or b substituents have been widely studied for these
purposes, in which highly ordered, optically active super-
structures were constructed by intermolecular p-stacking in
poor solvents at low temperature or in thin films.[3–11] Al-
though the chirality of these supramolecular aggregates is
generally determined by the intrinsic structure of the com-
ponents, the inversion of optical rotation of the chiral PT ag-
gregates can be achieved by changing solvent and tempera-
ture, or by controlling the cooling rate of the films from a
disordered phase at high temperature.[3,4,6]


Recently, we and others succeeded in the construction of
supramolecular optically active PTs upon noncovalent com-
plexation of achiral PTs and biopolymers with helical con-
formations such as DNA,[12] peptides,[13] and polysaccha-
rides,[14] and detected an induced chirality in the backbone
of PTs owing to the interpolymer complex formation
through electrostatic or hydrophobic interactions. Herein,
our attention is focused on extending this concept to the
creation of supramolecular optically active PTs by noncova-
lent complexation with small chiral bioanions. We report a
new approach to chirality induction in an optically inactive
water soluble PT derivative, PT-1, upon noncovalent com-
plexation with a small bioanion, adenosine triphosphate
(ATP), in water and the subsequent chiroptical inversion
through adjustment of the ATP concentration. To the best
of our knowledge, this is the first observation of chirality in-
duction and inversion in an intermolecularly p-stacked com-


Abstract: A series of supramolecular
complexes between a water-soluble
achiral polythiophene derivative (PT-1)
and various nucleotides has been pre-
pared. It was found that upon the in-
troduction of adenosine diphosphate
(ADP), adenosine triphosphate (ATP),
and uridine triphosphate (UTP) into
aqueous solutions of achiral PT-1,
which has a random-coiled conforma-
tion, chiral supramolecular p-stacked
aggregates of PT-1 can be constructed.


These complexes exhibit an unique
split-type induced circular dichroism
(ICD) in the p–p* transition region of
the main chain. In particular, it was
found that the Cotton effect of the
chiral supramolecular PT-1/ATP aggre-
gates reveals a dramatic inversion of


chirality with a change in the concen-
tration of ATP, which has not been pre-
viously observed in chiral macromolec-
ular complexes. On the basis of exten-
sive investigations performed with UV/
Vis spectroscopy, CD spectroscopy,
TEM, AFM, and dynamic light scatter-
ing (DLS), a possible mechanism for
the formation of chiral superstructures
of PT-1 and chiroptical inversion in-
duced by changes in ATP concentra-
tion is proposed.
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plex that consists of an achiral conjugated polymer and
small chiral bioanions.[15]


Results and Discussion


UV/Vis and CD Spectroscopic Studies on Complexation of
PT-1 with ATP


The complexation of an achiral polythiophene derivative
PT-1 with ATP was monitored by absorption and CD spec-
troscopy. As reported previously,[14] PT-1 shows high solubil-
ity in water and exhibits an absorption maximum at 400 nm
as expected for a random-coiled conformation of the PT
backbones (Figure 1a). In the mixtures of PT-1 with ATP,
the absorption maximum is red-shifted to 538 nm, along
with a change in the solution from yellow to purple, which
can be used for colorimetric ATP sensing.[16] The red shift of
the absorption maximum and the appearance of characteris-
tic vibronic bands are associated with changes in the confor-
mation and the aggregation mode of PT backbones,[3c] in
which a more planar conformation and a stronger intermo-
lecular p-stacking interaction are induced upon noncovalent
binding with ATP.


PT-1 itself is optically inactive, and no CD pattern in the
p–p* transition region was detected, which indicates that
PT-1 adopts an achiral random-coiled conformation in
water. Interestingly, upon the introduction of ATP, an in-
tense split-type induced CD (ICD) in the p–p* transition
region was observed (Figure 1b). The zero-crossing point
close to the absorption maximum indicates the presence of
strong exciton coupling between PT backbones in the chiral-
ly p-stacked PT-1/ATP complex.[3c] Although chirality induc-
tion in an optically inactive conjugated polymer through
noncovalent bonding interaction with small chiral molecules
is well known for polyacetylene derivatives,[15,17] polyani-
line,[18] and polypyrrole,[19] there is no precedent in which
chiral supramolecular polythiophene complexes are con-
structed by this strategy; that is, this is the first observation
of the chirality induction of an optically inactive polythio-
phene derivative through noncovalent binding with small
ACHTUNGTRENNUNGbioanions attained in aqueous solution. Moreover, the re-
sults obtained here are in stark contrast to those of chiral
supramolecular complexes formed by complexation of achi-
ral PTs with biomacromolecules such as DNA,[12] polypep-
tides,[13] and polysaccharides,[14] in which chiral structural
factors are induced intramolecularly within each individual
polymer chain. Most interestingly, the Cotton effect of the
chiral supramolecular PT-1/ATP aggregates reveals a dra-
matic inversion of chirality with a change in the concentra-
tion of ATP (Figure 1b), which has never been observed in
chiral macromolecular complexes. The most striking feature


Figure 1. a) UV/Vis and b) CD spectra of PT-1 (0.10 mm) in the absence
and the presence of various amounts of ATP in water at 20 8C. ATP con-
centrations (from front to back): 0, 0.001, 0.0125, 0.025, 0.10, 0.15, 0.175,
0.20, 0.25, 0.375, and 0.50 mm.
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of this behavior is that the absorption spectra are similar to
each other, whereas the CD spectra are very different, and
the unexpected inversion of the CD pattern is induced at
higher ATP concentrations.


Effect of Nucleotides on Formation of Chiral Complex


To shed light on the mechanism of chiral supramolecular
complex formation, the effects of nucleotides that bear dif-
ferent numbers of phosphate groups and different structures
of nucleobases on the aggregation structure and chirality in-
duction in achiral PT-1 were examined. Figure 2 compares


the absorption and CD spectra of PT-1 in the presence of
adenosine monophosphate (AMP), adenosine diphosphate
(ADP), and ATP. Upon the introduction of adenosine nu-
cleotides, the absorption maxima are red-shifted from 400
(PT-1 only in water) to 416 (AMP), 448 (ADP), and 538 nm
(ATP), thus indicating that a more-planar conformation and
a strong intermolecular interaction are induced upon nonco-
valent binding with these bioanions. CD spectroscopic re-
sults indicate that chiral aggregates of PT-1 can also be in-
duced by noncovalent complexation with ADP, whereas no
chiral superstructure is formed from AMP even at its high
concentrations. The strongest ICD intensity observed for the
complex with ATP suggests that the multiple electrostatic
interactions between oligoanionic triphosphate and quater-


nary ammonium groups of PT-1 play a crucial role in pro-
moting the formation of chiral superstructures from PT-1.[20]


Moreover, the effect of nucleotide triphosphates that bear
different nucleobases on the aggregation structure and chir-
ality induction in achiral PT-1 was also examined (Figure 3).


It was found that ATP can induce a more-ordered super-
structure and give a stronger optical activity in the p–p*
transition of the PT-1 backbone than uridine triphosphate
(UTP). These results indicate that the p-stacking interaction
between nucleobases is another dominant factor for the in-
duction of a helical packing mode of PT-1 main chains into
the chiral superstructure.


Temperature-Dependent Absorption and CD Spectra of
Chiral Supramolecular Complexes


To obtain more insight into the formation mechanism of the
optically active supramolecular PT-1/ATP complex, temper-
ature-dependent absorption and CD spectra of the PT-1/
ATP and PT-1/UTP complexes were collected (Figure 4). It
is clear that with increasing temperature, the magnitudes of
the absorption and ICD bands, which originate from the
chiral superstructures, with the fine vibronic structures are
decreased gradually. At 60 8C, the ICD signal of the PT-1/
UTP complex totally disappears, and the vibronic bands
from the aggregated phase are displaced by a broad peak at


Figure 2. a) UV/Vis and b) CD spectra of PT-1 (0.10 mm) in the absence
and the presence of AMP (0.10 mm), ADP (0.035 mm), and ATP
(0.025 mm) in water at 20 8C.


Figure 3. a) UV/Vis and b) CD spectra of PT-1 (0.10 mm) in the absence
and the presence of ATP (0.025 mm) and UTP (0.025 mm) in water at
20 8C.
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410 nm, which signifies that the chiral superstructures
formed at room temperature are dissociated into nonaggre-
gated PT-1 with the achiral random-coiled conformation. In
contrast, the PT-1/ATP complex exhibits only a 60% de-
crease in the ICD intensity at 60 8C with respect to that at
20 8C. Moreover, the presence of a clear isosbestic point in
the temperature-dependent CD spectra of the PT-1/ATP
complex also confirms that the more-ordered chiral super-
structure with the preferred handedness is induced upon
noncovalent complexation of PT-1 and ATP compared to
that of PT-1 and UTP. These results further indicate that the
hydrophobic interaction between the nucleobases is a key
factor for promoting the formation of stable chiral super-
structures of PT-1.


Stoichiometry of Chiral Supramolecular Complex
Formation


The stoichiometry of the complex formation was evaluated
by means of continuous-variation plots from CD spectro-
scopic studies (Figure 5). The ICD intensity increases gradu-
ally with the increase in the molar fraction of PT-1 (repeat-
ing unit) and attains the maximal values of around 0.75 (for
PT-1/ADP) and 0.85 (for PT-1/ATP), which correspond to
the molar ratios of 3:1 (PT-1/ADP) and 6:1 (PT-1/ATP).
The stoichiometric ratios obtained here deviate from those
simply expected from the complementary electrostatic inter-
action and give the net positive charge of the supramolec-
ular complexes. This finding allows us to conclude that


Figure 4. Temperature-dependent a,b) absorption and c,d) CD spectra of the a, c) PT-1/ATP and b,d) PT-1/UTP complexes. [PT-1]=0.10 mm, [ATP]=
[UTP]=0.025 mm. Plots of e) the relative absorbance of PT-1 at 538 nm (p-stacking aggregates) and 400 nm (random coil) (A538/A400) and f) ICD intensi-
ties of the chiral complexes against temperature.
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stable homogeneous dispersion in water is maintained by
these excess cationic charges. The high cooperativity of elec-
trostatic, hydrophobic, and aromatic stacking interactions
would be responsible for these ratios, as reported for those


of supramolecular complexes formed between thiacarbocya-
nine dye and nucleotides.[2d]


Microscopic and DLS Studies of Supramolecular Complexes
with Opposite Optical Rotation and Possible Mechanism for


Chiroptical Inversion


In contrast to the chirality inversion observed for the PT-1/
ATP complex, the CD patterns of the PT-1/ADP and PT-1/
UTP complexes in the aggregated phase are identical for all
the conditions examined here ([PT-1]=0.10 mm, [ADP] (or
[UTP])=0.025–0.50 mm). These results indicate that ATP is
a specific building block for the concentration-induced chir-
ality inversion in this two-component molecular assembly,
which consists of an achiral PT-1 host and a nucleotide
guest, and suggest that the high cooperativity of electrostatic
and hydrophobic interactions, that is, the balance between
these two interactions, are responsible for this novel chirop-
tical inversion.[21] The solvent-induced chirality inversion in
PT[6c] and poly(p-phenylenevinylene)[22] aggregates is tenta-
tively attributed to the formation of two types of p-stacked
chiral superstructures: a cholesteric liquid-crystalline-type
assembly of coplanar chains and a stack of twisted backbone
chains. In these systems, however, it is not clear what type
of architecture is responsible for each observed handedness.
As shown in Figure 1a, at the higher ATP concentration,
the chiral PT-1/ATP complexes with positive first Cotton
effect exhibit red-tailing in the absorption spectra, thus sug-
gesting the presence of larger light-scattering aggregates. To
get a full picture of the chiroptical inversion of the com-
plexes, TEM and AFM images of the chiral PT-1/ATP com-
plexes with opposite optical rotation were recorded
(Figure 6). The microscopic observation gives direct evi-


Figure 5. Job plots for the formation of the chiral a) PT-1/ATP and b) PT-
1/ADP complexes in water at 20 8C. [PT-1]+ [ATP or ADP]=0.20 mm ;
XPT-1= [PT-1]/ ACHTUNGTRENNUNG([PT-1]+ [ATP or ADP]).


Figure 6. a,b) TEM and c,d) AFM images of the PT-1/ATP complexes with opposite Cotton effects. a, c) The PT-1/ATP complex with negative first
Cotton effect; [PT-1]=0.10 mm, [ATP]=0.025 mm. b,d) The PT-1/ATP complex with positive Cotton effect; [PT-1]=0.10 mm, [ATP]=0.25 mm. e) Mag-
nified image of one composite observed in c). f) Section analysis of image e).
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dence that the complexes with opposite Cotton effects have
different aggregation structures: at the lower ATP concen-
tration, the complex with negative first Cotton effect forms
disk-like aggregates with diameters of around 50 nm, where-
as entangled fibrous structures are observed for the complex
with positive first Cotton effect formed at the higher ATP
concentration. Dynamic light scattering (DLS) analysis pro-
vides direct information about the size of the chiral supra-
molecular aggregates in solution (Figure 7). At the lower


ATP concentration (0.025 mm), the complexes with negative
first Cotton effect have an average hydrodynamic diameter
(d) of 52.5 nm measured at a PT-1 concentration of 0.10 mm
at 25 8C. On the other hand, the complexes with positive
first Cotton effect prepared at the higher ATP concentration
(0.25 mm) have an average d of 1300 nm. These results are
consistent with those observed by microscopic methods
(TEM and AFM), thus indicating that the complexes with
opposite Cotton effects have different aggregation structures
and that the superstructures observed by microscopic meth-
ods are already formed in solution, not during the sample-
preparation processes. Combining the spectroscopic and mi-
croscopic results discussed above, we propose, therefore,
that the electrostatic binding modes between the oligoanion-
ic triphosphate of ATP and the cationic ammonium charge
in PT-1 may depend on the ATP concentration and subse-
quently influence the p–p stacking between nucleobase ade-


nine groups. The synergistic effect between these two types
of interactions could lead to a small energy difference be-
tween these two diastereomeric forms of the PT-1/ATP com-
plexes formed at different ATP concentrations.


Conclusions


In conclusion, we have developed a novel, efficient ap-
proach to the construction of chiral supramolecular com-
plexes from an achiral water-soluble PT host and a chiral
ATP guest through noncovalent interactions in water. We
expect that this noncovalent approach will not only open a
new way for the construction of chiral superstructures of
conjugated polymers through intermolecular p-stacking in-
teractions, but also provide an important clue to the realiza-
tion of chiral inversion which has so far been attained only
by a change in solvent and temperature.


Experimental Section


General


All chemicals were obtained commercially from Aldrich and Tokyo
Kasei Kogyo Co., Ltd. and were used as received. The water-soluble
polythiophene derivative, PT-1, was synthesized and purified as reported
previously.[14a] Aqueous stock solutions of ATP, ADP, AMP, and UTP
were prepared in pure water (Millipore, 18.2 MW), and the concentra-
tions of nucleotides were determined by using e259 (ATP, ADP, AMP)=1.54L
104m�1 cm�1 and e262 (UTP)=1.00L10


4
m


�1 cm�1, respectively, in phosphate
buffer (100 mm, pH 7.0).


Sample Preparation


As a typical procedure, the supramolecular complexes were prepared by
adding PT-1 aqueous stock solution (5 mm based on the repeating unit)
into a dilute aqueous solution of nucleotides with the given concentra-
tions. The pH values of ATP with concentrations of 0.025–0.50 mm are in
the range of 5–6. To get reproducible results, all spectra of the complexes
were recorded by mixing fresh solutions of PT-1 and nucleotides, as the
complex formation shows, to some extent, hysteresis upon the stepwise
introduction of guest nucleotides.


Measurements


UV/Vis and CD spectra were acquired on a Hitachi U-3000 spectropho-
tometer and a Jasco J-720WI spectropolarimeter, respectively. AFM and
TEM observations were carried out on a Topo METRIX SPM2100 and a
JEOL JEM-2010 microscope (acceleration voltage 120 kV), respectively.
DLS studies were conducted on an Otsuka Electronics Photal DLS-
7000DL instrument equipped with a HeNe laser (632.8 nm) at 25 8C.
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Mechanism of Asymmetric Hydrogenation of Acetophenone Catalyzed by
Chiral h6-Arene–N-Tosylethylenediamine–Ruthenium(II) Complexes


Christian A. Sandoval,[b] Takeshi Ohkuma,[c] Noriyuki Utsumi,[d] Kunihiko Tsutsumi,[d]


Kunihiko Murata,[d] and Ryoji Noyori*[a]


Introduction


The principle of “practical elegance” should always be pur-
sued in developing chemical synthesis.[1] In this regard, the
development of efficient asymmetric hydrogenation (AH)
continues to be an important and substantial challenge in
modern chemistry.[2] Despite the tremendous efforts made
to discover useful AH catalysts, there still remains much po-
tential for the continued development of these reactions. In
fact, only a limited number of truly efficient catalysts have
been found. Furthermore, because of the structural and
functional diversity of unsaturated organic compounds, no
universal catalysts exist.


So far AH catalysts have been discovered largely by coin-
cidence, trial-and-error approaches, and combinatorial
screening of various chiral transition-metal complexes. How-
ever, the notion of “molecular catalysis” provides a logical
way to search for efficient AH reactions, because any mole-
cule, by definition, can be designed and synthesized at will.
The only necessary condition toward this goal is to acquire
reliable, detailed knowledge of the reaction mechanism.[3] A
well-designed three-dimensional structure of the catalyst is
not enough. The efficiency is highly dependent on the struc-
tures of unsaturated substrates, the properties of the central


Abstract: Chiral arene–N-
tosylethylene ACHTUNGTRENNUNGdiamine–RuII complexes
can be made to effect both asymmetric
transfer hydrogenation and asymmetric
hydrogenation of simple ketones
through a slight functional modification
and by switching reaction conditions.
[Ru ACHTUNGTRENNUNG(OSO2CF3)ACHTUNGTRENNUNG{(S,S)-TsNCH-
ACHTUNGTRENNUNG(C6H5)CH ACHTUNGTRENNUNG(C6H5)NH2}(h


6-p-cymene)]
catalyzes the asymmetric hydrogena-
tion of acetophenone in methanol to
afford (S)-1-phenylethanol with
96% ee in 100% yield. Like the trans-
fer hydrogenation catalyzed by similar


Ru catalysts with basic 2-propanol or a
formic acid/triethylamine mixture, this
hydrogenation proceeds through a
metal–ligand bifunctional mechanism.
The reduction of the C=O function
occurs via an intermediary 18e RuH
species in its outer coordination sphere
without metal–substrate interaction.


The high catalytic efficiency relies on
the facile ionization of the Ru triflate
complex in methanol. The turnover
rate is dependent on hydrogen pressure
and medium acidity and basicity. The
RuCl analogue can be used as a preca-
talyst, albeit less effectively. Unlike the
well-known diphosphine–1,2-diamine–
RuII-catalyzed hydrogenation that pro-
ceeds in a basic alcohol, this reaction
takes place under slightly acidic condi-
tions, creating new opportunities for
asymmetric hydrogenation.
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homogeneous catalysis · hydrogena-
tion · reaction mechanisms · ruthe-
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metal atom and the auxiliary anionic or neutral ligands of
the catalyst, and the reaction conditions, such as hydrogen
pressure, temperature, solvent, and additive.[4] We present
herein a mechanism-based development of AH of aromatic
ketones in the presence of chiral Ru complexes that are
widely used for asymmetric transfer hydrogenation
(ATH).[5]


Results and Discussion


The asymmetric reduction of ketones to chiral alcohols is
most effectively achieved by AH by using H2


[2,5] or ATH by
using organic reducing agents[6] with the aid of chiral transi-
tion-metal complexes. AH[3,4, 7,8] and ATH[9–11] are linked
mechanistically, because both reactions commonly involve a
metal hydride species under catalytic conditions. However,
most of the existing catalysts are effective for only one of
these reactions.[12–14] Our long-term mechanistic investiga-
tion[7,9–11] has led to the discovery of a catalytic system that
allows both AH and ATH by selecting appropriate function-
al and conditional parameters.[6] As illustrated in Scheme 1,
acetophenone (1) is hydrogenated to (S)-1-phenylethanol
((S)-2) with 95–96% ee in the presence of a newly devised
chiral Ru triflate complex, [RuACHTUNGTRENNUNG(OSO2CF3) ACHTUNGTRENNUNG{(S,S)-TsNCH-
ACHTUNGTRENNUNG(C6H5)CH ACHTUNGTRENNUNG(C6H5)NH2}(h


6-p-cymene)] ([Ru ACHTUNGTRENNUNG(OTf) ACHTUNGTRENNUNG{(S,S)-Ts-
dpen} ACHTUNGTRENNUNG(cymene)]; (S,S)-3a).[15] This AH reaction proceeds
most effectively in methanol under slightly acidic conditions,
in contrast to ATH, which proceeds best in 2-propanol with
the Ru chloride (S,S)-3b under basic conditions.[6] Further-
more, this procedure provides the sole method for the enan-
tioselective hydrogenation of simple ketones under acidic
conditions.[16] Hydrogenation of 1 catalyzed by (S,S)-3b pro-
ceeds in methanol (but not 2-propanol) to give (S)-2 in
96% ee, but this AH is three times slower than that cata-
lyzed by 3a. The following demonstrates that this AH takes
place through a metal–ligand bifunctional mechanism
(Scheme 2).


Synthesis and Solution Behavior of the Chiral Ru Catalyst


The Ru triflate complex (S,S)-3a was synthesized in 61%
yield by slow addition of TfOH to the amido complex (S,S)-
4 in CH2Cl2 at 4 8C.[15] Its formation could be monitored in
CD2Cl2 solvent by NMR spectroscopy. The isolated solid
complex gave correct elemental analysis. The structure of
(S,S)-3a was substantiated by comparing the NMR spectrum
to that of (S,S)-3b.[9] The (S,S)-Ts-dpen ligand forms a
skewed, d conformation with respect to the five-membered
N,N-chelate ring, which bears two equatorial phenyl sub-
stituents. The metal complexation allows a clear distinction
between the NH2 protons, Hax (axial) and Heq (equatorial)
and generates an R configuration at the Ru center.[9–11,17]


Table 1 contrasts the 1H NMR spectra of solutions of (S,S)-3
in CD2Cl2 and in CD3OH. The spectrum suggests that (S,S)-


Abstract in Japanese:


Scheme 1. Asymmetric hydrogenation of acetophenone (1) catalyzed by
the chiral h6-arene–Ts-dpen–Ru complex (S,S)-3. Ts=p-toluenesulfonyl;
dpen= (S,S)-1,2-diphenylethylenediamine; Tf= trifluoromethanesulfonyl.
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3a in CD2Cl2 is largely an 18e octahedral complex, in which
Hax and Heq have similar chemical shifts, d=4.70 and
5.68 ppm, respectively. Most notably, in the polar alcoholic
solvent, the signal for Heq is significantly shifted downfield
to d=7.59 ppm (Dd=1.91 ppm), whereas the resonance for
Hax at d=3.45 ppm shows an upfield shift (Dd=1.25 ppm).
The chemical shifts in CD3OH were independent of concen-
tration in the 5–21 mm range. Thus, the RuOTf complex
(S,S)-3a is ionized in methanol and exists mostly as an ion
pair, [Ru+


ACHTUNGTRENNUNG{(S,S)-Ts-dpen} ACHTUNGTRENNUNG(cymene)]TfO� ((S,S)-6). The Ru
center is expected to be solvated with methanol to form an
18e complex.[18] Furthermore, the spatially more accessible
NHeq is more strongly hydrogen bonded to methanol or to a
TfO� anion and hence magnetically deshielded. As a conse-
quence of the N�Heq polarization, the electron density of
the nitrogen atom is enhanced, resulting in magnetic shield-
ing of the NHax nucleus. Consistent with this view, NHeq of


(S,S)-3a underwent rapid H/D exchange in CD2Cl2/CD3OD
(1:1). The isotope exchange was completed within 3 min at
25 8C, whereas NHax required 12 min for full exchange. The
RuCl analogue (S,S)-3b exhibited a similar but smaller
change in NMR signal in going from CD2Cl2 and CD3OH as
solvent (Table 1), but its NH2 protons underwent compara-
ble H/D exchange with CD3OD.[18] Thus the Ru�Cl bond is
less polar than the Ru�OTf linkage but would be more ion-
ized under catalytic conditions in a dilute solution in metha-
nol.


The precursor (S,S)-4 was stable in methanol (the solvent
of choice for AH) at 0 8C, as judged by NMR spectroscopy
in CD3OH, but, upon warming, dehydrogenated the alcohol
to afford the RuH species (S,S)-5.[9] At 25 8C, approximately
half was converted into (S,S)-5 after 1.5 h. However, when
an equimolar amount of TfOH in CD3OH was added quick-
ly to (S,S)-4 in CD2Cl2 at 25 8C, (S,S)-6 was produced quanti-
tatively. Removal of this solvent from solution gave (S,S)-
3a, as confirmed by the spectrum in CD2Cl2.


Mechanistic Scenario


The mechanistic model of Scheme 2 explains the overall as-
pects of the AH of 1 catalyzed by (S,S)-3a (Scheme 1). The
catalytic reaction proceeds through a metal–ligand bifunc-
tional mechanism,[10,11] as fully supported by the experimen-
tal findings. The Ru triflate precatalyst 3a is easily ionized
in methanol to give an ion pair 6 (solvate). The electrophilic
Ru center reversibly accommodates an H2 molecule to form
the h2-H2 complex 7.[19] Deprotonation of the H2 ligand by
bulk solvent generates the RuH species 5,[20] which reduces
the ketone 1 to give (S)-2 enantioselectively and the Ru
amide 4. The reduction of the C=O function occurs in the
outer coordination sphere of 5 without any metal–substrate
interaction.[7,10, 11,19, 21] The Ru center donates a hydride and
the NH2 ligand delivers a proton through a Ru-H-C-O-Hax-
N six-membered pericyclic transition state. This step is irre-
versible under the AH conditions. Finally, protonation at
the basic nitrogen ligand of 4, regenerating 6, completes the
catalytic cycle.


This mechanistic model is constructed by assuming the ef-
fective relative acidity of h2-H2 in 7>methanol solvent>
NH2 in 6. Likewise, the basicity of :NH in the 16e Ru amide
4 must be comparable with that of the reaction medium.
The turnover rate of hydrogenation of 1 is determined by
the equilibrium constants K1–K4 and the rate constant k.
The concentration of 5 must be maximized to allow high
catalytic efficiency. In view of the facile ionization of the
Ru�OTf bond of (S,S)-3a in methanol as established by
NMR spectroscopy (Table 1), the K1 value is very large. The
equilibrium positions of the K2, K3, and K4 steps are deter-
mined by H2 pressure, medium basicity, and medium acidity,
respectively. The equilibrium constant K3 is also very large
as judged from the high stability of the RuH species 5 in
pure methanol. Only acidic conditions cause the reverse
process 5!7. Although the purple amido Ru complex 4 is
hardly protonated by pure alcohols,[9] a solution of 3a in


Scheme 2. Mechanism of the asymmetric hydrogenation of 1 catalyzed by
the chiral Ru complex (S,S)-3a under acidic conditions. Substituents in
the arene and ethylenediamine ligands are omitted for clarity.


Table 1. Comparison of 1H NMR data for NH2 protons in (S,S)-3.[a]


Ru complex Solvent d (NHax)
ACHTUNGTRENNUNG[ppm]


d (NHeq)
ACHTUNGTRENNUNG[ppm]


ACHTUNGTRENNUNG(S,S)-3a CD2Cl2 4.70 5.68
CD3OH 3.45 7.59


ACHTUNGTRENNUNG(S,S)-3b CD2Cl2 3.59 5.51
CD3OH 3.39 7.10


[a] Obtained with a 21mm solution at 30 8C.
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methanol retains a yellow color with or without H2 gas.
Thus the K4 equilibrium is mostly shifted toward the regen-
eration of 6 under the acidic steady-state hydrogenation
conditions. Overall, the K2 step appears to control the con-
centration of 5. The AH reaction catalyzed by (S,S)-3b is es-
sentially the same, but is less effective owing to the lower K1


value.
This AH cycle is mechanistically linked with ATH of 1


catalyzed by the Ru chloride (S,S)-3 in 2-propanol
(Scheme 3).[9–11,22] In contrast to the present AH, the ATH


reaction requires a strong base to effect the elimination of
HX (X=Cl, OTf) from the precatalyst either via the ion
pair 6 or by a dcb (dissociative conjugate base) mecha-
nism.[23] When preformed 4 is used as catalyst, an extra base
is unnecessary for ATH. However, addition of an acid total-
ly diminishes the catalytic activity.[6,9] The common 16e spe-
cies 4 then dehydrogenates 2-propanol to form the RuH in-
termediate 5, which reduces 1 to give (S)-2 with the same
95–96% ee.[24] The current more acidic conditions
(Scheme 1) quench 4 rapidly to form 6, thereby prohibiting
the possible ATH pathway. Because dehydrogenation of
(S)-2 is prevented for the same reasons, the stereochemical
outcome of AH is determined kinetically by the irreversible
step 1+5!2+4. The ATH catalyst 4 reacts with H2 only at
very high pressure under neutral or basic conditions.[9] Thus
the acidic medium appears to change the hydrogen source
from 2-propanol to H2.


The observed high catalytic efficiency is ascribed to the
ready formation of catalytic 6 from 3a under the reaction
conditions. Furthermore, in accord with the subtle acid/base
interplay in this metal–ligand bifunctional mechanism,[10,11]


the acidity and basicity of the alcoholic medium is suitably
adjusted.


Kinetics


The hydrogenation was conducted under various conditions
in a glass autoclave equipped with a sampling needle con-
nected to a stop valve. Because of the delicate acidity/basici-
ty balance in this AH, the reaction vessel must be silanized
to obtain high reproducibility.[25] Aliquots were taken from
an active hydrogenation mixture and analyzed by GC with a
chiral column. Data were collected for the reaction under
the following conditions: [1]=0.22–3.23m in methanol,
[(S,S)-3a]=0.44–0.49 mm, [TfOH]=0–320 mm, PH2


=5–
20 atm, and T=50 8C. Figure 1 illustrates a typical reaction
profile. As shown in Figure 1a, there was a direct relation-


ship between substrate expenditure and product formation,
without any side reactions. The enantioselectivity ((S)-2 ob-
tained with 96% ee) remained constant throughout the reac-
tion (Figure 1b). Notably, no apparent incubation period
was seen under the experimental conditions, with the initial
consumption of 1 (<50% conversion) being nearly constant.
This suggests that the precatalyst (S,S)-3a enters the steady-
state catalytic cycle simply by ionization. As illustrated in
Figure 1c, the system follows pseudo-first-order kinetics in
[1], with the initial (typically 1–6 h) linearity for the expres-
sion ln[1]t=kobs(t)+ ln[1]0 ([1]0= initial concentration of 1,
t=0) allowing the determination of the observed rate kobs.


Scheme 3. Mechanism of the asymmetric transfer hydrogenation of 1 cat-
alyzed by the chiral Ru complexes (S,S)-3 under basic conditions. Sub-
stituents in the arene and ethylenediamine ligands are omitted for clarity.


Figure 1. Typical reaction profile. a) Relative [1] and [2] versus reaction
time. Reaction conditions: solvent=CH3OH, [1]=0.89m, [(S,S)-3a]=
0.44 mm, S/C=2000, [TfOH]=35 mm, PH2


=20 atm, 50 8C. b) Relative (S)-
and (R)-2 product in a). c) Determination of the observed rate constant
(kobs, gradient of �ln[1] versus reaction time) for data in part a).
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Methanol is the best solvent for this AH. The reaction in
less polar 2-propanol or tert-butyl alcohol was slower. The
rate of hydrogenation increased proportionally with increas-
ing initial concentration of the precatalyst (Figure 2a) and
H2 pressure (Figure 2b), whereas the dependence on


[TfOH] showed initial rate enhancement followed by inhibi-
tion about an optimum value (Figure 2c). The unique sub-
strate inhibition shown in Figure 2d is discussed below.
Thus, this AH reaction follows first-order kinetics in [1] in
the reaction system, [3a]0, and H2 pressure. The hydrogena-
tion kinetics reflects 5 undergoing a bimolecular reaction
with the ketone substrate 1, with the rate law given by
�d[1]/dt=k[1][5], in which [5] is highly dependent on the
reaction parameters:


a) Acidity dependence : The mechanistic model in
Scheme 2 suggests that the balance between the acidity
and basicity of the reaction medium plays an important
role.[26] In fact, the addition of TfOH was found to have
a modest but distinct effect on catalytic efficiency. As
shown in Figure 2c, the rate was steadily enhanced with
small increments in acid concentration and reached a
maximum with [TfOH]=35 mm, resulting in an overall
1.5-fold enhancement of turnover frequency (TOF) rela-
tive to the reaction without acid. Beyond this point, how-
ever, TOF dropped gradually until the hydrogenation ef-
fectively stopped at [TfOH]>300 mm. Such an effect was
previously observed in the AH of 1 in basic 2-propanol


catalyzed by a binap–1,2-diamine–Ru complex that takes
place through a similar metal–ligand bifunctional mecha-
nism.[7] The protic conditions must suitably shift the K3


and K4 equilibria toward product formation. Pure metha-
nol (pKa=15.5)[27] is not sufficiently acidic to ensure pro-
tonation of 4 to give 6.[9,28] Instead, the alcohol is dehy-
drogenated by 4 to give 5 and formaldehyde.[9] However,
the steady-state conditions contain 1 equivalent of TfOH
per Ru center, which effectively converts 4 into 6 at the
cost of methanol dehydrogenation. The presence of a
slight excess of TfOH further facilitates this step. The
bulk solvent, however, must serve as a base as well to
deprotonate 7, giving 5. Thus an increase in the concen-
tration of TfOH suppresses this step. In fact, when
TfOH in CD3OH was added to a solution of 5 in
CD2Cl2, 6 was formed with concomitant evolution of (hy-
drogen) gas. Furthermore, addition of a large amount of
TfOH would result in the removal of the Ts-dpen ligand
from the Ru center.[26] In fact, (S,S)-3a decomposed
upon addition of TfOH in CD3OD (NMR spectroscopic
evidence). Experimentally, the optimum conditions were
attained with [TfOH]=35 mm. Beyond this point, the
tendency for the system to generate 5 becomes exceed-
ingly disfavored, and the rate decreases accordingly.


b) Effects of hydrogen pressure : The H2 pressure influ-
enced the catalytic rate significantly in accord with
Scheme 2. The hydrogenation was very slow under an at-
mospheric pressure of H2 owing to reduction in [7]. The
TOF steadily increased over a 5- to 20-atm range with
an optimum [TfOH] of 35 mm (Figure 2b). This twofold
increase is a consequence of the enhanced steady-state
concentration of 5 and reflects the equilibration between
6 and 7 with K2. A similar pressure effect, that is, a 2.5-
fold rate enhancement, was seen in the absence of extra
TfOH. Thus, with a given medium acidity/basicity, an in-
crease in H2 pressure suffices to augment the catalytic
performance. No pressure effect was seen on enantiose-
lectivity.


c) Substrate inhibition : We observed an interesting sub-
strate inhibition. As stated above (Figure 1c), this reac-
tion follows first-order kinetics with respect to the con-
centration of ketone in the reaction system, [1], but not
for the initial concentration of ketone, [1]0.


[29] Instead, as
shown in Figure 2d, the reaction suffered an inhibitory
effect from 1 in a 0.2–3.2m range. This influence does
not contradict the pseudo-first-order kinetics of Fig-
ure 1c. The rate decline with increasing [1]0 arises from
an event outside the steady-state catalytic cycle of
Scheme 2, and is ascribed to the reversible formation of
a phenacyl-Ru complex from the amido Ru species 4
and ketone 1.[30] In fact, when a purple solution of 1 in
CD3OD (1.0m) containing (S,S)-4 (S/C=200) was left to
stand at 25 8C for 5 h, the ketone was recovered with
40% deuteration at the methyl group. Furthermore,
C6H5CD(OD)CH3�xDx was obtained in 9% yield. As ex-
pected, the H/D exchange and reduction were sup-
pressed considerably by the use of (S,S)-3a.


Figure 2. Dependence of hydrogenation rate on: a) concentration of 3a
([1]=0.88–0.89m, [(S,S)-3a]=0.22–1.91 mm); b) hydrogen pressure ([1]=
0.86–0.88m, [(S,S)-3a]=0.44–0.46 mm, [TfOH]=0 or 35 mm); c) acid con-
centration ([1]=0.85–0.88m, [(S,S)-3a]=0.44–0.49 mm ; and d) initial con-
centration of 1 ([1]0=0.22–3.23m, [(S,S)-3a]=0.44–0.46 mm, S/C=500–
7500). Unless otherwise stated: solvent=CH3OH, [TfOH]=35 mm, S/C=


2000, PH2
=15 atm, 50 8C.
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Hydrogen Source


Methanol, ethanol, 2-propanol, and other secondary alco-
hols are known to serve as hydrogen donors in ATH of aro-
matic ketones catalyzed by h6-arene/Ts-dpen–RuII com-
plexes (Scheme 3).[9] However, when AH of 1 was conduct-
ed in CD3OH containing (S,S)-3a without or with TfOH
(35 mm) (S/C=1000, [3a]=0.44 mm, PH2


=15 atm, T=50 8C),
(S)-2 was obtained with 96% ee, with only 10% and<5%
deuterium incorporation at C1, respectively. Thus this reac-
tion is largely a net hydrogenation using H2 as a hydrogen
donor. The alcohol solvent is involved in the AH reaction,
but merely as a proton donor and a base. Under such reac-
tion conditions, the cationic amino Ru complex 6 is equili-
brated with a small amount of the neutral amido complex 4,
if any, but reacts overwhelmingly with H2 to achieve AH. In
the reaction without extra TfOH, ATH with 4 may be parti-
ally contaminated, increasing the extent of deuteration with
CD3OH.


Reducing Ru Species


Scheme 2, coupled with the above discussion, indicates that
the resting state is virtually dependent on H2 pressure.
When a solution of (S,S)-3a in CD3OH was kept under an
atmosphere of H2 (10 atm) for 20 min, the RuH complex 5
was detected by NMR spectroscopy (d=�5.61 ppm), albeit
in �1% yield. This species stayed in methanol, even in the
absence of H2 gas, consistent with a large K3 constant. No
RuH was formed in the absence of H2 gas. These observa-
tions suggest that 5 is the resting state under high H2 pres-
sure, while 6 is the major species at low pressure. The condi-
tions required for NMR spectroscopy led to 5 in a low yield
owing to the very low H2 concentration relative to 6. How-
ever, the actual catalytic conditions with a high H2/Ru ratio
would produce the RuH much more readily. The intermedi-
ate 5 then undergoes the turnover-limiting reduction of a
ketone. The same Ru compound, acting as an intermediate
of ATH, was synthesized separately from 4 and 2-propanol
and fully characterized by X-ray crystallographic analysis
and NMR spectroscopy.[9,24]


Enantioselection


When the AH of 1 was conducted with (S,S)-3a under the
standard conditions at 20 atm in methanol with [TfOH]=
35 mm, the enantiomeric excess of (S)-2 remained constant
(95.5�0.5% ee), independent of the substrate concentration
and/or conversion (Figure 1b). Thus the stereo-determining
step of AH is irreversible. This is contrasted with the rever-
sible ATH catalyzed by (S,S)-3b in basic 2-propanol that
showed a deterioration of the ee value as a function of con-
version.[6] Notably, AH of 1 under TfOH-free conditions oc-
casionally showed a small, conversion-dependent decrease
in the enantiomeric excess of the product to 94–95% ee.
This may be due to partial contamination by ATH
(Scheme 3).


The absolute stereochemistry and enantiomeric purity of
the major product are essentially identical to those observed
in ATH catalyzed by (S,S)-3b,[6,9] implying that both AH
and ATH involve the common chiral RuH intermediate 5
with the R configuration at Ru.[17] This hydrogenative com-
plex 5, which bears an NH2 ligand, acts as a 1,4-dipole that
matches the C=O dipole well. Its reaction with 1 occurs via
a Ru-H-C-O-Hax-N six-membered pericyclic transition struc-
ture instead of the classical 2+2 mechanism involving a
metal alkoxide intermediate.[10,11] Neither the ketone sub-
strate nor the alcohol product interacts with the Ru center.
The ketone utilizes the p face rather than the s plane in the
transition state. Scheme 4 illustrates two diastereomeric


transition states, Re-8 and Si-8, leading to (S)-2 and (R)-2,
respectively. Here, importantly, the “spatially more congest-
ed” Re structure is favored over the Si isomer.[21,31] We con-
sider that this enantioselectivity originates from the CH/p
attraction between the cymene ligand in the Ru complex
and the phenyl ring of the ketone 1. The crystallographic
structure of (S,S)-5 and the theoretical calculation on the
model transition states suggest that the attraction between
C ACHTUNGTRENNUNG(sp2)H in cymene and the ortho and meta carbon atoms in
1 is used for the stabilization of Re-8.[10, 11,21]


Conclusions


The metal–ligand bifunctional mechanism can be utilized
for AH and ATH under various conditions. Earlier, we de-
veloped chiral h6-arene–Ts-dpen–RuII complexes for ATH
of simple aromatic ketones in basic 2-propanol or a formic


Scheme 4. Origin of enantioselection in the asymmetric hydrogenation of
1.
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acid/triethylamine mixture.[6] Both Ru chloride and triflate
precatalysts can be used. We now showed that the Ru com-
plexes catalyze AH by using hydrogen gas under slightly
acidic conditions. This procedure is complementary to the
binap/1,2-diamine–RuII-catalyzed AH that proceeds under
basic conditions.[7] The chemical properties of the Ru center
and the nitrogen ligand attached to Ru can be suitably per-
turbed by the electronic differences between the arene and
diphosphine ligands.


Experimental Section


General


All manipulations were conducted in oven-dried glassware by using stan-
dard Schlenk techniques under argon gas (99.998%, purified through a
BASF R3–11 catalyst at 80 8C). THF and diethyl ether were distilled
from Na/benzophenone and stored in Schlenk tubes with a Na mirror,
(CH3)2CHOH, (CH3)3COH, and CH2Cl2 were freshly distilled from
CaH2, and CH3OH was distilled from Mg powder. All solvents were de-
gassed by three freeze-thaw cycles prior to use. [D8]THF, CD2Cl2,
CD3OD, and CD3OH were purchased from Aldrich, and stored in
Schlenk tubes (teflon taps) over CaH2, and freshly cold-distilled and de-
gassed prior to use. Trifluoromethanesulfonic acid (TfOH,>99%) and
chlorotrimethylsilane (TMSCl) were obtained from Kanto Chemical Co.,
Inc. (S,S)-1,2-Diphenylethylenediamine was purchased from Kankyo
Kagaku Company. Di-m-chloro-bis ACHTUNGTRENNUNG(p-cymene)chlororuthenium(II) was
purchased from Acros Organics. Acetophenone (1), purchased from Al-
drich, was washed with a solution of KOH (1.0m) and purified by distilla-
tion from CaH2 or K2CO3. Hydrogen gas (99.99999%) was obtained
from Nippon Sanso. Unless otherwise stated, all reagents were used with-
out further purification. The amino Ru complexes [RuCl ACHTUNGTRENNUNG{(S,S)-Ts-dpen}-
ACHTUNGTRENNUNG(cymene)] ((S,S)-3b) and [RuH ACHTUNGTRENNUNG{(S,S)-Ts-dpen} ACHTUNGTRENNUNG(cymene)] ((S,S)-5) and
the amido complex [Ru ACHTUNGTRENNUNG{(S,S)-Ts-dpen} ACHTUNGTRENNUNG(cymene)] ((S,S)-4) were synthe-
sized according to literature procedures.[9]


Gas chromatography (GC) analysis was conducted on a Hewlett Packard
6890 instrument equipped with a CP-Chirasil-DEX CB (df=0.25 mm,
0.32 mm i.d., 25 mm, Varian). 1H and 13C NMR data were collected on
JEOL a-400 NMR, Bruker DMX-500, Bruker AMX-400, or Varian Mer-
cury vx 300 spectrometers. Chemical shifts are expressed in parts per mil-
lion (ppm) relative to Si ACHTUNGTRENNUNG(CH3)4, benzene, or toluene (d=0.0, 7.16, and
2.09 ppm for 1H NMR and d=0.0, 128, 20.4 ppm for 13C NMR, respec-
tively). Standard pulse sequences for 2D acquisitions were employed for
DQF-COSY, 1H,31P-HSQC, and 1H,13C-HMQC. For NOESY, mixing
times of 20 and 40 ms were used. The spectra were processed and ana-
lyzed with Bruker XWINNMR software.


Synthesis


ACHTUNGTRENNUNG(S,S)-3a : (S,S)-4 (302 mg, 0.50 mmol) was placed in a 100-mL Schlenk
tube equipped with a teflon-coated magnetic stirrer bar, and the air was
replaced with argon. CH2Cl2 (40 mL) was added to the flask. The mixture
was cooled to 4 8C in an ice bath, and TfOH in CH2Cl2 (0.083m ; 6.0 mL)
was added dropwise over 30 min. The mixture was then stirred at room
temperature for 1 h. The volume of the mixture was reduced to �10 mL
in vacuo and stored at �40 8C for 12 h. The resulting brown precipitate
was washed with cold CH2Cl2 (4 8C), and the volatile components were
removed in vacuo to yield (S,S)-3a (228 mg, 61%). 1H NMR (400 MHz,
21 mm in CD2Cl2, T=30 8C): d=1.30 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H; C ACHTUNGTRENNUNG(CH3)2),
1.33 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H; C ACHTUNGTRENNUNG(CH3)2), 2.12 (s, 3H; CH3 in cymene), 2.27
(s, 3H; CH3 in Ts), 2.76 (m, 1H; CH ACHTUNGTRENNUNG(CH3)2), 3.75 (m, 1H; CHNH2), 4.21
(d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H; CHNTs), 4.70 (m, 1H; NHax), 5.68 (m, 1H;
NHeq), 5.84 (d, 3J ACHTUNGTRENNUNG(H,H)=6 Hz, 1H; aromatic CH in cymene), 5.94 (m,
2H; aromatic CH in cymene), 6.11 (d, 3J ACHTUNGTRENNUNG(H,H)=6 Hz, 1H; aromatic CH
in cymene), 6.63–7.25 ppm (m, 14H; aromatic CH in Ts-dpen), absolute
assignments were aided by 2D NMR spectroscopic analysis;[32] 13C NMR
(100.4 MHz, 10 mm in [D8]THF): d=18.6, 21.1, 22.6, 22.8, 31.4, 70.3, 73.2,


82.4, 82.9, 84.2, 84.3, 97.0, 101.2, 127.0, 127.8, 128.1, 128.6, 128.7, 128.8,
129.2, 130.0, 139.7, 139.9, 140.3, 143.6 ppm; elemental analysis: calcd (%)
for C32H35F3N2O5RuS2: C 51.26, H 4.70, N 3.74; found: C 51.09, H 4.47,
N 3.74.


NMR Experiments on (S,S)-3


A) Spectral analysis of (S,S)-3a in different solvents : a) CD2Cl2: Data de-
scribed above. b) CD3OH: 1H NMR (400 MHz, 21 mm in CD3OH, T=


30 8C): d=1.30 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H; C ACHTUNGTRENNUNG(CH3)2), 1.40 (d, 3J ACHTUNGTRENNUNG(H,H)=
7 Hz, 6H; C ACHTUNGTRENNUNG(CH3)2), 2.23 (s, 3H; CH3 in cymene), 2.37 (s, 3H; CH3 in
Ts), 3.01 (m, 1H; CH ACHTUNGTRENNUNG(CH3)2), 3.45 (br t, 1H; NHax), 3.67 (m, 1H;
CHNH2), 4.02 (d, 3J ACHTUNGTRENNUNG(H,H)=11 Hz, 1H; CHNTs), 5.64 (d, 3J ACHTUNGTRENNUNG(H,H)=6 Hz,
1H; aromatic CH in cymene), 6.00–6.05 (m, 3H; aromatic CH in
cymene), 6.60–7.18 (m, 14H; aromatic CH in Ts-dpen), 7.59 ppm (m,
1H; NHeq). The fully deuterated solvent was used, because the NH2 pro-
tons underwent slow H/D exchange under such conditions. Absolute as-
signments were aided by 2D NMR spectroscopic analysis.[32]


B) Spectral analysis of (S,S)-3b in different solvents : a) CD2Cl2:
1H NMR


(500 MHz, 21 mm in CD2Cl2, T=30 8C): d=1.37 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H;
C ACHTUNGTRENNUNG(CH3)2), 1.39 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H; CACHTUNGTRENNUNG(CH3)2), 2.24 (s, 3H; CH3 in
cymene), 2.35 (s, 3H; CH3 in Ts), 3.09 (m, 1H; CH ACHTUNGTRENNUNG(CH3)2), 3.59 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=11, 14 Hz, 1H; CHNH2), 3.59 (dd, 3J ACHTUNGTRENNUNG(H,H)=9, 14 Hz, 1H;
NHax), 3.83 (d, 3J ACHTUNGTRENNUNG(H,H)=11 Hz, 1H; CHNTs), 5.51 (br d, 3J ACHTUNGTRENNUNG(H,H)=9 Hz,
1H; NHeq), 5.58–5.66 (m, 4H; aromatic CH in cymene), 6.52–7.12 ppm
(m, 14H; aromatic CH in Ts-dpen). b) CD3OH: 1H NMR (300 MHz,
21 mm in CD3OH, T=25 8C) d=1.35 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H; C ACHTUNGTRENNUNG(CH3)2),
1.36 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H; C ACHTUNGTRENNUNG(CH3)2), 2.26 (s, 3H; CH3 in cymene), 2.39
(s, 3H; CH3 in Ts), 3.16 (m, 1H; CH ACHTUNGTRENNUNG(CH3)2), 3.39 (br t, 1H; NHax), 3.61
(br t, 1H; CHNH2), 3.90 (d, 3J ACHTUNGTRENNUNG(H,H)=11 Hz, 1H; CHNTs), 5.59–5.72
(m, 4H; aromatic CH in cymene), 6.54–7.20 (m, 14H; aromatic CH in
Ts-dpen), 7.10 ppm (br; NHeq). Absolute assignments were aided by 2D
NMR spectroscopic analysis.[32]


C) H/D exchange : a) (S,S)-3a with CD3OD: First, the 1H NMR spectrum
of (S,S)-3a was obtained in CD2Cl2 at 25 8C. CD3OD (99.8% deuterated)
was added to this solution at the designated t=0 min. 1H NMR spectra
were recorded at designated time intervals, and the declining integration
value (int%) of the amine protons was monitored relative to the un-
changed CHNTs integration (d=4.05 ppm, defined as constant 100% H).
For NHax, H/D exchange (int%) was monitored by the decline in the
triplet multiplicity for CHNH2 owing to the overlap of its resonance with
that of the CD3OD solvent. 1) [(S,S)-3a]T=21.3 mm, VACHTUNGTRENNUNG(CD2Cl2)=V-
ACHTUNGTRENNUNG(CD3OD)=0.25 mL. For NHeq (d�7.5 ppm), int (%) (t, min): >95 (<3).
For NHax, int (%) (t, min): 50 (3), 75 (5), 90 (7), >95 (12). 2) [(S,S)-
3a]T=21.1 mm, VACHTUNGTRENNUNG(CD2Cl2)=0.40 mL, V ACHTUNGTRENNUNG(CD3OD)=0.10 mL. For NHeq (d
�7.5 ppm), int (%) (t, min): >95 (<2). For NHax int (%) (t, min): 20 (2),
30 (4), 50 (6), 60 (8), 80 (10), >95 (>15). b) (S,S)-3b with CD3OD: The
same experimental procedure described in a) above was followed.
1) [(S,S)-3b]T=21.3 mm, V ACHTUNGTRENNUNG(CD2Cl2)=V ACHTUNGTRENNUNG(CD3OD)=0.25 mL. The extent
of H/D exchange for NHeq with time could not be determined accurately
owing to overlap in the region of the signals for the aryl protons. For
NHax, H/D exchange was monitored by the decline in the triplet multi-
plicity for CHNH2 (br) owing to the overlap of its resonance with that of
the CD3OD solvent; int (%) (t, min): >95 (10). 2) [(S,S)-3b]T=21.1 mm,
V ACHTUNGTRENNUNG(CD2Cl2)=0.40 mL, V ACHTUNGTRENNUNG(CD3OD)=0.10 mL. For NHax, int (%) (t, min):
50 (2); 55 (4); 60 (6); 65 (8); 70 (10); 80 (14); >95 (>20).


D) Addition of TfOH to (S,S)-5 : A solution of TfOH in CD3OD (0.05m,
0.22 mL, 1 equiv) was added slowly to a solution of (S,S)-5 (8.0 mg) in
CD2Cl2 (0.28 mL) at 25 8C. Bubbling was evident upon mixing. The
1H NMR spectrum (400 MHz, CD2Cl2/CD3OH 1:1) was indistinguishable
from that of (S,S)-6 : d=1.41 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 3H; C ACHTUNGTRENNUNG(CH3)2), 1.30 (d,
3J ACHTUNGTRENNUNG(H,H)=7 Hz, 3H; C ACHTUNGTRENNUNG(CH3)2), 2.22 (s, 3H; CH3 in cymene), 2.35 (s, 3H;
CH3 in Ts), 3.05 (m, 1H; CH ACHTUNGTRENNUNG(CH3)2), 3.61 (br t, 1H; NHax), 3.69 (m, 1H;
CHNH2), 4.03 (d, 3J ACHTUNGTRENNUNG(H,H)=11 Hz, 1H; CHNTs), 5.68 (d, 3J ACHTUNGTRENNUNG(H,H)=6 Hz,
1H; aromatic CH in cymene), 6.11–6.17 (m, 3H; aromatic CH in
cymene), 6.61–7.20 (m, 14H; aromatic CH in Ts-dpen), 7.63 (br d, 1H;
NHeq). Removal of solvent in vacuo yielded a yellow product: the
1H NMR (400 MHz, CD2Cl2) was indistinguishable from the spectrum of
(S,S)-3a given above.
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E) Experiments under H2 atmosphere : a) CD3OH: An accurately mea-
sured mass of (S,S)-3a was placed in a predried (120 8C) glass autoclave
containing a magnetic stirring bar, which was then maintained under high
vacuum for at least 5 min prior to purging with argon. Dry and degassed
CD3OH was added under an argon atmosphere. Hydrogen was intro-
duced, set to 10 atm, and stirring commenced. After 20 min, the H2 pres-
sure was slowly decreased to 1 atm, and an aliquot was directly collected
into an NMR tube fitted with a Young tap under an H2 atmosphere.
1H NMR analysis (500 MHz, CD3OH) showed resonances consistent with
(S,S)-5[9] in ca. 1% yield, d=�5.61 ppm (RuH). For the same mixture
but in the absence of H2 gas, no new species were detected by 1H NMR
spectroscopy. b) CD2Cl2: The same procedure as above was followed in
CD2Cl2 solvent. No new species were detected by 1H NMR spectroscopy.


Hydrogenations


A) Standard : A pre-dried (120 8C) glass autoclave containing a magnetic
stirring bar was silanized with TMSCl (�1 mL) and then maintained
under high vacuum for 10 min at 50 8C. An accurately measured mass of
(S,S)-3a was then added, and the mixture was maintained under high
vacuum for 5 min before purging with argon. Into a predried Schlenk
tube were placed accurately measured amounts of a ketone substrate, a
solution of TfOH in CH3OH (0.1m), and CH3OH solvent such that the
necessary [(S,S)-3a], S/C ratio, and [TfOH] were obtained. The reaction
mixture was degassed by three freeze–thaw cycles and added to the auto-
clave under an argon atmosphere. H2 was introduced at 5 atm pressure
with several quick release–fill cycles before being set to the desired pres-
sure. The mixture was stirred for the required time. The conversion and
ee value of the alcohol product, (S)-l-phenylethanol [(S)-2], were deter-
mined by GC analyses of the purified product: CP-Chirasil-DEX CB
column, P=41 kPa, T=105 8C, tR ((R)-2)=20.9 min, tR ((S)-2)=24.6 min.
Conditions: CH3OH solvent, [(S,S)-3a]=0.44 mm, [1]=0.88m, PH2


=


15 atm, no TfOH, S/C=2000, T=50 8C, t=24 h; conversion=90%;
96% ee.


B) Kinetics : Hydrogenations were conducted in a glass autoclave equip-
ped with a sampling needle connected to a three-way stop valve.[7] This
experimental setup allowed for samples to be taken from the reaction
mixture for GC and NMR analyses. A predried (120 8C) glass autoclave
containing a magnetic stirrer bar was silanized with TMSCl (�1 mL) and
then maintained under high vacuum for 10 min at 50 8C. An accurately
measured mass of (S,S)-3a was then added, and the mixture was main-
tained under high vacuum for 5 min before purging with argon. Into a
predried Schlenk tube were placed accurately measured amounts of a
ketone substrate, a solution of TfOH in CH3OH (0.1m), and CH3OH sol-
vent such that the required [(S,S)-3a], S/C ratio, and [TfOH] were ob-
tained. The reaction mixture was degassed by three freeze–thaw cycles
and added to the autoclave under an argon atmosphere. H2 was intro-
duced under 5 atm pressure with several quick release-fill cycles before
being set to the desired pressure. Stirring and timing (t=0 min) were im-
mediately commenced. Reaction samples were obtained (2 drops into a
hexane-filled GC sample tube) at specified time intervals, and the extent
of substrate consumption and the ee value of (S)-2 were determined by
GC analyses as described in A above. a) Dependence on ACHTUNGTRENNUNG[3a]: Hydroge-
nation conditions: [(S,S)-3a]=0.22–1.91 mm, [1]=0.88–0.89m, PH2


=15
atm, [TfOH]=35 mm (0.01m TfOH in CH3OH), S/C=2000, T=50 8C,
CH3OH solvent. Samples were collected at 0.5–1-h intervals. b) Depend-
ence on [TfOH]: Hydrogenation conditions: [(S,S)-3a]=0.44–0.49 mm,
[1]=0.85–0.88m, PH2


=15 atm, [TfOH]=0–320 mm (0.01m TfOH in
CH3OH), S/C=2000, T=50 8C, CH3OH solvent. Samples were collected
at 0.5- or 1-h intervals. c) Dependence on H2 pressure: Hydrogenation
conditions: [(S,S)-3a]=0.44–0.46 mm, [1]=0.86–0.88m, PH2


=5–20 atm,
[TfOH]=0 or 35 mm (0.01m TfOH in CH3OH), S/C=2000, T=50 8C,
CH3OH solvent. Samples were collected at 0.5- or 1-h intervals. d) De-
pendence on [ketone]: Hydrogenation conditions: [(S,S)-3a]=0.44–
0.46 mm, [1]=0.22–3.23m, PH2


=15 atm, [TfOH]=35 mm (0.01m TfOH in
CH3OH), S/C=500, 2000, 5000, 7500, T=50 8C, CH3OH solvent. Samples
were collected at 0.5- or 1-h intervals. e) Reaction with the Ru chloride
(S,S)-3b : Conditions: [(S,S)-3b]=0.44 mm, [1]=0.88m, PH2


=15 atm, no
TfOH, S/C=2000, T=50 8C, CH3OH. Samples were collected at 2-h in-
tervals. kobs=0.037 h�1mm


�1 (three-times slower than with (S,S)-3a).


C) Deuterium content : Hydrogenation conditions: [(S,S)-3a]=0.44 mm,
[1]=0.45m, PH2


=15 atm, [TfOH]=0, 35 mm (0.01m TfOH in CH3OH), S/
C=1000, T=50 8C, t=12 h, CH3OH solvent. 2H incorporation deter-
mined by 1H- and 2H NMR spectroscopic analysis of purified (S)-2 :
1) 10% for TfOH-free conditions; 2) <5% for reaction with [TfOH]=
35 mm.


D) Transfer Hydrogenation under Basic Conditions: An accurately mea-
sured mass of (S,S)-3a was placed into a predried (120 8C) Schlenk flask.
Under an argon atmosphere, a solution of 1 in CH3OH or (CH3)2CHOH
containing KOtBu was added such that the desired [1], [KOtBu], and S/
C ratio were obtained. Sample aliquots of the reaction mixture were ana-
lyzed by GC. a) (CH3)2CHOH: Conditions: [(S,S)-3a]=0.50 mm, [1]=
0.50m, [KOtBu]=15 mm, S/C=1000, T=25 8C; conversion=90% (t=
12 h), 97% ee ; conversion>99% (t=24 h), 96% ee. b) CH3OH: Condi-
tions: [(S,S)-3a]=0.50 mm, [1]=0.50m, [KOtBu]=15 mm, S/C=1000, T=


25 8C; conversion=24% (t=12 h), 96% ee ; conversion=38% (t=24 h),
96% ee.
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Chiral Scandium Catalysts for Enantioselective
Michael Reactions of b-Ketoesters


Chikako Ogawa, Keiko Kizu, Haruka Shimizu, Masahiko Takeuchi, and Shu Kobayashi*[a]


Introduction


Michael reactions of 1,3-dicarbonyl compounds are among
the most fundamental and important carbon–carbon bond-
forming reactions.[1] Recent interest in this reaction has fo-
cused on the development of a catalytic enantioselective
version for the synthesis of optically active 1,5-dicarbonyl
compounds.[2] Although several chiral catalysts for this reac-
tion, such as chiral bases,[3] chiral crown ethers with
metals,[4] and chiral transition-metal complexes,[5,6] including
bimetallic systems,[7] have been reported, chemical yields,
stereoselectivities, catalyst loading, and so on are not yet
satisfactory in some cases. Furthermore, the lack of sub-
strate generality is a serious issue in catalytic asymmetric
Michael reactions in many cases, and the development of
more-efficient and powerful catalysts is strongly desired.


Recently our group has been interested in the use of scan-
dium Lewis acids in organic synthesis.[8] Scandium is expect-
ed to have the strongest Lewis acidity among rare-earth
metals, is compatible with water and Lewis bases, and is re-
garded as one of the standard and, more importantly, envi-
ronmentally benign Lewis acids. After the first report on a
chiral scandium catalyst,[9] several enantioselective reactions


with such catalysts were developed in organic solvents or
even in aqueous media.[10] In the course of our investigations
to develop efficient asymmetric catalysis, we found an effec-
tive scandium catalyst for Michael reactions. Herein we de-
scribe a chiral scandium catalyst for highly enantioselective
Michael reactions of b-ketoesters with a,b-unsaturated ke-
tones.


Results and Discussion


Nakajima et al. reported a combination of Sc ACHTUNGTRENNUNG(OTf)3 and a
chiral biquinoline N,N’-dioxide as a chiral scandium catalyst
for Michael reactions.[11] Although the unique chirality of
the dioxide is utilized elegantly in combination with the
scandium Lewis acid, the enantioselectivity and substrate
scope were not satisfactory.


We recently found that the combination of Sc ACHTUNGTRENNUNG(OTf)3 with
a chiral bipyridine ligand was effective for the enantioselec-
tive hydroxymethylation of silicon enolates with an aqueous
solution of formaldehyde.[12] Encouraged by the results, we
decided to apply this chiral catalyst to Michael reactions of
1,3-dicarbonyl compounds. As Sc ACHTUNGTRENNUNG(OTf)3 and chiral bipyri-
dine 1[13] are not completely soluble in dichloromethane, we
first combined Sc ACHTUNGTRENNUNG(OTf)3 (5 mol%) and 1 (7.5 mol%) in
CH3CN at 30 8C for 30 min (the system was completely solu-
ble), and the solvent was removed under reduced pressure.
b-Ketoester 2a was then allowed to react with methyl vinyl
ketone (MVK) in dichloromethane at 10 8C to afford the
corresponding Michael adduct in 22% yield with 53% ee
(Table 1, entry 1). Interestingly, the chemical yield and the
enantioselectivity improved when the reactions were con-
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E-mail : skobayas@mol.f.u-tokyo.ac.jp
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asymmetric catalysis · Lewis acids ·
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Abstract: A highly enantioselective Michael reaction of b-ketoesters with a,b-un-
saturated ketones promoted by a chiral scandium catalyst has been developed. In
the presence of Sc ACHTUNGTRENNUNG(OTf)3 and (S,S)-6,6’-bis(1-hydroxy-2,2’-dimethylpropyl)-2,2’-bi-
pyridine, the desired Michael reactions proceeded smoothly in dichloroethane at
40 8C to afford the corresponding adducts in good to high yields with excellent
enantioselectivities in most cases. It was found in this reaction that a lower concen-
tration of the reaction mixture was key to attaining high enantioselectivities.
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ducted at higher temperatures (Table 1, entries 2 and 3). As
for solvents, dichloroethane gave slightly better enantiomer-
ic excesses, whereas toluene and a mixed solvent of CH3CN


and dichloromethane showed poor selectivities. Remarkably,
concentration of the reaction mixture was found to influence
the enantioselectivity significantly, and we were delighted to
find that the desired adduct was obtained in 96% yield with
89% ee at lower concentrations (0.04m) (Table 1, entry 7).
The yield and the enantioselectivity improved further at
lower concentration (Table 1, entry 9). Finally, more-practi-
cal conditions, use of dichloroethane for both the prepara-
tion of the catalyst and the reaction, and lower loading of
chiral bipyridine 1 (6 mol%) gave the same level of yield
and enantioselectivity.


Several substrates were subjected to the practical, opti-
mized reaction conditions, and the results are summarized
in Table 2. Methyl ester 2a, ethyl ester 2b, as well as tert-
butyl ester 2c led to products with excellent enantioselectiv-
ities (Table 2, entries 1–5). In previous reports by other
groups, tert-butyl esters gave higher selectivities, but methyl
esters showed poor stereoselectivities.[5c,11] Notably, high
enantioselectivities were attained, regardless of the ester
parts of the b-ketoesters in the present reaction system.
Other indanone derivatives 2d and 2e also reacted with
MVK or ethyl vinyl ketone (EVK) well to afford the corre-
sponding Michael adducts in high yields with excellent enan-
tiomeric excesses (Table 2, entries 6–9). The synthetically
useful 1,3-dicarbonyl compound 2 f also gave the desired
adduct 3 fa with excellent enantioselectivity (Table 2,
entry 10). The reaction of tetralone 2g with EVK gave 2gb


with high enantioselectivity, albeit in moderate yield
(Table 2, entry 11). Simple b-ketoester 2h reacted with
MVK to afford the corresponding Michael adduct in 69%
yield with 61% ee. Furthermore, the reaction proceeded
smoothly, even when the loading of the chiral catalyst was
1 mol% (Table 2, entry 13). Whereas most catalytic asym-
metric Michael reactions lack substrate generality, it is note-
worthy that the present reaction has a wide substrate scope,
especially when compared with reactions with other chiral
scandium catalysts.[11]


The assumed catalytic cycle is shown in Scheme 1. The b-
ketoester reacts with the chiral scandium catalyst to form a
chiral scandium enolate and trifluoromethane sulfonic acid
(TfOH). The scandium enolate attacks the a,b-unsaturated
ketone activated by TfOH to form the corresponding Mi-
chael adduct, initially an enolate form, which is quenched
by TfOH to give a 1,5-dicarbonyl compound, with concomi-
tant regeneration of the chiral scandium catalyst.


Efficient chiral induction occurs in the reaction of the
scandium enolate with the a,b-unsaturated ketone. The pro-
posed transition-state model at this stage is shown in
Figure 1. On the basis of the X-ray crystal-structure analysis
of the 1–ScBr3 complex,[12] we assume a pentagonal bipyra-


Table 1. Optimization of reaction conditions.[a]


Entry Conditions Yield[b]


[%]
ee[c]


[%]


1 CH2Cl2, 10 8C, 0.08m, 72 h 22 53
2 CH2Cl2, 20 8C, 0.08m, 72 h 61 80
3 CH2Cl2, 30 8C, 0.08m, 72 h 98 81
4 ClCH2CH2Cl, 30 8C, 0.08m, 72 h 94 84
5 toluene, 10 8C, 0.08m, 40 h quant. 5
6 CH3CN/CH2Cl2 (3/5.2), 30 8C, 0.08m, 72 h 76 8
7 ClCH2CH2Cl, 30 8C, 0.04m, 72 h 96 89
8 ClCH2CH2Cl, 60 8C, 0.04m, 24 h 92 91
9 ClCH2CH2Cl, 30 8C, 0.02m, 69 h 97 94
10 ClCH2CH2Cl, 30 8C, 0.02m, 50 h 94 92


[a] The catalyst was prepared from Sc ACHTUNGTRENNUNG(OTf)3 and 1 in CH3CN at 30 8C for
0.5 h and the solvent was removed under reduced pressure, except for
entry 10. In entry 10, the catalyst was prepared from ScACHTUNGTRENNUNG(OTf)3 (5 mol%)
and 1 (6 mol%) in dichloroethane at 60 8C for 1 h, to which the sub-
strates were added without removal of the solvent. [b] Yield of isolated
product after silica-gel chromatography. [c] The ee values were deter-
mined by chiral HPLC analysis.


Table 2. Chiral Sc-catalyzed enantioselective Michael reactions.[a]


Entry 2 R1 t [h] Product Yield[b]


[%]
ee[c]


[%]


1 2a Me 50 3aa 94 92
2 2a Et 48 3ab 98 93
3 2b Me 60 3ba 81 90
4 2b Et 38 3bb 95 93
5 2c Me 120 3ca 61 91
6 2d Me 13 3da 88 95
7 2d Et 20 3 db 81 95
8 2e Me 28 3ea 85 85
9 2e Et 20 3eb 84 84
10 2 f Me 24 3 fa 72 94
11[d] 2g Et 110 3gb 54 92
12 2h Me 36 3ha 69 61
13[e] 2a Et 110 3ab 93 93


[a] The catalyst was prepared from Sc ACHTUNGTRENNUNG(OTf)3 (5 mol%) and 1 (6 mol%)
in dichloroethane at 60 8C for 1 h; the substrates were added without re-
moval of the solvent. [b] Yield of isolated product after silica-gel chroma-
tography. [c] The ee values were determined by chiral HPLC analysis.
[d] The reaction was carried out at 60 8C with Sc ACHTUNGTRENNUNG(OTf)3 (5 mol%) and 1
(7.5 mol%). [e] Sc ACHTUNGTRENNUNG(OTf)3 (1 mol%) and 1 (1.2 mol%) were employed.
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midal structure in which the hydroxy groups of 1 coordinate
to Sc3+ in a tetradentate manner. In this model, the Si face
of the scandium enolate is shielded by the tert-butyl group
of 1, and the enolate attacks an a,b-unsaturated ketone at


the Re face in a highly enantioselective manner. This model
explains the absolute configuration of the Michael adducts
obtained in this reaction.


Conclusions


In summary, we have developed a chiral scandium catalyst
that promotes the highly enantioselective Michael reaction
of b-ketoesters with a,b-unsaturated ketones. In the pres-
ence of Sc ACHTUNGTRENNUNG(OTf)3 and chiral bipyridine 1, the desired reac-
tions proceeded smoothly in dichloroethane at 40 8C to
afford the corresponding Michel adducts in good to high
yields with excellent enantioselectivities in most cases. It is
noteworthy that a low concentration of the reaction mixture


is key to obtaining high enantioselectivities. Whereas the
substrate scope has not yet been fully investigated, inda-
none, tetralone, and cyclopentanone derivatives are good
Michael donors in the present system. Further investigations
to utilize the present asymmetric reaction for the synthesis
of biologically important compounds are now in progress.


Experimental Section


General


IR spectra were recorded on a Jasco FT/IR-610 infrared spectrometer.
1H and 13C NMR spectra were recorded on a JEOL JNM-LA400 spec-
trometer in CDCl3. Tetramethylsilane (TMS) served as internal standard
(d=0 ppm) for 1H NMR spectra, and CDCl3 was used as the internal
standard (d=77.0 ppm) for 13C NMR spectra. Column chromatography
was conducted on Silica gel 60 (Merck) and preparative thin-layer chro-
matography (PTLC) was carried out on Wakogel B-5F. Dichloromethane
and dichloroethane were distilled from P2O5 and then from CaH2 and
stored over 4-L molecular sieves. All other solvents and chemical com-
pounds were purified by standard procedures. b-Ketoesters 2a–h were
prepared by reported methods.[11b,13] Methyl vinyl ketone (MVK) and
ethyl vinyl ketone (EVK) were purchased from Tokyo Kasei Kogyo Co.,
LTD, and were used after distillation.


Syntheses


Typical procedure (3aa): Scandium triflate (9.5 mg, 0.019 mmol) and 1
(7.7 mg, 0.023 mmol) in dichloroethane (3.0 mL) were stirred for 1 h at
60 8C under an argon atmosphere, and the solution was cooled to 40̊C.
Dichloroethane (12.0 mL) was added to the solution, and the mixture
was stirred for 20 min at the same temperature. b-Ketoester 2a (73.3 mg,
0.386 mmol) in dichloroethane (2.0 mL) was added to the mixture, fol-
lowed by methyl vinyl ketone (64 mL, 0.769 mmol) in dichloroethane
(1.0 mL). After 50 h, the reaction was quenched with water. The resultant
mixture was extracted with dichloromethane (3 times), washed with HCl
(aq. 1n) and brine. The organic layer was then dried over anhydrous
Na2SO4. The solvents were evaporated, and the residue was purified by
preparative TLC (silica gel, hexane/ethyl acetate 2:1) to give the Michael
adduct 3aa (94.0 mg, 0.361 mmol) in 94% yield. The enantiomeric excess
of the product was determined by chiral HPLC analysis (92% ee (R)).
The absolute configuration was determined by comparison of the optical
rotation with that of the literature value.


3ab : [a]21D =++65.4 (c=1.04, CHCl3) (93% ee); IR (neat): ñ=1745,
1711 cm�1;1H NMR (CDCl3): d=1.03 (t, J=7.3 Hz, 3H), 2.22 (ddd, J=
14.0, 10.0, 6.0 Hz, 1H), 2.28 (ddd, J=14.0, 10.0, 6.0 Hz, 1H), 2.41 (q, J=
7.6 Hz, 2H), 2.48 (ddd, J=19.2, 9.6, 5.6 Hz, 1H), 2.59 (ddd, J=19.2, 9.6,
5.6 Hz, 1H), 3.05 (d, J=17.4 Hz, 1H), 3.68 (d, J=17.4 Hz, 1H), 3.70 (s,
3H), 7.41 (t, J=7.3 Hz, 1H), 7.48 (d, J=7.4 Hz, 1H), 7.64 (t, J=6.8 Hz,
1H), 7.78 ppm (d, J=7.8 Hz, 1H); 13C NMR (CDCl3): d=7.8, 28.7, 35.9,
37.5, 37.8, 52.8, 59.3, 124.9, 126.4, 128.0, 135.1, 135.5, 152.6, 171.2, 202.3,
210.2 ppm; elemental analysis: calcd for C16H18O4: C 70.06, H 6.61;
found: C 69.81, H 6.64; HPLC (Daicel Chiralpak OJ, hexane/iPrOH 9:1,
flow rate=0.5 mLmin�1): tR=35.1 min (minor), tR=40.8 min (major).


3ba : [a]21D =++55.3 (c=0.99, CHCl3) (94% ee); 1H NMR (CDCl3): IR
(neat): ñ=1743, 1712 cm�1; d=1.21 (t, J=6.9 Hz, 3H), 2.13 (s, 3H), 2.22–
2.25 (m, 2H), 2.48–2.56 (m, 1H), 2.59–2.68 (m, 1H), 3.03 (d, J=17.2 Hz,
1H), 3.67 (d, J=17.2 Hz, 1H), 4.16 (q, J=8.2 Hz, 2H), 7.41 (t, J=6.9 Hz,
1H), 7.48 (d, J=7.8 Hz, 1H), 7.64 (t, J=7.8 Hz, 1H), 7.77 ppm (d, J=
7.4 Hz, 1H) ; 13C NMR (CDCl3): d=14.0, 28.5, 29.9, 37.9, 38.8, 59.2, 61.7,
124.8, 126.4, 127.9, 135.1, 135.5, 152.5, 171.1, 202.4, 207.6 ppm; elemental
analysis: calcd for C16H18O4: C 70.06, H 6.61; found: C 69.79, H 6.68;
HPLC (Daicel Chiralpak OJ, hexane/iPrOH 4:1, flow rate=
1.0 mLmin�1): tR=12.1 min (minor), tR=17.7 min (major).


3bb : [a]21D =++52.0 (c=0.91, CHCl3) (93% ee); IR (neat): ñ=1739,
1712 cm�1; 1H NMR (CDCl3): d=1.03 (t, J=7.4 Hz, 3H), 2.13 (t, J=
7.3 Hz, 3H), 2.17–2.30 (m, 2H), 2.40 (q, J=7.3 Hz, 2H), 2.42–2.52 (m,


Figure 1. Assumed transition state in the addition of the scandium eno-
late to the a,b-unsaturated ketone.


Scheme 1. Assumed catalytic cycle of the reaction.
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1H), 2.53–2.63 (m, 1H), 3.03 (d, J=17.6 Hz, 1H), 3.66 (d, J=17.6 Hz,
1H), 4.16 (q, J=7.4 Hz, 2H), 7.41–7.43 (m, 1H), 7.45–7.48 (d, J=7.6 Hz,
1H), 7.61–7.65 (m, 1H), 7.76–7.78 ppm (d, J=7.6 Hz, 1H); 13C NMR
(CDCl3): d=7.6, 14.0, 28.7, 35.9, 37.5, 37.8, 59.3, 61.6, 124.8, 126.4, 127.9,
135.1, 135.4, 152.6, 171.1, 202.3, 210.2 ppm; elemental analysis: calcd for
C17H20O4: C 70.81, H 6.99; found: C 70.54, H 7.19; HPLC (Daicel Chiral-
pak OJ, hexane/iPrOH 4:1, flow rate=1.0 mLmin�1): tR=11.0 min
(minor), tR=12.4 min (major).


3da : [a]20D =++72.4 (c=0.66, CHCl3) (95% ee); IR (neat): ñ=1697,
1608 cm�1; 1H NMR (CDCl3): d=1.21 (t, J=6.9 Hz, 3H), 2.12 (s, 3H),
2.20 (ddd, J=14.4, 10.0, 6.0 Hz, 1H), 2.26 (ddd, J=14.4, 10.0, 6.0 Hz,
1H), 2.49 (ddd, J=17.6, 10.0, 6.0 Hz, 1H), 2.60 (ddd, J=17.6, 10.0,
6.0 Hz, 1H), 2.98 (ddd, J=17.4 Hz, 1H), 3.62 (d, J=17.4 Hz, 1H), 3.90
(s, 3H), 4.16 (q, J=7.9 Hz, 2H), 6.90–6.95 (m, 2H), 7.69 ppm (d, J=
8.2 Hz, 1H); 13C NMR (CDCl3): d=13.9, 28.4, 29.7, 37.5, 38.7, 55.6, 59.3,
61.4, 109.3, 115.9, 126.3, 128.1, 155.6, 165.8, 171.1, 200.2, 207.4 ppm; ele-
mental analysis: calcd for C17H20O5: C 67.09, H 6.62; found: C 66.81, H
6.55; HPLC (Daicel Chiralpak OJ, hexane/iPrOH 4:1, flow rate=
1.0 mLmin�1): tR=12.6 min (minor), tR=19.3 min (major).


3db : [a]22D =++80.6 (c=0.20, CHCl3) (95% ee); IR (neat): ñ=1734,
1708 cm�1; 1H NMR (CDCl3): d=1.03 (t, J=7.4 Hz, 3H), 1.21 (t, J=
7.4 Hz, 3H), 2.17–2.30 (m, 2H), 2.42 (q, J=7.4 Hz, 2H), 2.44–2.60 (m,
2H), 2.97 (d, J=17.4 Hz, 1H), 3.61 (d, J=17.4 Hz, 1H), 3.90 (s, 3H),
4.16 (q, 7.4 Hz, 2H), 6.80–6.95 (m, 2H), 7.69–7.71 ppm (m, 1H);
13C NMR (CDCl3): d=7.8, 14.0, 28.7, 35.9, 37.5, 37.6, 55.7, 59.6, 61.6,
109.4, 116.0, 126.5, 128.3, 155.7, 165.9, 171.2, 200.3, 210.4 ppm; HRMS:
calcd for C18H23O5: 319.1545 [M+]; found: 319.1542; HPLC (Daicel Chir-
alpak AD, hexane/iPrOH 9:1, flow rate=1.0 mLmin�1): tR=21.1 min
(minor), tR=30.8 min (major).


3ea : [a]22D =++61.5 (c=1.15, CHCl3) (85% ee); IR (neat): ñ=1730,
1712 cm�1; 1H NMR (CDCl3): d=1.21 (t, J=6.9 Hz, 3H), 2.13 (s, 3H),
2.21–2.25 (m, 2H), 2.52 (ddd, J=15.6, 8.7, 5.5 Hz, 1H), 2.60 (ddd, J=
15.6, 8.7, 5.5 Hz, 1H), 3.01 (d, 17.5 Hz, 1H), 3.64 (d, J=17.5 Hz, 1H),
4.16 (q, J=6.9 Hz, 2H), 7.56–7.62 (m, 1H), 7.63–7.66 ppm (m, 2H);
13C NMR (CDCl3): d=14.0, 28.4, 29.9, 37.5, 38.7, 59.3, 61.8, 126.0, 129.7,
130.9, 131.6, 134.0, 154.0, 170.6, 201.1, 207.3 ppm; elemental analysis:
calcd for C16H17BrO4: C 54.41, H 4.85; found: C 54.16, H 4.73; HPLC
(Daicel Chiralpak AD-H, hexane/iPrOH 4:1, flow rate=1.0 mLmin�1)
tR=9.9 min (minor), tR=13.8 min (major).


3eb : [a]23D =++49.2 (c=0.48, CHCl3) (84% ee); IR (neat): ñ=1730,
1714 cm�1; 1H NMR (CDCl3): d=1.03 (t, J=7.4 Hz, 3H), 1.21 (t, J=
7.2 Hz, 3H), 2.23–2.27 (m, 2H), 2.40 (q, J=7.4 Hz, 2H), 2.38–2.50 (m,
1H), 2.54–2.62 (m, 1H), 3.01 (d, J=17.4 Hz, 1H), 3.64 (d, J=17.4 Hz,
1H), 4.16 (q, J=7.2 Hz, 2H), 7.54–7.56 (m, 1H), 7.61–7.66 ppm (m, 2H);
13C NMR (CDCl3): d=7.8, 14.0, 28.5, 35.9, 37.4, 59.5, 61.8, 77.2, 126.0,
129.7, 130.9, 131.6, 134.0, 154.1, 170.6, 201.1, 210.0 ppm ; elemental analy-
sis: calcd for C17H19BrO4: C 55.60, H 5.21; found: C 55.43, H 5.29; HPLC
(Daicel Chiralpak AD, hexane/iPrOH 9:1, flow rate=1.0 mLmin�1): tR=
13.8 min (minor), tR=17.9 min (major).


3 fa : [a]26D =++88.9 (c=0.53, CHCl3) (94% ee); IR (neat): ñ=1752,
1717 cm�1; 1H NMR (CDCl3): d=2.13 (s, 3H), 2.23–2.40 (m, 1H), 2.52–
2.65 (m, 3H), 3.57 (s, 3H), 7.16–7.27 (m, 2H), 7.67–7.69 ppm (m, 2H);
13C NMR (CDCl3): d=27.8, 29.8, 37.1, 53.4, 90.2, 113.5, 119.4, 122.9,
125.1, 138.7, 166.1, 172.1, 195.6, 206.2 ppm; HRMS: calcd for C14H15O5:
263.0919 [M+]; found: 263.0924; HPLC (Daicel Chiralpak OD, hexane/
iPrOH=9:1, flow rate=1.0 mLmin�1): tR=40.0 min (minor), tR=
45.9 min (major).


3gb : [a]24D =�37.9 (c=0.43, CHCl3) (87% ee); IR (neat): ñ=1732,
1714 cm�1; 1H NMR (CDCl3): d=1.05 (t, J=7.4 Hz, 3H), 2.10–2.19 (m,
2H), 2.25–2.30 (m, 1H), 2.43 (q, J=7.4 Hz, 2H), 2.60–2.72 (m, 2H),
2.54–2.72 (m, 1H), 2.97–3.03 (m, 2H), 3.68 (s, 3H), 7.21 (d, J=7.8 Hz,
1H), 7.23–7.33 (m, 1H), 7.46–7.52 (m, 1H), 8.03 ppm (d, J=7.8 Hz, 1H);
13C NMR (CDCl3): d=7.8, 25.8, 27.7, 31.5, 35.8, 37.6, 52.4, 56.7, 126.8,
127.9, 128.7, 131.8, 133.6, 142.8, 172.3, 195.3, 210.3 ppm; elemental analy-
sis: calcd for C17H20O4: C 70.81, H 6.99; found: C 70.51, H 7.11; HPLC
(Daicel Chiralpak AD, hexane/iPrOH 9:1, flow rate=1.0 mLmin�1): tR=
11.6 min (minor), tR=13.5 min (major).


3aa,[11b] 3ca,[5c] and 3ha[11b] are known compounds.
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New Synthetic Routes to C-Amino Phosphorus Ylides and their
Subsequent Fragmentation into Carbenes and Phosphines


Salvador Conejero, Maoying Song, David Martin, Yves Canac,
Michele Soleilhavoup, and Guy Bertrand*[a]


Introduction


Despite the existence of various methods for the generation
of transient[1] and stable carbenes,[2] there is still a need for
new methods that allow the preparation of these highly re-
active species under mild conditions. Among carbenes, di-
ACHTUNGTRENNUNGamino carbenes[3] and, more recently, monoamino carbenes[4]


have attracted considerable attention, mainly because of
their ligand properties. So far, most of these compounds
have been prepared by deprotonation of the conjugate acid,
reduction of the corresponding thione, and 1,1-elimination
reactions. All these routes have advantages but also draw-
backs. The latter methods involve relatively drastic condi-
tions,[5] whereas strong anionic bases are required for the
former;[6] in some cases, side reactions are induced, includ-
ing nucleophilic addition to the starting salt[5a] and deproto-
nation at other sites of the molecule.[7]


Recently,[8] we reported a new route to amino carbenes.
On the basis of calculations by Bestmann, Schleyer, and co-


workers,[9] who predicted that the P�C dissociation energy
of the parent C-amino phosphorus ylide H3P=C(H) ACHTUNGTRENNUNG(NH2)
is only 8.1 kcalmol�1, we showed that cyclic C-amino phos-
phorus ylides A could, indeed, undergo fragmentation into
carbenes and phosphines at low temperature (Scheme 1).
However, in the acyclic series, we found that on the one
hand, C-amino phosphorus ylides B, which bear strongly
basic nucleophilic phosphines such as tris(dimethylamino)-
phosphane, are too stable to undergo fragmentation to the
carbene and phosphine; on the other hand, phosphonium
precursors C, which feature nonbasic phosphines such as tri-
phenylphosphine, cannot be prepared as they readily de-
compose into phosphine and iminium salts. Therefore, the


Abstract: Phosphonio-substituted aldi-
minium, iminium, and imidazolidinium
salts are readily prepared by the addi-
tion of phosphines to the Alder dimer
or by treatment of the corresponding
chloroiminium salt with the phosphine/
trimethylsilyl triflate adduct generated
in situ. Reduction with either potassi-
um metal or tetrakis(dimethylamino)-
ethylene leads to the corresponding C-
amino phosphorus ylides. When basic


phosphine fragments are used, the
ylides can be isolated; otherwise they
fragment into the carbene and phos-
phine. This method is limited to the
preparation of transient carbenes,
owing to the unavailability of sterically
hindered dications, and consequently


of phosphorus ylides with bulky carbon
substituents. This difficulty is overcome
by the addition of 2,4-di-tert-butyl-
ortho-quinone to readily available C-
amino phosphaalkenes at low tempera-
ture. Provided the phosphorus atom
bears either an amino or tert-butyl
group, [4+1] cycloaddition occurs, and
the resulting ylides fragment into a di-
oxaphospholane and a spectroscopical-
ly observed carbene.
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iminium salts · phosphorus · ylides
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Scheme 1. C-Amino phosphorus ylides are either stable (B) or undergo
fragmentation (A,C).
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most general method for the preparation of phosphorus
ylides, the deprotonation of the corresponding phosphonium
salts, cannot be used to prepare the desired labile C-amino
phosphorus ylides (Scheme 1). Moreover, none of the other
well-developed methods[10] can be applied when an amino
substituent is present at the carbon atom of the ylide func-
tion. The addition of phosphines to alkenes and alkynes is
limited to electron-poor unsaturated derivatives. Staudinger
adducts are not accessible as amino-substituted diazo deriva-
tives are not stable. Dihalido triphenylphosphoranes only
react with methylene derivatives activated by electron-with-
drawing groups.


Herein we report two original synthetic routes to stable
and transient C-amino phosphorus ylides, and discuss their
fragmentation into carbenes and phosphines.


Results and Discussion


We have already shown that
highly thermally stable phos-
phonio-substituted aldiminium
salts 1[11] are readily prepared in
excellent yields by the addition
of phosphines to the Alder
dimer[12] or, alternatively, by
treatment of the corresponding
chloroaldiminium salt with the phosphine/trimethylsilyl tri-
flate adduct generated in situ.[13] Interestingly, basic phos-
phines such as tricyclohexylphosphine are not required; tri-
phenylphosphine can be used. One can quickly realize that
these onio-substituted aldiminium salts 1 are oxidized forms
of the corresponding ylides 2. Therefore, a two-electron re-
duction of 1 should lead to ylides 2 (Scheme 2). Further-
more, such a process should not be very difficult, as Weiss
et al. have shown that onio substitution dramatically increas-
es the electron affinity of a given substance.[14]


To test this hypothesis, and knowing that ylide 2a featur-
ing the very basic tris(dimethylamino)phosphine is stable,[8]


we prepared the phosphonio-substituted aldiminium salt 1a
and reduced it with potassium metal (Scheme 3). The reac-
tion was carried out in tetrahydrofuran at �50 8C. After
evaporation of the solvent, the residue was extracted with
pentane, and ylide 2a was isolated in near quantitative


yield. We then used dication 1b,[11] featuring the less basic
triphenylphosphine. Under the same experimental condi-
tions, but with tetrakis(dimethylamino)ethylene (TDAE) as
a reducing agent, we observed the quantitative formation of
triphenylphosphine and alkene 3b, the expected dimer of
(diisopropylamino)(hydrogeno)carbene (Scheme 3).


Interestingly, not only aldiminium salts can be used to
prepare dications, but also C-substituted iminium salts and
imidazolidinium salts, as shown by the preparation of 1c,d
(Scheme 4). 31P and 13C NMR spectroscopy analysis showed
that the reduction of 1c and 1d with tetrakis(dimethylami-
no)ethylene and potassium metal, respectively, did not
afford the phosphorus ylides and carbenes. Again, we ob-
served the quantitative formation of triphenylphosphane
and alkene 3c (Z/E 20:80) and 3d.


Importantly, all attempts to prepare dications that bear
bulky substituents at the carbon atom failed. For example,
no reaction occurred when the N,N-diisopropyl-C-tert-butyl
chloroiminium salt was treated with the triphenylphos-
phane/trimethylsilyl triflate adduct generated in situ. There-
fore, although the reduction of dications 1 and the fragmen-
tation of the ensuing C-amino phosphorus ylides 2 occur
under very mild conditions, when a nonbasic phosphine
fragment is used, the overall sequence seems limited to the
generation of transient amino carbenes, because of the un-
availability of sterically hindered starting dications.


Therefore, to generate persistent carbenes, it was necessa-
ry to design a new route that would allow the preparation of
C-amino phosphorus ylides with bulky substituents at the
carbon atom and a nonbasic phosphorus fragment. It is
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Scheme 2. Two-electron reduction of onio-substituted aldiminium salts 1
to ylides 2.


Scheme 3. Reduction of dications with different onio substituents, prepared from Alder dimer.
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known that ortho-quinones react with phosphines through a
[4+1] cycloaddition process to give hypervalent phosphorus
derivatives (Scheme 5).[15] On the other hand, C-alkyl- and
C-aryl-substituted phosphaalkenes react with ortho-quinones


to afford [4+2] cycloadducts.[16] Howev-
er, the p orbital and lone pair of elec-
trons of the phosphorus atom of phos-
phaalkenes are very close in energy; de-
pending on the nature of the substitu-
ents at the carbon and the phosphorus
atoms, either of these orbitals can be
the HOMO of the system.[17] Conse-
quently, we expected that phosphaal-
kenes that bear a p-donor amino sub-
stituent at the carbon atom would react
through their lone pair by a [4+1] cycloaddition process to
afford the desired C-amino phosphorus ylides; moreover,
the presence of two oxygen substituents at the phosphorus
atom was expected to allow facile fragmentation.


C-amino phosphaalkenes can be prepared by several
routes.[18] We chose the nucleophile-induced ring opening of
diphosphirenium salt 4.[19] Indeed, this synthetic strategy
allows the synthesis of phosphaalkenes featuring a
ACHTUNGTRENNUNGC ACHTUNGTRENNUNG(NiPr2)[P ACHTUNGTRENNUNG(NiPr2)2] fragment known to be a persistent car-
bene.[20] Moreover, starting from a single precursor, the use
of various nucleophiles provides the opportunity to study
the influence of the nature of the phosphorus substituent on
the fate of the reaction with the quinone. Phenyllithium,
tert-butyllithium, and lithium diisopropylamide were used to
prepare phosphaalkenes 5a, 5b, and 5c in 82, 90, and 90%
yield, respectively (Scheme 6).


Phosphaalkene 5a, which bears a phenyl group at the
phosphorus atom, reacts with 2,4-di-tert-butyl-ortho-quinone


at �78 8C to give a complex
mixture, which includes the de-
sired carbene 6, but in only
20% yield (according to
31P NMR spectroscopy)
(Scheme 7). Other products of
the reaction include the benzo-
1,3,2-dioxaphospholane 7a, the
bis ACHTUNGTRENNUNG(quinone) adduct 8a, and


the six-membered heterocycles 9a (as a mixture of two dia-
stereomers). Therefore, in this case, despite the presence of
the amino group at the carbon atom, the [4+2] cycloaddi-
tion strongly competes with the desired [4+1] process.


The observed instability and clean fragmentation of the
(highly probable) phosphorus ylide intermediate was a very
encouraging result. Therefore, to facilitate the formation of
ylides versus dioxaphosphinanes 9, we used phosphaalkenes


5b and 5c, which feature more-strongly electron-donating
groups at the phosphorus atom. The reaction with 2,4-di-
tert-butyl-ortho-quinone occurred at �78 8C and cleanly af-
forded the desired carbene 6, along with an equimolar
amount of benzodioxaphospholanes 7b and 7c, respectively;
no traces of six-membered heterocycles were observed
(Scheme 8).


Scheme 4. Preparation of iminium and imidazolidinium dications and their reduction.


Scheme 5. Reaction of ortho-quinone with phosphines and phosphaal-
kenes.


Scheme 6. Preparation of selected phosphaalkenes.


Scheme 7. Reaction of 5a with 2,4-di-tert-butyl-ortho-quinone.


Scheme 8. Reaction of 5b,c with 2,4-di-tert-butyl-ortho-quinone.
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Conclusions


A variety of dicationic species can be prepared by simple
addition of a phosphine, including nonbasic phosphines, to
aldiminium, iminium, and even imidazolidinium salts. Subse-
quent two-electron reductions cleanly afford the corre-
sponding C-amino phosphorus ylides, which, depending on
the nature of the phosphorus substituents, can either be
stable or undergo fragmentation into the corresponding
phosphine and carbene. However, the overall sequence
seems restricted to the generation of transient amino car-
benes because of the unavailability of sterically hindered
starting dications. To overcome this limitation, C-amino
phosphorus ylides that bear bulky substituents at the carbon
atom can be synthesized readily by the addition of ortho-
quinones to C-amino phosphaalkenes. As a variety of the
latter compounds have been described in the literature, and
quinones are not aggressive reagents, this new route to
amino carbenes should have a broad scope of application
and should tolerate a wide range of functional groups.


Experimental Section


General


All manipulations were performed under an inert atmosphere of argon
by using standard Schlenk techniques. Dry, oxygen-free solvents were
employed. 1H, 13C, and 31P NMR spectra were recorded on Varian Inova
300, 500, and Bruker Avance 300 spectrometers.


Syntheses


1a or 1b : A solution of the phosphine (8.5 mmol) in acetonitrile (15 mL)
was added at �40 8C to a solution (15 mL) of the Alder dimer
(7.7 mmol) in acetonitrile (15 mL). The suspension was stirred for 1 h at
room temperature. After evaporation of the solvent, the solid residue
was washed with THF (20 mL) to afford 1a or 1b[11] as white microcrys-
talline solids. 1a (3.81 g, 86%): M.p.: 201–202 8C; 31P NMR (CD3CN,
25 8C): d=++33.5 ppm; 1H NMR (CD3CN, 25 8C): d=1.61 (d, JHH=


6.2 Hz, 6H; CHCH3), 1.63 (d, JHH=6.2 Hz, 6H; CHCH3), 2.88 (d, JHP=


11.3 Hz, 18H; NCH3), 4.69 (sept, JHH=6.2 Hz, 1H; CHCH3), 4.77 (sept
d, JHH=6.2 Hz, JHP=4.1 Hz, 1H; CHCH3), 8.53 ppm (d, JHP=24.1 Hz,
1H; CH); 13C NMR (CD3CN, 25 8C): d=20.8 (CHCH3), 24.3 (CHCH3),
37.5 (d, JCP=4.6 Hz; NCH3), 63.0 (d, JCP=7.5 Hz; CHCH3), 65.1 (d, JCP=
5.3 Hz; CHCH3), 122.2 (q, JCF=319.6 Hz; CF3SO3


�), 167.8 (d, JCP=
141.6 Hz; CH). 1b[11] (4.87 g, 94%).


1c or 1d : A solution of trimethylsilyltrifluoromethane sulfonate
(4.66 mmol) and triphenylphosphine (2.55 mmol) in CH2Cl2 (10 mL) was
added at �78 8C to a solution of C-phenyl-C-chloro-N,N-diisopropylimi-
nium chloride or chloro imidazolidinium chloride (2.33 mmol), respec-
tively, in CH2Cl2 (10 mL). The reaction mixture was stirred for 1 h at
room temperature. After evaporation of the solvent under vacuum, the
residue was washed with THF (20 mL) to afford 1c or 1d as white solids.
1c (1.57 g, 90%): 31P NMR (CD3CN, 25 8C): d=++35.7 ppm; 1H NMR
(CD3CN, 25 8C): d=1.20 (d, JHH=6.3 Hz, 6H; CHCH3), 1.43 (d, JHH=


6.6 Hz, 6H; CHCH3), 4.60 (sept d, JHH=6.3 Hz, JHP=2.4 Hz, 1H;
CHCH3), 4.90 (sept d, JHH=6.6 Hz, JHP=3.6 Hz, 1H; CHCH3), 7.36–7.55
(m, 5H; Har), 7.75–8.02 ppm (m, 15H; Har);


13C NMR (CD3CN, 25 8C):
d=19.6 (CHCH3), 24.8 (CHCH3), 67.8 (CHCH3), 72.8 (d, JCP=6.3 Hz;
CHCH3), 114.0 (d, JCP=85.0 Hz; Car), 122.2 (q, JCF=321.6 Hz; CF3SO3


�),
128.7 (s; Car), 129.4 (d, JCP=10.3 Hz; Car), 130.2 (s; Car), 132.6 (d, JCP=
14.5 Hz; Car), 134.6 (s; Car), 136.2 (d, JCP=10.3 Hz; Car), 138.4 (s; Car),
183.5 ppm (d, JCP=53.9 Hz; C). 1d (7.65 g, 91%): 31P NMR (CD3CN,
25 8C): d=++20.7 ppm; 1H NMR (CD3CN, 25 8C): d=2.66 (s, 6H; NCH3),


4.29 (s, 4H; NCH2), 7.89–8.10 ppm (m, 15H; Har);
13C NMR (CD3CN,


25 8C): d=38.6 (NCH3), 55.2 (NCH2), 113.1 (d, JCP=88.2 Hz; Car), 122.2
(q, JCF=319.4 Hz; CF3SO3


�), 132.7 (d, JCP=14.6 Hz; Car), 136.3 (d, JCP=
12.0 Hz; Car), 138.8 (s, Car), 152.5 ppm (d, JCP=86.9 Hz; C).


Reduction of 1a : A solution of 1a (0.30 g, 0.5 mmol) in THF (2 mL) was
added at �50 8C to a suspension of potassium (0.04 g, 1.0 mmol) in THF
(1 mL). The suspension was warmed to room temperature and stirred for
30 min. After evaporation of the solvent, the residue was extracted with
pentane (5 mL) to afford phosphorus ylide 2a as a yellow oil (0.10 g,
69%). The spectroscopic data for 2a were identical to those previously
reported.[8]


Reduction of 1b or 1c : Tetrakis(dimethylamino)ethylene (0.23 mL,
1.0 mmol) was added at �40 8C to a solution of 1b (0.68 g, 1.0 mmol) or
1c (0.75 g, 1.0 mmol) in acetonitrile (5 mL). The suspension was then
warmed to room temperature and stirred for 30 min. After evaporation
of the solvent, the residue was extracted with Et2O (10 mL). After evapo-
ration of the Et2O, multinuclear NMR spectroscopy indicated the quanti-
tative formation of dimer 3b[21] or 3c,[22] along with triphenylphosphine
(2 equiv).


Reduction of 1d : A solution of 1d (0.30 g, 0.5 mmol) in THF (2 mL) was
added at �50 8C to a suspension of potassium (0.04 g, 1.0 mmol) in THF
(1 mL). The suspension was warmed to room temperature and stirred for
30 min. After evaporation of the solvent, the residue was extracted with
Et2O (5 mL). After evaporation of the Et2O, multinuclear NMR spectros-
copy indicated the quantitative formation of dimer 3d,[23] along with tri-
phenylphosphine (2 equiv).


5 : A stoichiometric amount of a solution of the desired lithium reagent
in hexane was added dropwise at �95 8C to a solution of diphosphireni-
um tetrafluoroborate 4 (1.7 mmol) in THF (3 mL). The mixture was stir-
red for 1.5 h and then allowed to warm to room temperature. The solvent
was removed under vacuum, and the product extracted with pentane.
After evaporation of the pentane, 5b or 5c[19b] was obtained as a red oil,
whereas 5a was isolated as red crystals by slow recrystallization from
pentane at �30 8C. 5a (641 mg, 82%): M.p.: 85–87 8C; 31P NMR (C6D6,
25 8C): d=52.4 (d, JPP=42.9 Hz), 124.3 ppm (d, JPP=42.9 Hz); 1H NMR
(C6D6, 25 8C): d=1.13 (d, JHH=6.6 Hz, 12H; CHCH3), 1.35 (d, JHH=


6.6 Hz, 12H; CHCH3), 1.42 (d, JHH=6.9 Hz, 12H; CHCH3), 4.06 (sept d,
JHH=6.6 Hz, JPH=1.8 Hz, 4H; CHCH3), 4.71 (sept d, JHH=JPH=6.6 Hz,
2H; CHCH3), 7.04–7.21 (m, 3H; CHar), 7.67–7.72 ppm (m, 2H; CHar);
13C NMR (C6D6, 25 8C): d=22.5 (s; CHCH3), 23.9 (d, JPC=5.3 Hz;
CHCH3), 47.5 (dd , JPC=4.6 and 12.7 Hz; CHCH3), 55.3 (d, JPC=18.7 Hz,
CHCH3), 126.8 (s; CHar), 133.3 (d, JPC=12.1 Hz; CHar), 147.2 (d, JPC=
62.8 Hz; Car), 205.1 ppm (dd, JPC=42.7 and 112.2 Hz; P=C); EI-MS: m/
z : 451 [M+]. 5b (330 mg, 90%): 31P NMR (C6D6, 25 8C): d=54.2 (d; JPP=
24.4 Hz), 175.7 ppm (d; JPP=24.4 Hz); 1H NMR (C6D6, 25 8C): d=1.29
(d, JHH=6.0 Hz, 12H; CHCH3), 1.30 (d, JHH=6.5 Hz, 12H; CHCH3),
1.32 (d, JHH=6.5 Hz, 12H; CHCH3), 1.39 (d, JPH=10.5 Hz, 9H; CCH3),
4.05 (sept d, JHH=6.0 Hz, JPH=2.4 Hz, 4H; CHCH3), 4.42 ppm (sept d,
JHH=JPH=6.5 Hz, 2H; CHCH3);


13C NMR (C6D6, 25 8C): d=23.4 (s;
CHCH3), 24.4 (pseudo-t, JPC=6.2 Hz; CHCH3), 24.6 (d, JPC=8.3 Hz;
CHCH3), 31.3 (d, JPC=16.6 Hz; CCH3), 36.6 (d, JPC=62.2 Hz; CCH3),
47.7 (d, JPC=6.2 Hz; CHCH3), 55.5 (d, JPC=18.7 Hz; CHCH3), 200.3 ppm
(dd, JPC=45.6 and 118.2 Hz; P=C); EI-MS: m/z : 431 [M+]. 5c (210 mg,
80%): 31P NMR (C6D6, 25 8C): d=160.2 (d; JPP=17.6 Hz), 50.2 ppm (d;
JPP=17.6 Hz); 1H NMR (C6D6, 25 8C): d=1.32 (d, JHH=7.0 Hz, 6H;
P(II)NCHCH3), 1.41 (d, JHH=7.0 Hz, 12H; P ACHTUNGTRENNUNG(III)NCHCH3), 1.42 (d,
JHH=7.0 Hz, 12H; P ACHTUNGTRENNUNG(III)NCHCH3), 1.44 (d, JHH=7.0 Hz, 12H;
CNCHCH3), 1.46 (d, JHH=7.0 Hz, 6H; P(II)NCHCH3), 3.62 (sept d,
JHH=7.0 Hz, JPH=6.5 Hz, 2H; P(II)NCHCH3), 4.14 (sept d d, JHH=


7.0 Hz, JP(III)H=1.5 Hz, JP(II)H=2.0 Hz, 4H; P ACHTUNGTRENNUNG(III)NCHCH3), 4.61 ppm
(sept d, JHH=7.0 Hz, JP


III
H=4.5 Hz, 2H; CNCHCH3);


13C NMR (C6D6,
25 8C): d=23.1–24.6 (CHCH3), 46.6 (dd, JPC=11.6 and 5.5 Hz; P-
ACHTUNGTRENNUNG(III)NCHCH3), 47.1 (d, JPC=3.8 Hz; P(II)NCHCH3), 49.6 (d, JPC=
14.6 Hz; CNCHCH3), 177.4 ppm (dd, JPC=105.5 and 47.5 Hz; P=C); EI-
MS: m/z : 474 [M+].


Reaction of 5a with 2,4-di-tert-butyl-ortho-quinone: A solution of 2,4-di-
tert-butyl-ortho-quinone (98 mg, 0.44 mmol) in THF (0.3 mL) was added
at �78 8C to a solution of 5a (200 mg, 0.44 mmol) in THF (0.3 mL) in an
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NMR tube. The NMR tube was sealed under argon, and the reaction was
monitored by 31P NMR spectroscopy. After 1 h the adduct 9, as a mixture
of two diastereomers (85%), the monoquinone adduct 7a (5%), the bis-
quinone adduct 8a (10%), and the carbene 6 (15%) were observed. De-
rivatives 7a, 8a, and carbene 6 were characterized by comparison of the
31P NMR data with those of authentic samples prepared as described
hereafter or in reference [20a]. The major isomer (80%) of the six-mem-
bered heterocycle 9 appeared as an AX system at d=78.3 and 160.9 ppm
(JPP=122.7 Hz), whereas the minor isomer (20%) gave an AX system at
d=83.0 and 173.9 ppm (JPP=52.6 Hz). After sulfuration of the reaction
mixture with elemental sulfur, the monosulfur adducts of 9 were ob-
served: 31P NMR (THF, 25 8C): major isomer: d=79.1 (d, JPP=235.4 Hz),
89.0 ppm (d, JPP=235.4 Hz); minor isomer: 78.1 ppm (d, JPP=215.9 Hz),
92.1 (d, JPP=215.9 Hz). All attempts to isolate one of the diastereomers
failed, preventing an accurate description of the 1H and 13C NMR data.
The monosulfur adducts of 9 were further characterized by mass spec-
trometry (DCM/NBA): m/z 704 [M+].


Reaction of 5b or 5c with 2,4-di-tert-butyl-ortho-quinone: A solution of
2,4-di-tert-butyl-ortho-quinone (100 mg, 0.46 mmol) in THF (0.3 mL) was
added at �78 8C to a solution of 5b or 5c (5b : 200 mg, 0.46 mmol; 5c :
220 mg, 0.46 mmol) in THF (0.3 mL) in an NMR tube. The NMR tube
was sealed under argon. According to 31P NMR spectroscopy, carbene 6
along with an equimolar amount of adducts 7b or 7c were the only ob-
servable products. Carbene 6 and adducts 7b and 7c were characterized
by comparison of the multinuclear NMR data with those of authentic
samples reported in reference [20a] or prepared as described below.


Authentic 7a,[24] 8a : A solution of dichlorophenylphosphine in diethyl
ether was added at �30 8C to a solution of triethylamine (2 equiv) and
2,4-di-tert-butylcatechol (1 equiv) in diethyl ether. The suspension was al-
lowed to warm up to room temperature and then stirred for 12 h at room
temperature. According to 31P NMR spectroscopy, a mixture containing
the remaining dichlorophosphine (25%), 7a (50% yield), and 8a (25%
yield) was obtained. 7a : 31P NMR (CDCl3, 25 8C): d=180.2 ppm. The
same protocol, but with 4 equivalents of triethylamine and 2 equivalents
of 2,4-di-tert-butylcatechol, led to the isolation of 8a as a white powder
by recrystallization from diethyl ether at �20 8C. 8a (430 mg, 80%):
31P NMR (CDCl3, 25 8C): d=�10.5 ppm; 1H NMR (CDCl3, 25 8C): d=


1.29 (s, 18H; CCH3), 1.46 (s, 18H; CCH3), 6.85 (m, 2H; CHar), 7.00 (m,
2H; CHar), 7.34–7.38 (m, 3H; CHar), 7.84–7.93 ppm (m, 2H; CHar);
13C NMR (CDCl3, 25 8C): d=30.0 (s; CCH3), 31.9 (s; CCH3), 34.6 (s;
CCH3), 35.1 (s; CCH3), 106.5 (d, JPC=13.8 Hz; Car), 115.7 (s; Car), 128.4
(d, JPC=17.2 Hz; Car), 131.2 (d, JPC=11.2 HZ; Car), 131.6 (s; Car), 133.4
(d; JPC=12.1; Car), 139.2 (s; Car), 143.9 (s; Car), 144.5 ppm (s; Car); MS
(DCI/NH3): m/z : 549 [M+H+].


Authentic 7b or 7c :[25] A solution of the desired dichlorophosphine in di-
ethyl ether was added at �30 8C to a solution of triethylamine (2 equiv)
and 2,4-di-tert-butylcatechol (1 equiv) in diethyl ether. The solution was
stirred for 30 min at room temperature, filtered, and the solvent removed
under vacuum. Benzodioxaphospholanes 7b or 7c were isolated as color-
less oils. 7b (250 mg, 91%): 31P NMR (CDCl3, 25 8C): d=208.1 ppm;
1H NMR (CDCl3, 25 8C): d=0.91 (d, JPH=12.9 Hz, 9H; PCCH3), 1.30 (s,
9H; CCH3), 1.42 (s, 9H; CCH3), 6.85 (d, JHH=2.0 Hz, 1H; CHar),
6.91 ppm (d, JHH=2.0 Hz, 1H; CHar);


13C NMR (CDCl3, 25 8C): 22.0 (d,
JPC=18.5 Hz; PCCH3), 29.7 (s; CCH3), 31.9 (s; CCH3), 34.6 (s; CCH3),
35.0 (s; CCH3), 39.0 (d, JPC=42.6 Hz; PCCH3), 107.5 (s; CHar), 116.0 (s;
CHar), 133.9 (s; Car), 143.3 (d, JPC=8.1 Hz; Car), 145.3 (s; Car), 147.9 ppm
(d, JPC=6.9 Hz; Car); EI-MS: m/z : 308 [M+]. 7c (320 mg, 85%):
31P NMR (CDCl3, 25 8C): d=153.8 ppm; 1H NMR (CDCl3, 25 8C): 1.25
(d, JHH=6.6 Hz, 12H; CHCH3), 1.32 (s, 9H; CCH3), 1.42 (s, 9H; CCH3),
3.35 (sept d, JPH=9.6 Hz, JHH=6.6 Hz, 2H; CHCH3), 6.85 (d, JHH=


2.4 Hz, 1H; CHar), 6.90 ppm (d, JHH=2.4 Hz, 1H; CHar);
13C NMR


(CDCl3, 25 8C): d=24.7 (d, JPC=8.1 Hz; CHCH3), 25.0 (d, JPC=8.1 Hz;
CHCH3), 29.8 (s; CCH3), 32.0 (s; CCH3), 34.6 (s; CCH3), 34.9 (s; CCH3),
45.0 (d, JPC=11.5; CHCH3), 106.8 (s; CHar), 115.2 (s; CHar), 133.4 (s;
Car), 142.6 (d, JPC=8.1 Hz; Car), 144.1 (s; Car), 147.0 ppm (d, JPC=6.9 Hz;
Car).
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Nucleophilic Activation of Alkenyl and Aryl Boronates by a
Chiral CuIF Complex: Catalytic Enantioselective


Alkenylation and Arylation of Aldehydes


Daisuke Tomita, Motomu Kanai,* and Masakatsu Shibasaki*[a]


Introduction


Enantiomerically enriched allylic alcohols and diaryl metha-
nols are versatile chiral building blocks in organic synthesis.
Kinetic resolution by the Sharpless epoxidation[1] and enan-
tioselective addition of alkenyl zinc reagents to carbonyl
compounds[2] are the two main catalytic methods for the
synthesis of enantiomerically enriched allylic alcohols. Even
those synthetically useful methodologies have drawbacks.
Although the Sharpless kinetic resolution reliably produces
high enantioselectivity from a wide range of substrates, cata-
lyst turnover is not necessarily high, and the maximum
chemical yield is intrinsically 50%. On the other hand, cata-
lytic enantioselective alkenylation of carbonyl compounds
constructs allylic asymmetric carbon atoms through carbon–
carbon bond formation. Alkenyl zinc reagents are almost
always used as a nucleophile in this type of reaction owing
to their modest reactivity, which can be enhanced by an
asymmetric catalyst. There are two main methods for the
preparation of alkenyl zinc reagents. Oppolzer and Radinov


reported that alkenyl zinc can be generated through trans-
metalation of alkenyl boron and dialkyl zinc species.[2a]


After the generation of alkenyl boron intermediates by hy-
droboration of terminal alkynes, a stoichiometric amount of
diACHTUNGTRENNUNGalkyl zinc is added at �78 8C. The alkenyl zinc solution
formed was used directly in the presence of the Noyori 3-
exo-dimethylaminoisoborneol (DAIB) catalyst in the enan-
tioselective alkenylation of aldehydes by Oppolzer and Rad-
inov. This method for the generation of alkenyl zinc re-
agents was utilized in catalytic enantioselective alkenyla-
tions developed by the groups of Br5se,[2c] Chan,[2d] Yang,[2e]


and Walsh.[2f] Another method was developed by Wipf and
Ribe[2b] and involved the hydrozirconation of terminal al-
kynes with the Schwartz reagent[3] followed by transmetala-
tion with zinc by the addition of dimethylzinc.[4] Wipf and
Ribe utilized this alkenyl zinc species in a catalytic enantio-
selective alkenylation of alde ACHTUNGTRENNUNGhydes.[2b] Recently, the latter
method was extended to a catalytic enantioselective alkeny-
lation of ketones by Walsh and Li.[2g,h] In this reaction, fur-
ther transmetalation from alkenylzinc to alkenyltitanium re-
quires a stoichiometric amount of TiACHTUNGTRENNUNG(OiPr)4. Therefore, ex-
isting methods for catalytic enantioselective alken ACHTUNGTRENNUNGylation re-
quire stoichiometric amounts of at least two metals (B and
Zn; Zr and Zn; Zr, Zn, and Ti).[5] The sensitivity of organo-
zinc reagents to air and water is an additional concern in
terms of user-friendliness.


With regard to the synthesis of enantiomerically enriched
diaryl methanols, the catalytic enantioselective reduction of
diaryl ketones[6] and the catalytic enantioselective arylation
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Abstract: A new method for the cata-
lytic enantioselective alkenylation and
arylation of aldehydes involves the ac-
tivation of alkenyl and aryl boronates
by a catalytic amount of the CuIF–
DTBM-segphos complex through
transmetalation, generating novel al-
kenyl and aryl copper species. These
reagents act as the actual nucleophile.


A range of aldehydes can be converted
into optically active secondary allyl al-
cohols or diaryl methanols with excel-
lent enantioselectivity. The appropriate


choice of additives, depending on the
substrate, is critical to ensure high
yields of products. These additives pos-
sibly modulate the catalyst turnover
step from copper alkoxide intermedi-
ates generated by the addition of orga-
nocopper reagents to aldehydes.


Keywords: alkenylation · arylation ·
asymmetric catalysis · boron ·
copper
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of aldehydes[7] have been studied. In the former reaction,
two aryl substituents on a prochiral carbonyl carbon atom
need to be differentiated by an asymmetric catalyst. This
type of differentiation is only possible for substrates with
two aryl groups of significantly different electronic charac-
ter. On the other hand, the difficulty of the latter reaction
derives from the fact that reactions between aldehydes and
diphenylzinc proceed spontaneously without activation of
the catalyst. Fu and co-workers reported the first example
in this category in which a chiral azaferrocene ligand allows
the formation of products with moderate enantioselectivi-
ty.[7a] Much higher enantioselectivity was demonstrated by
Pu and Huang, who used a binol-derived catalyst
(20 mol%) pretreated with Et2Zn (40 mol%) under dilute
conditions.[7b] Bolm et al. efficiently suppressed the uncata-
lyzed background reaction of Ph2Zn by decreasing its con-
centration by taking advantage of the ligand exchange be-
tween Ph2Zn and unreactive Et2Zn.


[7d] Moreover, the Bolm
group developed an excellent catalytic enantioselective
ACHTUNGTRENNUNGarylation reaction by using a combination of aryl boronic
acids and Et2Zn in the presence of a polyether modifier.[7e]


Because a wide variety of aryl boronic acids is commercially
available, this reaction significantly expanded the nucleo-
phile scope of catalytic enantioselective aldehyde arylation.
Although enantioselectivity remains to be improved, chiral
Rh-catalyzed asymmetric addition of aryl boron reagents to
aldehydes has also been investigated.[8]


Recently, we reported a completely new approach for the
synthesis of enantiomerically enriched allylic alcohols and
diaryl methanols by using a chiral CuIF catalyst and alkenyl
methoxysilanes or dimethoxydiphenylsilane as nucleophiles
(Scheme 1).[9] In this reaction, excellent enantioselectivity
was observed for a range of aldehydes, including aromatic,
a,b-unsaturated, and aliphatic aldehydes. Mechanistically,
this reaction proceeds through an active alkenyl copper nu-
cleophile, generated by transmetalation of copper and sili-
con.[10] A bulky chiral ligand, DTBM-segphos, facilitated
this transmetalation. This reaction is the first example of the
catalytic enantioselective intermolecular addition of stable
alkenyl silanes and aryl silanes to carbonyl groups. Because
a variety of alkenyl silanes can be synthesized readily
through olefin metathesis[11] or hydrosilylation[12] and be-
cause alkenyl silanes and phenylsilanes are generally stable
and easy to handle, this new method is a user-friendly cata-


lytic enantioselective synthesis of allylic alcohols and diaryl
methanols. Herein, we describe a valuable extension of this
chemistry: catalytic enantioselective alkenylation and aryla-
tion of aldehydes with alkenyl and aryl boronates as nucleo-
philes (Scheme 1).


Results and Discussion


A previously optimized method for the preparation of cata-
lysts for enantioselective alkenylsilylation[9] involves reduc-
tion of CuF2·2H2O in situ to Cu with chiral phosphine
DTBM-segphos (2 equiv). When we applied this method to
the reaction between benzaldehyde (1a) and vinylboronic
acid pinacol ester (2a) in the presence of the catalyst
(10 mol%), product 3aa was obtained in 67% yield with
90% ee in 24 h (Table 1, entry 1).[13] The enantiomeric
excess of the product was similar to that obtained with vi-
nyltrimethoxysilane as a nucleophile.[9] This result suggests
that the actual nucleophile in both reactions is the same vi-
nylcopper species. To improve the chemical yield, the effects
of Lewis base additives were investigated. In our previous
catalytic enantioselective allylboration of ketones, we found
that the addition of a catalytic amount of La ACHTUNGTRENNUNG(OiPr)3 dramat-
ically improved catalyst activity.[14] Similarly, in our previous
catalytic enantioselective alkenylsilylation of aldehydes with
an internal alkenyl silane, significantly higher reactivity was
observed in the presence of a catalytic amount of tetrabuty-
lammonium difluorotriphenylsilicate (TBAT).[9] Rate accel-
eration by Lewis base additives was attributed to facilitation
of the rate-determining catalyst turnover step (see below).
In the case of the reaction between 1a and 2a, improved re-
activity was observed in the presence of TBAT (15 mol%).
The product was obtained in an improved 90% yield with
90% ee in 30 min (Table 1, entry 2).[15] The catalyst loading
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was decreased to 2 mol%, and the product was obtained
with a slightly improved enantioselectivity (Table 1, entry 3).
Under the conditions that involved 10 mol% of catalyst,
products from non-enolizable aldehydes were obtained in
excellent yield and enantioselectivity (Table 1, entries 4–7).
In several entries, reactions in toluene led to slightly higher
chemical yield and enantioselectivity than those performed
in N,N-dimethylformamide (DMF). The same conditions
were also applicable to reactions of an alkyl-substituted al-
kenyl boronate (Table 1, entries 8 and 9).


Although a detailed study of the role of TBAT is required
in future, a working mechanistic hypothesis based on previ-
ous studies of our catalytic alkenylsilylation[9] and CuF-cata-
lyzed enantioselective allylation reaction[16] is proposed in


(Scheme 2). The active nucleo-
phile—vinyl copper 6—should
be generated from CuF and 2a
via fluoroborate 4F through
transmetalation. The fact that
the enantioselectivity was
almost constant, even when
using structurally different vi-
nylation reagents (vinylsilane
or vinylboronate), supported
the idea that a vinyl copper
species is the actual nucleo-
phile. After enantioselective
addition of the vinyl copper to
an aldehyde, copper alkoxide 7
is generated. The catalyst turn-
over step from 7 to 4 should be
rate-determining in the overall
catalytic cycle.[17] Direct con-
version of 7 into 4OR by alk-
oxide ligand transfer from Cu
to B should be very slow.
Indeed, CuOtBu[18]–DTBM-
segphos (10 mol%) failed to
promote the vinylation reac-
tion detectably, even after
heating at 40 8C for 24 h.
Therefore, catalyst turnover
might begin in the event that 7
is trapped by electrophilic fluo-
roboronate 5, which is generat-


ed in the initial vinylcopper formation step (from 4F to 6),
to give fluoroborate 8. In the absence of TBAT (Table 1,
entry 1), regeneration of the catalytically active 4 occurs
when 8 transfers its fluoride or alkoxide ligand to 2a
(dashed arrow from 8 to 4 in Scheme 2). On the basis of the
results of Table 1, entry 1, however, this step is not efficient.
When TBAT is present as an additive (Table 1, entry 2), flu-
oroboronate 9 is believed to be produced in the reaction
mixture by the reaction of TBAT with 2a. In this case, cata-
lyst turnover (from 8 to 4) can take place through a facile
cation exchange between 8 and 9. Thus, the rate-determin-
ing catalyst turnover step is facilitated.[19]


Further intensive additive screening was necessary when
this reaction was applied to aliphatic aldehydes (e.g. 1 f).


Scheme 1. Catalytic enantioselective alkenylation and arylation with a chiral CuF complex. TBAT= tetrabutylammonium difluorotriphenylsilicate.


Table 1. Catalytic enantioselective alkenylation of aldehydes.


Entry Substrate Boronate Additive
ACHTUNGTRENNUNG[mol%]


t [h] Yield
[%][a]


ee
[%][b]


1[c] 1a : Y=H 2a none 24 67 90
2[c] 1a 2a TBAT (15) 0.5 90 90


3[d,e] 1a 2a TBAT (3) 30 93 95


4[c] 1b : Y=CH3 2a TBAT (15) 1 99 93
5[c] 1c : Y=Cl 2a TBAT (15) 1 99 93


6[d] 1d 2a TBAT (15) 6 95 96


7[d] 1e 2a TBAT (15) 6 98 90


8[c] 1a 2b TBAT (15) 8 88 88
9[d] 1b 2b TBAT (15) 1 90 91


10[d] 1 f 2a TBAT (15) 12 42 98


11[d] 1 f 2a TBAT (30) +


BF3·OEt2 (30)
14 94 98


12[d] 1g 2b
TBAT (30) +


BF3·OEt2 (30)
8 87 92


13[d] 1h 2a
TBAT (30) +


BF3·OEt2 (30)
14 5 –


14[c] 1 i 2a TBAT (15) 90 0 –


[a] Yield of isolated product. [b] Determined by chiral HPLC. [c] Solvent=DMF. [d] Solvent= toluene.
[e] Catalyst: 2 mol%, 1-mmol scale.
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Under the optimized conditions described above and in the
presence of TBAT (15 mol%), the vinylation product 3 fa
was obtained in only 42% yield, albeit with 98% ee
(Table 1, entry 10). Aldehyde trimers (diastereomeric mix-
tures) derived from homo-aldol condensation constituted a
major by-product (35%). This side reaction pathway could
be promoted by the intermediate copper alkoxide 7 working
as a Brçnsted base. To facilitate the rapid trapping of 7,
more acidic additives were screened. In the presence of
TBAT (30 mol%) and BF3·OEt2 (30 mol%), trimer forma-
tion was almost completely suppressed, and the desired
product was obtained in 94% yield (Table 1, entry 11). The
enantiomeric excess of the product remained excellent
(98% ee). In contrast, a reaction with BF3·OEt2 as the sole
additive did not produce any desired product, and the trim-
ers were obtained in 15% yield. The TBAT–BF3·OEt2 addi-
tive combination was also effective for cyclopropanecarbox-
aldehyde (1g ; Table 1, entry 12). Although TBAT–BF3·OEt2
successfully suppressed the homo-aldol reaction in the case
of a-branched alkyl-substituted aldehydes, reactions of
linear aliphatic aldehydes are still difficult, and many by-
products derived from the homo-aldol reaction were pro-
duced without giving the desired vinylation product
(Table 1, entry 13). No reaction proceeded when acetophe-
none was used as substrate (Table 1, entry 14).


To gain some insight into the origin of the significant com-
bination additive effect, the following experiments were
conducted. First, the generation of Bu4NBF4 (d=
�150.2 ppm) and Ph3SiF (d=�169.7 ppm) was observed by
19F NMR spectroscopy when TBAT and BF3·OEt2 were
mixed in toluene. On the basis of this observation, catalytic
enantioselective vinylations between 1 f and 2a were per-
formed in the presence of either Bu4NBF4 or Ph3SiF
(15 mol%). Surprisingly, neither reaction produced the vi-
nylation product 3 fa efficiently. Only homo-aldol trimer for-


mation occurred in the presence of Bu4NBF4, and 3 fa was
obtained in only 15% yield in the presence of Ph3SiF. On
the other hand, 3 fa was obtained in 50% yield in the pres-
ence of both Bu4NBF4 and Ph3SiF. These results clearly
demonstrate that both Bu4NBF4 and Ph3SiF (or TBAT and
BF3·OEt2) are essential for effective suppression of the
homo-aldol reaction. The beneficial effect of the combina-
tion additive can be explained as shown in Scheme 3. A very


small amount of BF3 should exist in equilibrium (step A in
Scheme 3) in the presence of TBAT and BF3·OEt2.


[20] Highly
electrophilic BF3 can trap the intermediate copper alkoxide
7 very quickly, before 7 deprotonates the aldehyde to gener-
ate borate 12. Cation exchange between 12 and 9 completes
the catalytic cycle, giving 4F and 13. BF3 should be regener-
ated from 13 and 5 as follows: ligand exchange between 13
and 5 produces 11 and Bu4NBF4. The Bu4NBF4 formed
reacts with Ph3SiF, generated by the reaction of TBAT and
2a, to give BF3 through step A.


Having established a catalytic enantioselective alkenyl bo-
ration, we next extended the reaction conditions to the cata-
lytic enantioselective arylation of aldehydes. When the opti-
mized conditions (10 mol% CuF–DTBM-segphos and
15 mol% TBAT in DMF at 60 8C) were applied to the reac-
tion of p-chlorobenzaldehyde (1c) and phenylboronic acid
pinacol ester, the product 14ca was obtained in only trace
amounts after 90 h. A change in solvent from DMF to tolu-
ene improved the reactivity slightly: 14ca was obtained in
27% yield. Lewis base additives other than TBAT were also
screened; however, the maximum yield was still only 31%
(92% ee with PhBF3K as additive). Thus, we next optimized
nucleophile structure. Although 14ca was not produced at
all when using phenylboronic acid or triphenylboroxin as
nucleophiles, phenylboronic acid ethylene glycol ester (15a)


Scheme 2. Proposed catalytic cycle for the reaction in the presence of
TBAT. Pin=pinacol.


Scheme 3. Proposed catalytic cycle for the reaction in the presence of
TBAT–BF3·OEt2.
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afforded product 14ca in 90% yield with 90% ee in the
presence of TBAT (15 mol%; Table 2, entry 1). The yield
was further improved to 96% in the presence of PhBF3K
(Table 2, entry 2) with no change in enantioselectivity. Simi-
larly, excellent enantioselectivity was attained by using p-tol-
ualdehyde (1b) as substrate (Table 2, entry 3). Other nucleo-
philes such as 15b and 15c were used successfully (Table 2,
entries 4 and 5). As similar reaction rates were observed in
the presence of either additive TBAT or PhBF3K, the two
can be considered to accelerate the catalytic cycle through a
similar mechanism (Scheme 2). We propose that steric
crowding around boron dramatically influences reactivity
(compare the reactivities of phenylboronic acid pinacol
ester and 15a) because the trapping rate of the intermediate
copper alkoxide should be significantly faster when using
sterically less hindered boron.


Conclusions


A catalytic enantioselective alkenylation and arylation of al-
dehydes was developed with stable and readily available al-
kenyl and aryl boronates as nucleophiles. The CuIF–DTBM-
segphos complex, prepared in situ under reductive condi-
tions from CuIIF2 and DTBM-segphos (2 equiv), was used as
an asymmetric catalyst. The catalyst loading was decreased
to 2 mol% under optimized conditions; however, 10 mol%
of catalyst was normally used. The appropriate choice of ad-
ditives significantly improved the product yield. In alkenyla-
tion reactions, TBAT or the TBAT–BF3·OEt2 combination
was effective in reactions with aromatic or aliphatic alde-
hydes, respectively. In arylation reactions, PhBF3K gave the
best results. These additives did not change the enantioselec-
tivity, suggesting that the additives work in the catalytic
cycle after the enantioselectivity is determined. We propose
that the additives facilitate the catalyst turnover step from
the intermediate copper alkoxide. Specifically, the TBAT–


BF3·OEt2 combination efficiently suppresses the undesired
homo-aldol reaction of substrate aliphatic aldehydes by rap-
idly trapping the copper alkoxide. This process has several
advantages over catalytic enantioselective alkenylation and
arylation reactions with zinc reagents: 1) a wide variety of
stable alkenyl and aryl boronates are commercially available
(this is a distinct advantage, even over the previously report-
ed reaction using organosilanes[9]); 2) overall, less metal is
required by the reaction. The remaining limitations of this
reaction are its inapplicability to linear aliphatic aldehydes,
and its unreactivity toward simple ketones.[21] Furthermore,
catalyst loading needs to be minimized further. Efforts to
expand the scope of this reaction are currently ongoing.


Experimental Section


General


DTBM-segphos was provided by the Takasago International Coopera-
tion. All the compounds synthesized in this paper are known com-
pounds.[9, 22]


Syntheses


Typical procedure for preparation of alkenyl boronic acid pinacol
ester:[23] A solution of 1-hexyne (5 mL, 43.5 mmol) and pinacolborane
(6.6 mL, 45.7 mmol) in CH2Cl2 (21.8 mL) was added to [HZrCp2Cl]
(1.12 g, 4.35 mmol) in an ice bath, and the resulting solution was stirred
at room temperature for 15 h. Water was added, and the products were
extracted with Et2O. After evaporation of the organic solvent, pure 2b
was obtained in 72% yield after purification by SiO2 column chromatog-
raphy (Et2O/hexane 5:95).


Typical procedure for preparation of arylboronic acid ethylene glycol
ester: Anhydrous ethylene glycol (1.11 mL, 20 mmol) was added to a so-
lution of phenylboronic acid (2.55 g, 20 mmol) in Et2O (16.8 mL). The
mixture was stirred for 12 h at room temperature, and then extracted
with hexane (20 mL). Evaporation of the solvent gave 14 in 95% yield.
This compound was used for the catalytic enantioselective reaction with-
out further purification.


Typical procedure (3 fa): A suspension of CuF2·2H2O (1.5 mg,
0.011 mmol) and (R)-DTBM-segphos (25.5 mg, 0.021 mmol) in MeOH
(1 mL) was heated at reflux for 2 h with vigorous stirring. During this
period, the poorly soluble CuIIF2 dissolved to give a colorless to pale-
purple solution. The solvent was evaporated, and the residue was azeo-
tropically dried (twice) by coevaporation with toluene. The complex was
dried under vacuum for 2 h, and TBAT (17.4 mg, 0.032 mmol) and tolu-
ene (0.25 mL) were then added. BF3·OEt2 (4 mL, 0.032 mmol), 1 f
(13.5 mL, 0.105 mmol), and 2a (37 mL, 0.21 mmol) were added to the so-
lution at room temperature, and the mixture was stirred at 40 8C for 14 h.
H2O was added, and the products were extracted with EtOAc. The com-
bined organic layer was washed with a saturated solution of NaCl and
dried over Na2SO4. Filtration, evaporation of the solvent, and purification
by SiO2 column chromatography gave 3 fa (94%, 98% ee based on chiral
HPLC analysis).[9]


Typical procedure for catalytic enantioselective phenylation of aldehydes
(14c): PhBF3K (3 mg, 0.016 mmol), toluene (0.25 mL), 15 (29 mL,
0.21 mmol), and 1c (14.8 mg, 0.11 mmol) were added to the CuF–
DTBM-segphos complex prepared as described above (Cu: 0.011 mmol),
and the mixture was warmed to 60 8C. The mixture was stirred for 25 h,
and H2O was added. Workup and purification as described above afford-
ed 14c (96%). The enantiomeric excess was determined by chiral HPLC
analysis as described in reference [9].


Table 2. Catalytic enantioselective arylation of aldehydes.


Entry Substrate Nucleophile Additive
ACHTUNGTRENNUNG(mol%)


t [h] Yield
[%][a]


ee (%)[b]


1 1c 15a TBAT (15) 32 90 90
2 1c 15a PhBF3K (15) 25 96 90
3 1b 15a PhBF3K (15) 28 89 92
4 1a 15b PhBF3K (15) 52 70 90
5 1a 15c PhBF3K (15) 52 79 83


[a] Yield of isolated product. [b] Determined by chiral HPLC.
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Gene Delivery by Aminofullerenes:
Structural Requirements for Efficient Transfection
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Introduction


The biological activity of fullerenes is attracting the interest
of scientists both in a productive[1,2] and in a cautionary
sense.[3] The activities of these molecules rest on the proper-
ties of both the fullerene core and its chemical modification.
Hydrophobicity is a conspicuous property of the fullerene
core, while the functional groups attached to the core add
further complexity to the behavior of the functionalized ful-
lerenes. It is this possibility of modular molecular design


that has caught our interest in their use as DNA-binding
and transgene expression (transfection) agents. We previous-
ly reported that cationic fullerene molecules such as the tet-
raammonium 1 (Scheme 1) not only bind to double-stranded
DNA but condense it into globules.[4] Cooperation of the hy-
drophobic fullerene and the DNA-binding side chain is im-
portant, as is the case with DNA-binding cationic lipids.


Some but not all cationic lipids can bind to DNA, deliver
the bound DNA through the cell membrane, and effect
gene expression, and several factors that control the success
of lipid-mediated transfection have been elucidated.[5–7] The
cationic fullerene 1 effects transfection of the cells with an
efficiency comparable to that achieved by commercially
available cationic lipids.[8] However, understanding of the
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can be internalized into mammalian
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DNA as the aggregates are transferred
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Scheme 1. Transfection-active cationic fullerenes reported in previous
studies.[8]
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behavior of the fullerene reagent is minimal, and there is as
yet no structure activity relationship (SAR) study available.
Among known cationic fullerenes, 1 and its very closely re-
lated analogue 2 (Scheme 1) have thus far been the only cat-
ionic fullerenes that exhibit a practically useful level of
transfection ability. Synthesis of these two compounds, how-
ever, needs laborious synthetic effort. To further examine
cationic fullerenes for biological studies, it is necessary to
find a new basic molecular scaffold that is synthetically
available on a large scale and amenable to construction of a
library of compounds from which suitable structures can be
selected.


The process of transfection involves a series of complex
events that are related to fundamental biological processes
such as membrane permeation and gene expression.[9,10] To
be an effective vector of double-stranded DNA, the cationic
fullerene must first bind to the DNA to form a DNA/fuller-
ene aggregate of a certain size (most likely <1 mm in diame-
ter). The aggregate must survive in the incubation medium
(or in blood in in vivo applications), pass through the cell
membrane, and stay for some time in the cytoplasm before
releasing DNA for gene expression. To gain insight into the
biological behavior of fullerenes and to develop practically
useful transfection agents, we performed an SAR study to
identify the factors that control the DNA-binding and trans-
fection capability of cationic fullerenes. We studied a library
of 22 aminofullerenes and discovered a new type of cationic
fullerenes that effect transfection with an efficiency as high
as that achieved by common lipid-based transfection agents.


Results


Synthesis


Aminofullerenes examined in the present study (Scheme 2)
were synthesized according to previously reported proce-
dures with some necessary modifications[11–14] and character-
ized by 1H and 13C NMR, IR, and mass spectroscopy. The
compounds 3–14 were prepared in one or two steps in high
yield by a recently discovered procedure that can be carried
out on a multigram scale.[11] For instance, 3 was synthesized
in two steps with an overall yield of 80% [Eq. (1)].[15] This
cost-effective two-step synthesis makes the transfection re-
agent readily available on a large scale (C60 is commonly
available owing to its mass production in Japan). The other


reference compounds 15–17 were prepared by other report-
ed methods.[14]


Solubility


In the first stage of screening, we examined the solubility of
the compounds in an acidic aqueous solution. All the amino-
fullerenes except 13 and 14, which are insoluble, gave
orange solutions at pH 2 (25 mm KCl/H2O, adjusted to
pH 2.0 by HCl).[16] The aminofullerenes dissolved in neutral
to acidic aqueous solution in their protonated forms. As
shown by the solubility of 15, the presence of a single am-
monium group is enough to enable the aminofullerene to
dissolve in a polar medium. The cationic charge of each
molecule is listed in Table 1.[17] The aminofullerene 14,
which bears amino groups directly attached to C60, did not
dissolve in the acidic aqueous solution (nor in a polar organ-
ic medium such as methanol, ethanol, or N,N-dimethyl-
ACHTUNGTRENNUNGformamide (DMF)). This observation suggests that the ni-
trogen atoms are not protonated even at pH 2 because of
the lack of basicity caused by the electron-withdrawing
effect of the fullerene core.[18] Aminofullerene 13, which
bears carbamate groups, was insoluble in water, but gave an
orange solution in dimethylsulfoxide (DMSO).
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Water-soluble fullerenes congregate in aqueous solution
and form vesicles with diameters of the order of 10�8 m.[19]


To investigate the solution behavior of cationic fullerenes,


we prepared a solution of 3 (pH 2.0) and examined the pH-
dependency of the z potential and the particle size
(Figure 1). At low pH, 3 forms a stable solution that con-
tains aggregates with an average diameter of 65 nm, the sur-
face of which is positively charged. As the pH is raised, the
positive surface charge decreases, and at pH 9, when the
charge is nearly neutralized, the aggregate solution suddenly


Scheme 2. Structures of aminofullerenes examined in this study.


Table 1. Cationic charges and C50 of aminofullerenes 1–17 and standard
polyamines 18–22.


Comp. Cationic
charge
at pH 7


C50 [mM] Comp. Cationic
charge
at pH 7


C50 [mM]


13 0 n.d.[a] 4 4 0.56
14 0 n.d.[a] 9 4 0.55
15 1 2.8 12 8 0.84
16 2 2.3 4 8 0.80
1 4 1.9 7 8 0.20
2 4 1.6 17 12 0.30
8 4 1.7 18 1 28000[b]


10 4 1.4 19 2 2300[b]


6 4 1.2 20 3 41[b]


3 4 1.0 21 4 1.6[b]


11 4 0.68 22 6 0.15[b]


[a] Not determined; 13 and 14 were insoluble in water. [b] See refer-
ence [21].


Figure 1. a) z potential and b) size of 3 in aqueous phase plotted against
pH. The z potential and the size of 3 were determined by DLS measure-
ments (repeated more than three times).
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becomes unstable and forms micrometer-sized particles. The
aggregation behavior of the fullerenes in the biological ex-
periments in the presence of buffer and serum used for incu-
bation would admittedly be more complex.


DNA-Binding Study


The DNA-binding ability of the aminofullerenes was exam-
ined by competitive-binding assay with ethidium bromide,
as in our previous study on the DNA-binding affinity of
1.[8,20] The binding ability was examined for calf thymus
DNA (73.6 mm base pairs (bp) in 2 mm HEPES, 10 mm


EDTA, 9.4 mm NaCl) with 1.26 mm ethidium bromide and
was quantified for the ability to displace the intercalated
ethidium bromide (C50 values defined as the drug concentra-
tion at which the fluorescence intensity of the intercalated
complex becomes half the initial intensity; the smaller the
number, the stronger the binding).


The C50 values and the amount of cationic charge are
summarized in Table 1. The insoluble aminofullerenes 13
and 14 were not examined further. Previously reported data
(for 1, 2, 6, 15)[8] and those for nonfullerene polyamines[21]


(Scheme 3) are included as references. Notably, the mono-


cationic fullerene 15 exhibited much higher DNA-binding
ability (C50=2.8 mm) than the corresponding monocationic
amine 18 (C50=28000 mm). The binding ability of the dicat-
ionic fullerene 16 (C50=2.3 mm) was very similar to that of
15, while that of the corresponding alkyldiamine 19 (C50=


2300 mm) was ten times that of 18. For tetracationic ful-
lerenes, (1–4, 6, 8–11), the C50 values (1.9, 1.6, 1.0, 0.56, 1.2,
1.7, 0.55, 1.4, and 0.68 mm, respectively) improved only
slightly over the dicationic fullerene 16 ; similarly so for the
octacationic fullerenes (5, 7, and 12 ; C50=0.80, 0.20, and
0.84 mm, respectively). The C50 value of 17 (C50=0.30 mm),
which has 12 cationic nitrogen atoms, the largest number ex-
amined in this study, was not much smaller than the less cat-
ionic ones. The DNA-binding ability of the cationic fuller-
ene derivatives were generally higher than the cationic
lipids, and were less sensitive to the amount of cationic
charge. On the other hand, the effect of cationic charge on
the binding affinity is very large for cationic lipids; that is,
increasing the charge by one may decrease the C50 value by
a factor of 10 (see Discussion).


Transient-Transfection Study


Effect of Medium on Fullerene/DNA Complexation


To achieve transfection of mammalian cells with aminoful-
lerenes, DNA binding is required but not sufficient. Some
preliminary data largely based on a green fluorescent pro-
tein assay was available at the outset of the present study:
the transfection efficiency of 1 is comparable to that of a
commercial lipid reagent. Fullerene 2 has a comparable
transfection capability to 1, but 15 did not show any trans-
fection capability.[8,22] Compounds 12, 16, and 17 were en-
tirely inactive. We found that 6[8] has a very weak transfec-
tion capability (less than 10% of 1).


For a more precise estimation of the efficiency of transi-
ent transfection, we used a bioassay that relies on the ex-
pression of a luciferase reporter gene; the results are sum-
marized in Figure 2. The experiments were performed on


COS-1 cells in the presence of 10% fetal bovine serum
(FBS). The efficiency of transfection is defined as the
amount of luciferase production relative to the total protein
production during incubation, and the highest efficiency
shown in Figure 2I-a was used as the standard (also in
Figure 4). This data is comparable to that obtained in ex-
periments with the common lipid-based transfection agent
lipofectin (Figure 2I, column a vs. e).[23]


Given our recent finding that the fullerene-mediated
transfection takes place by endocytosis,[8c] we suspected that
the size of the fullerene/DNA complexes would be an im-
portant factor, as cell uptake of particles by endocytosis is
most effective when the particles are a few hundred nano-
meters in diameter. It is fortuitous that the fullerene/DNA
complexes are deeply colored and can observed in situ by
an optical microscope during complex preparation and incu-
bation, a convenient feature that is unavailable for optically
transparent lipofection reagents. We thus found that the
medium for the preparation of the fullerene/DNA com-
plexes affects the particle size and hence the efficiency of
transfection.


Scheme 3. Structures of standard polyamines.


Figure 2. Transient transfection of luciferase gene into COS-1 cells by 3
(a–d) or lipofectin (e) in the presence of 10% FBS. The R value for 3 is
5.0. Figure 2I shows the transfection efficiency (RLA= relative luciferase
activity), and Figure 2II shows the cell viabilities (RTP= relative total
protein). The cells were transfected with the 3/DNA complex prepared in
TBS (a), HBS (b), PBS (c), and DMEM (d). RLA (transfection efficien-
cy) was measured in relative light units (RLU) per milligram of total pro-
tein relative to the standard data (a: 2.8J108 RLUmg�1 protein) ob-
tained. RTP (total amount of protein relative to control cells) represents
the viability of the cells. The data show the mean value with the standard
deviation (n�3).


170 www.chemasianj.org C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian. J. 2006, 1 – 2, 167 – 175


FULL PAPERS
E. Nakamura et al.







Taking into account the optimum fullerene/DNA ratio
discussed in the next section, we examined the effect of
buffer used in the complexation of 3 with DNA (Figure 2).
Complexation in tris-buffered saline (TBS) gave the highest
transfection efficiency; the efficiency dropped slightly with
HEPES-buffered saline (HBS), and decreased several fold
with phosphate-buffered saline (PBS) or DulbeccoKs modi-
fied EagleKs medium (DMEM). The cell viability also de-
creased in this order (Figure 2I). Overall, 3 is comparable to
lipofectin in terms of the transfection efficiency, but superior
with respect to cell viability (Figure 2I and II, columns a
vs. e). In the same experiments, we found that the efficiency
of 3 is about 90% that of 1 (data not shown), which suggests
that 3 is as good as 1.


Transfection efficiency seems to be related to particle size.
The mixture of 3 and DNA in TBS or HBS appeared homo-
geneous under the microscope, whereas that in PBS or
DMEM appeared heterogeneous. This difference persisted
even after the mixture was added to the incubation plate
with roughly the same amount of medium used for sample
preparation and the DMEM-containing incubation medium.
Figure 3 shows the micrograph images taken after incuba-


tion for 6 h of COS-1 cells with the 3/DNA complexes pre-
pared in various media. When the complexation was per-
formed in TBS or HBS, the medium was essentially homo-
genous (Figure 3a and b), but it was entirely heterogeneous
and contained dark-colored particles as large as 10 mm when
PBS or DMEM was used for the complexation. Dynamic
light scattering (DLS) analysis showed that the size of 3/
DNA particles is about 100 nm in TBS and HBS and over
1000 nm in PBS and DMEM.[24] The particles in PBS and
DMEM must be too large to be internalized into cells by
any spontaneous membrane permeation process.


Transfection and Cell Viability


We then examined the transfection efficiency and the cell vi-
ability of the aminofullerenes in TBS buffer against the var-
iation of the molar ratio of the fullerene/DNA base pair
(R)[25] (Figure 4). The optimum R value differs among the
fullerenes; hence it was optimized for each case. For the
most efficient fullerene 3, the efficiency was best at R=5
(Figure 4I-a). This value was also optimum for the second-
best fullerene 4, the transfection efficiency of which was
32% of 3 (Figure 4I-b). For the third-best fullerene 5, the
optimum R=20, and the efficiency was 13% of 3 (Fig-
ure 4I-c). Other fullerenes 6–13 showed much lower effi-
ciency (<10%), and the optimum R values (2–20) could not
be defined with certainty (Figure 4I-d–i). Through examina-
tion of 24 diverse cationic fullerenes, only three (1, 2, and 3)
were found to be efficient reagents for transient transfec-
tion.


High cell viability was observed for all fullerenes (70–
100% at the optimum R value), thus indicating that ful-
lerenes are not toxic to COS-1 cells (the experiments were
done under ambient light). The fullerene 3 (R=5) caused
no cell morphological changes either.


Discussion


Since the first successful transfection with lipofectin by
Felgner et al.,[5] a number of cationic lipid reagents as well
as nonlipid chemical vectors based on polymers,[26] dendrim-
ers,[27] peptides,[28] cyclodextrins,[29] silica nanoparticles,[30]


gluconanoparticles[31] and nanotubes[32] have been reported.
The process of transfection by these reagents is considered
to involve the following steps: 1) DNA binding, 2) entry of
the DNA/fullerene complex to the cell, 3) release of the
bound DNA from the fullerene complex, 4) entry of the
DNA into the nucleus, and 5) production of protein coded
on the DNA. We previously reported that the same process
is involved in the fullerene-mediated transfection. Among
the DNA complexes of 24 diverse aminofullerenes described
in this paper, however, only the complexes of 1, 2 and 3 suc-
cessfully went through these processes to effect efficiently
the desired transfection; the complexes of 4 and 5 did so
moderately, but the remaining 19 aminofullerenes failed in
at least one of these checkpoints. The observed SAR raised
two issues: 1) the transfection capability has little to do with
the total cationic charge, and 2) it depends heavily on seem-
ingly small modifications of the structure. We discuss DNA
binding first followed by transfection.


It is known that the DNA-binding ability of cationic lipids
depends both on the hydrophobicity of the lipid hydrocar-
bon chain and on the cationic charge. The binding becomes
stronger as the molecule becomes more hydrophobic and
more cationic. Furthermore, the generally observed instabili-
ty of the DNA/lipid complexes in vivo and in a serum-con-
taining medium[32] appears to be partly due to disturbance
of the lipid–lipid interaction within the DNA/lipid complex


Figure 3. Optical microscopic images of 3/DNA complexes prepared in
a) TBS, b) HBS, c) PBS, and d) DMEM and the COS-1 cells after 6 h in-
cubation. Scale bar shows 500 mm. The medium is essentially homogene-
ous in a) and b), but heterogeneous in c) and d) due to formation of mi-
crometer-sized aggregates of the 3/DNA complex.
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by interaction of the lipid with biological substances such as
protein and hydrophobic substances in serum and blood.
The fluxional behavior of the hydrocarbon chains of lipid is
well-known and is due to rather weak cohesive forces be-
tween the lipid side chains. Thus, the large cohesive forces
of fullerene molecules and the ability of fullerene to form
stable self-aggregated structures in water[2,4,19] must be con-
sidered when we discuss their DNA binding as well as DNA
release.


The DNA binding of cationic lipids has been studied ex-
tensively in relation to their use for gene transfer.[34] Bloom-
field reported recently the DNA-binding affinity of cationic
lipids by isothermal titration calorimetry,[35] and showed that
the thermodynamics of the binding depends both on the cat-
ionic charge and the hydrophobicity of the lipid moiety.
Fullerene is a peculiar solvophobic molecule in that it does
not dissolve well either in water or in hexane, but shows a
high affinity to itself. This property makes the behavior of
cationic fullerenes very different from that of cationic lipids.


It was reported for simple polyamines that the cationic
charge and the C50 value are linearly correlated with a very
steep slope, which indicates that complexation is favored as
the charge is increased (Figure 5).[21] Similarly, the data


taken from the polyaminofullerenes in Table 1 show linear
correlation, but the slope is not as steep as that of the
simple polyamines (Figure 5; the nitrogen atoms directly at-
tached to the fullerene core are not basic enough to be pro-
tonated in water, and hence were omitted from the count).
The binding ability of mono- and dicationic fullerenes is
much higher than the corresponding cationic lipids, but


Figure 4. Transient transfection of COS-1 cells with luciferase gene by the tetracationic fullerenes 3–12 (a–k, respectively) in 10% FBS, and cell viability.
The series I graphs report the transfection efficiency (RLA) relative to the best value (2.8J108 RLUmg�1 protein) obtained for 3 at R=5. The series II
graphs report the cell viability (RTP). All data show the mean value together with the standard deviation (n�3).


Figure 5. Relationship between C50 and the number of cationic amine
groups. The data for standard polyamines are taken from reference [21]
and those for fullerenes from Table 1. ~= standard polyamine, *=ami-
nofullerene.
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there is not much gain when the cationic charge is increased
further. It is rather remarkable that eight tetracationic as
well as three octacationic fullerenes of diverse structures
show essentially the same binding ability (see also Table 1).
The DNA-binding propensity as assessed by the ethidium-
displacement assay indicates that the extremely hydrophobic
core of the cationic fullerenes contributes much more to the
binding than the less hydrophobic alkyl side chains in the
cationic lipids.


After the first DNA-binding process, the fullerene/DNA
complex has four more steps to achieve production of the
coded protein. We recently reported that the complex goes
through the cell membrane by an endocytosis mechanism,
and the DNA in the resulting endosome is protected by the
fullerene sheath.[8c] As suggested previously, submicrometer-
sized materials can go through cell membranes by endocyto-
sis.[36] The 100-nm particle size of the 3/ DNA complex in
TBS and HBS (Figure 3) indicates that the present system
satisfies the size requirement for efficient endocytosis.


Once the fullerene/DNA complex enters the cytoplasm,
DNA must be released before it can enter the nucleus for
production of the protein. Given that the cationic sites are
important for DNA binding, loss of the cationic sites from
the fullerenes in the cytoplasm must therefore be a critical
process of the DNA release. The SAR analysis suggests two
release mechanisms: the conversion of the protonated
amine group to a neutral group so that it loses its DNA-
binding ability, and the cleavage of the bond connecting the
protonated amine groups and the fullerene. The former is
discussed first. Among all the piperazine derivatives with
secondary amines in Scheme 2, only 3 is an effective trans-
fection reagent. We expect that these secondary amines
would be easily acylated (or any equivalent reaction that
causes the amine to become neutral) in cytoplasm and
hence lose their DNA-binding activity. The hindered secon-
dary amine 11 provides chemical support for this hypothesis,
because its secondary-amine moieties are too hindered by
the flanking methyl groups to be acylated (even by the most
reactive chemical reagents). Therefore, 11 cannot release
the bound DNA. The primary amine 4 provides further sup-
port, as the primary-amine moieties would also be readily
acylated in the cytoplasm and lose their DNA-binding abili-
ty. Thus, the presence of primary or secondary amines that
can be converted into neutral groups is a necessary feature
of active transfection agents.


The second mechanism was revealed by another group of
compounds. The ester groups in 1, 2, and 5 (all are active
transfection reagents) connect the fullerene moiety and the
amine groups, but are susceptible to chemical or enzymatic
hydrolysis. The difference between 5 (active) and 7 (inac-
tive) also supports this hypothesis. Thus, the presence of a
linker that is cleavable under physiological conditions is an
alternative, necessary feature of a successful transfection re-
agent.


The high levels of cell viability observed for all the amino-
fullerenes we studied suggests that these compounds have
low toxicity or photocytotoxicity (under ambient light). In


many runs, the cytotoxicity of the solvents DMSO and DMF
(not shown in Figure 4) overrode the toxicity of the ful-
lerenes. This lack of cytotoxicity stands in contrast to the
photocytotoxity of a fullerene carboxylic acid that we previ-
ously reported (owing to photoexcitation of C60 to its triplet
state),[1] and we tentatively ascribe this difference to the
amine groups present, which can quench the triplet excited
state of the fullerenes.[37]


Conclusions


We have synthesized a library of aminofullerenes and found
that 3 is the best transfection reagent among them. It shows
an efficiency of transient transfection that is comparable to
that of the previously reported aminofullerene 1. On the
basis of our recent finding that 1 can protect DNA in the cy-
toplasm and is consequently 20 times more efficient at
stable transfection than lipofectin,[8] we expect that the
structurally related 3 is also useful for stable transfection.
Compound 3 is readily available through two synthetic steps
[Eq. (1)] that can be carried out on a large scale with mini-
mal experimental effort (oxygen atmosphere without heat-
ing or precaution for excluding water). Such synthetic sim-
plicity combined with the high transfection efficiency is a
great merit over the commercialized lipofection reagents
that are synthesized through longer methods.


The data summarized in Figure 5 suggests that, once
made water-soluble by the attachment of amine groups, any
fullerene compound can bind to DNA and condense it into
aggregates at the nano- to micrometer scale. For the fuller-
ene molecules to act as efficient transfection reagents, other
requirements need to be fulfilled. First, the size of the ag-
gregates must be controlled (subnanometer) so that they
can pass through the cell membrane and be internalized.
The size control may be achieved either by molecular design
or by control of the complexation conditions. We consider
that any such fullerene/DNA complexes would be delivered
into mammalian cells, but that is not enough for the coded
protein to be expressed in the cells. The second requirement
is that the fullerene must release the DNA in the cytoplasm.
This can be achieved either through loss of its amine groups
or loss of the binding ability of the amines by transforma-
tion into neutral derivatives.


Experimental Section


Spectral Measurement


NMR spectra were obtained with a JEOL ECX-400, ECA-500, or
Bruker AV-500 spectrometer. IR spectra were recorded with a Jasco FT/
IR-240 or an ASI Applied Systems REACT IR1000 spectrometer equip-
ped with an attenuated total reflection (ATR) instrument and are report-
ed in cm�1. Mass spectra were acquired either with a Shimadzu QP-8000
(ionization: atmospheric pressure chemical ionization (APCI), detection:
quadrupole) or a Waters ZQ-S spectrometer.
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Materials


Aminofullerenes examined in the present study were synthesized by pre-
viously reported procedures with some necessary modifications.[8, 11–14]


The details of the syntheses are described in the Supporting Information.
Plasmid DNA (pGL3-Control) was purchased from Promega, FBS from
Equitech-Bio, luciferase assay kit (including a picagene reagent) from
Toyo Ink, and reagents for Bradford assay from Bio Rad. Other chemi-
cals were purchased from Sigma. Plasmid DNA (pGL3-Control) was am-
plified from Escherichia coli and purified on a CsCl gradient.[38] The final
concentration of plasmid was determined by its UV/Vis absorption signal
at 260 nm. COS-1 cells (simian virus 40-transformed kidney cells of the
African green monkey)[39] were purchased from American Type Culture
Collection and cultured in DMEM containing 10% FBS in a humidified
atmosphere at 35 8C with 5% CO2.


DLS Analysis and z Potential Study


The particle size of aminofullerene derivatives were determined by DLS
analysis at 25 8C with a Nano ZS system that uses a 4-mW He–Ne laser
(633 nm) as the incident beam by NIBS (Non-Invasive Back-Scatter)
technology (Malvern Instrument Ltd., UK). For data analysis, the viscosi-
ty (0.8905) and refractive index (1.333) of pure water at 25 8C were used.
The z potential of the particles of 3 was determined in disposable capilla-
ry cells with the same Nano ZS system. Aminofullerene 3 was dissolved
(0.5–1 mm) in an acidic buffer (25 mm KCl, adjusted to pH 2.0 by HCl).
The pH of the solution was increased from pH 2 to 10 by an autotitration
system (MPT-2 Autotitrator, Malvern Instruments Ltd., UK).


DNA-Binding Assay[20]


Excitation of the buffer solution (3 mL in a 1-cm path length quartz cell)
was performed at 546 nm, and fluorescence emission was measured at
595 nm (slit width 0.75 nm). Ethidium bromide (1.26 mmol) was dissolved
in the buffer, and a solution of calf thymus DNA (38 mmol bp in 0.01
sodium-HEPES buffer) was added to provide a concentration of
1.26 mmol (ethidium bromide/DNA=1:1), thus increasing the fluores-
cence reading of the ethidium solution from 15 to 100 units. The amino-
fullerenes were dissolved in DMSO (1–2 mm), and each solution (0.1–
1.0 mmol, depending on the compound) was added in microliter portions
to a portion of the ethidium solution. The C50 value was defined as the
drug concentration required to reduce the fluorescence of the DNA–
ethidium complex by 50%. We also obtained the C50 value with an aque-
ous solution of aminofullerene in acidic buffer (pH 2.0) and did not ob-
serve any difference from that obtained in DMSO solution.


Transfection Experiment


Approximately 2J104 cells were plated on a 24-well plate 24 h prior to
transfection. The cells were to reach 25% confluency at the time of trans-
fection and washed with DMEM before the event. For each well, 0.8 mg
plasmid DNA was used. Aminofullerenes 3–12 in acidic buffer (25 mm


KCl/H2O, adjusted to pH 2.0 by HCl) and 13 in DMSO (0.15–12 mL, 0.5–
2 mm) and plasmid DNA in TBS (320 mL, 2.5 mgmL�1) were mixed, with
R from 1 to 20, and the mixture was kept at room temperature for
30 min to give a solution of the fullerene/DNA complex. When the effect
of buffer was to be analyzed, HBS, PBS, and DMEM were used instead
of TBS. The solution of the fullerene/DNA complex was diluted with
DMEM (320–342 mL), which generally contained 10% FBS, and added
to the COS-1 cell dish. The transfection medium was changed to DMEM
with 10% FBS after 6-h incubation in a humidified atmosphere at 35 8C
with 5% CO2. After incubation for 48 h, the medium was removed, and
the cells in each well were lysed with lysis buffer (25 mm Tris-HCl, 2 mm


dithiothreitol, 10% glycerol, 0.1% nonidet 40). Lysate was mixed with a
picagene reagent that contained luciferin, and the photon count of the
lysate was measured with a luminometer (Lumat LB9507) to determine
the luciferase activity in RLU.[40] The total amount of protein in the
lysate was independently estimated by Bradford assay with Coomassie
Brilliant Blue G-250,[41] and the luciferase activity per milligram of pro-
tein was calculated and used as the measure of transfection efficiency.
Lipofectin was the reference transfection reagent, and lipofection was
carried out according to the manufacturerKs procedure.[5] Thus, lipofectin


in DMEM (52.5 mL, 47.6 mgmL�1) and plasmid DNA in DMEM
(53.2 mL, 15 mgmL�1) were mixed and kept at ambient temperature for
30 min. The mixture was then diluted with DMEM (534 mL) or 12%
FBS/DMEM (534 mL) to give the growth medium for lipofection.


Microscopic Analysis of Fullerene/DNA Complexes


Fullerene/DNA complexes were observed with an optical microscope
(Keyence, VH-8000). Phase-contrast micrographs were taken 6 h after
the introduction and incubation of the transfection mixture with COS-1
cells, but before the change of medium mentioned in the transfection ex-
periments. The micrographs show a plate surface on which there are sev-
eral cells and many black spots corresponding to the fullerene/DNA com-
plex (Figure 3).
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Introduction


The development of functional dyes that absorb and emit in
the red visible or near-infrared (NIR) region of the optical
spectrum has received increasing attention in the last
decade. Although there has been considerable interest in
NIR dyes since the early/middle of the last century,[1] from
advances in photography[2] through attempts at optical data
storage[3] and lasing[4] to novel low-noise detection techni-
ques in various analytical methods such as electrophoresis[5]


or immunoassays,[6] research in this area showed a real boost
only with the technological advances in NIR imaging instru-
mentation. Thus, nowadays NIR dyes play a prominent role
in many fields of medicinal chemistry and biotechnology,
ranging from tomography[7] through endoscopic imaging[8]


and tumor diagnostics[9] to drug discovery[10] and nucleic
acid detection.[11] Traditionally, cyanine dyes such as Cy3 or
Cy5 are the most widely used chromophores in these appli-
cations (Scheme 1). However, whereas their absorption
characteristics are very favorable (high molar absorptivi-
ties),[1] their fluorescence quantum yields often do not
exceed moderate values (5–15%). This is basically due to
the flexible (poly)methine chain between the two terminal
moieties that allows photoisomerization in the excited state
to a substantial degree.[12] The synthesis of more-rigid cya-
nines, however, is synthetically demanding[13] and such dyes
occupy only a niche in the above-mentioned applications.


As a promising alternative, borondipyrromethene (BDP)
derivatives have gained strong popularity in these fields
(Scheme 1). BDP dyes can be seen as rigid, cross-conjugated
cyanines (see below) and the majority of BDPs have been
developed to complement or substitute classic fluorophores
such as fluorescein and certain rhodamines, that is, fluoro-
phores of the visible range.[14] Accordingly, many different
examples of BDPs as fluorescent probes, labels, or indicators
have been reported recently.[15,16] BDPs are also frequently
used as building blocks in molecular optoelectronic devices,


Abstract: Four novel borondipyrro-
ACHTUNGTRENNUNGmethene (BDP) and -diindomethene
(BDI) dyes with one or two (dimeth-
ACHTUNGTRENNUNGylamino)styryl extensions at the chro-
mophore were synthesized and spectro-
scopically investigated. An X-ray crys-
tal structure shows that the extended
auxochrome is virtually planar. All
dyes thus display intense red/near in-
frared (NIR) absorption and emission.
The (dimethylamino)styryl group indu-


ces a charge-transfer character that en-
tails bright solvatochromic fluores-
cence, which is only quenched with in-
creasing solvent polarity according to
the energy-gap law. The dye with an
additional dimethylanilino group at the


meso position of BDP shows a remark-
able switching of lipophilicity by proto-
nation. Two dyes with an 8-hydroxy-
ACHTUNGTRENNUNGquinoline ligand at the meso position
display quenched emission in the pres-
ence of Hg2+ or Al3+ owing to electron
transfer from the excited BDP to the
complexed receptor. The BDI dye
presents a pH indicator with bright
fluorescence and extremely low fluo-
rescence anisotropy.
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energy-transfer cascades, or multimode switches.[17,18] The
simple BDP core absorbs and emits in the 480–540-nm
region. As the BDP core principally combines the advanta-
geous cyanine properties of high molar absorptivity and
narrow band shapes with high fluorescence yields (typically
>50%), various research groups have strived to obtain
BDP derivatives for the wavelength range beyond
600 nm.[19–22] On the basis of our efforts in this direction,[20–22]


we present herein the synthesis and characteristics of the
newly designed borondipyrromethene (BDP) and borondiin-
domethene (BDI) dyes 1–4, for which the chromophoric
p system is elongated by either one or two (dimethylami-
no)styryl groups (Scheme 2). Dyes 1–4 are further equipped
with different functional groups in the meso position, hence
allowing us not only to study the spectroscopic characteris-
tics of the chromophoric cores themselves but also to obtain
additional insight into selected aspects of signaling chemis-
try. The dyes collected in Scheme 3 were employed as model
compounds at various stages of the work.


Results and Discussion


Synthesis


Compounds 1–4 were prepared by condensation of 4-dime-
thylaminobenzaldehyde with borondipyrromethenes 6,[18]


7,[23] or 10[20] (Scheme 3), in the presence of piperidinium
acetate as a catalyst.[21] Interestingly, condensation of 4-di-
methylaminobenzaldehyde with 7 gave products 2 and 3 si-
multaneously. After short reaction times (e.g. 15 h) the
asymmetric compound 2 was separated as the main product;
when the reaction time was extended to 1 week, compound
3 was dominant. Notably, under reflux conditions the
bicycloACHTUNGTRENNUNG[2.2.2]octadiene group in 10 was converted into a
benzene ring through a retro-Diels–Alder reaction and gave
conjugated compound 4 as the primary product.


Crystal Structure of 1


Cell parameters and refinement details for compound 1 are
summarized in Table 1. Figure 1 shows a perspective view of
the molecular conformation of 1. The average bond lengths
for B�N and B�F and the average N�B�N and F�B�F
angles indicate a tetrahedral BF2N2 configuration and are in
good agreement with previously published data.[20,24] The
bond length C16�C17 is 1.332(3) Q, indicating a double
bond in the trans conformation. The C10–C15 aryl ring is
virtually perpendicular to the indacene plane (dihedral
angle of 82.58). The C18–C23 aryl ring and the C16=C17
bond are essentially coplanar (dihedral angle is 0.678). The
styryl group is also only slightly twisted by 58 out of the
plane of the main BDP core, suggesting efficient conjuga-
tion within the entire chromophore. The nitrogen atoms of
both dimethylamino groups show only negligible pyramidali-
zation, and the sum of the dihedral angles at N3 and N4 is
3548. The lone pairs of electrons are thus in conjugation
with the short N3�C13 and N4�C21 bonds (average value:


Abstract in Chinese:


Scheme 2. Long-wave absorbing and emitting dyes studied in this work.


Scheme 1. Chemical structures of the popular cyanine labels Cy3 and
Cy5 and the BDP core.
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1.322(3) Q) of the aryl and
styryl groups, respectively.
There are no p–p stacking in-
teractions between the asym-
metrical molecules in com-
pound 1.


Absorption and Fluorescence
Spectroscopy of 1–4


To gain insight into their photo-
physical properties, the red and
NIR emitting dyes 1–4 were in-
vestigated by absorption as well
as steady-state and time-re-
solved fluorescence spectrosco-
py in a variety of solvents of
different polarity (Table 2). The
solvatochromism and/or solva-
tokinetics of model compounds
5, 6, 8, and 9 were previously
studied by us,[20,21,25] and the rel-
evant data are included in the
Supporting Information for a
better comparison. The spectro-
scopic properties of the other
model compounds have been
determined in selected solvents
and for specific comparisons.


The absorption maxima of
the mono(dimethylamino)sty ACHTUNGTRENNUNGryl-substituted BDPs 1 and 2
are centered at approximately 600 nm, about 100 nm further
to the red than simple BDP dyes such as 5, and show only a


Scheme 3. Model compounds used in the work.


Table 1. Crystallographic data and structure refinement for 1.


Formula C30H33BF2N4


FW 498.41
T [K] 293 (2)
Crystal system Monoclinic
Space group P21/c
a [Q] 19.299(4)
b [Q] 6.5714(14)
c [Q] 21.040(5)
a [8] 90
b [8] 97.179(5)
g [8] 90
V [Q3] 2647.4(10)
Z 4
1calcd [g cm�3] 1.250
F (000) 1056
Crystal size [mm] 0.24R0.26R0.30
m [cm�1] 0.084
l [Q] 0.71073
2qmax [8] 26.0
Reflections collected 5173
Reflections observed/ACHTUNGTRENNUNG[I>2s (I)] 3258
Parameters 339
R1 (on F) [I>2s (I)] 0.043
wR (all) 0.1301
Goodness of fit 0.991
Largest difference peak and hole [eQ�3] 0.17 and �0.20


Figure 1. ORTEP plot of 1 with thermal ellipsoids drawn at the 30%
probability level. Selected bond lengths (Q) and angles (8): F1–B1
1.356(3), F2–B1 1.351(3), N1–B1 1.471(3), N2–B1 1.483(4), N1–C1
1.266(3), N2–C9 1.284(3), N1–C4 1.348(3), N2–C6 1.338(3), C16–C17
1.332(3); N1–B1–N2 106.4(2), F1–B1–F2 108.9(2).
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slight red shift with increasing solvent polarity (Figure 2).
Similar features have been found for the BDI chromophore.
For instance, 4 absorbs at 689 nm in diethyl ether, whereas
the band maximum of 9 is found at 598 nm in that solvent.
Upon introduction of the second (dimethylamino)styryl arm
from 2 to 3, the absorption maxima are further displaced by
about 100 nm to the red (Figures 2 and 3). Besides these
spectral characteristics, a broadening of the lowest-energy
absorption band as a function of solvent polarity is noticed
for 1–4 (Figures 2 and 3). For instance, the width at half


maximum (fwhm) increases
from 960/1010/910/960 cm�1 to
1780/1950/1710/1500 cm�1 for
1–4 upon going from hexane to
acetonitrile. However, regard-
less of solvent polarity and
spectral broadening, the poly-
methine nature of the BDP and
BDI chromophores is manifest-
ed in the molecular C�C frame
vibration of about 1300 cm�1


that is typical for cyanine
dyes.[26] Furthermore, although
the width of the spectrum in-
creases with solvent polarity,
the concomitant reduction in
molar absorptivity (Table 2)
leads to virtually unchanged in-
tegrals of the lowest-energy ab-
sorption bands or oscillator
strengths. The nature of the
states involved in the absorp-
tion process thus does not
change with solvent polarity.
The bathochromic shifts men-
tioned above are reminiscent of
the “vinylene shift” of polyme-
thine dyes[12] and indicate the
extension of the auxochrome.


The generally preserved shape and the polarity-induced
broadening further suggest that charge-transfer character is
admixed to the polymethine nature.


Whereas the shifts in absorption are on the order of
�5 nm, the fluorescence bands show a more pronounced
solvatochromism, entailing differences between hexane and
acetonitrile D~nem


max ACHTUNGTRENNUNG(hex�MeCN) of about 2850 cm�1 for 1
and 2, 1650 cm�1 for 3, and 920 cm�1 for 4. At the same
time, the Stokes shift increases for all the dyes with solvent
polarity (Table 2). Figure 2 shows that, especially for 1 and


Figure 2. Absorption (A) and fluorescence (F) spectra of 1 (top) and 2
(bottom) in acetonitrile (c) and hexane (a) at 298 K.


Figure 3. Absorption (A) and fluorescence (F) spectra of 3 (top) in aceto-
nitrile (c) and hexane (a) and 4 (bottom) in acetonitrile (c) and
diethyl ether (a) at 298 K.


Table 2. Spectroscopic and photophysical properties of 1–4 in various solvents at 298 K.


Solvent labs log emax lem D~nabs�em Ff tf kr knr


[nm] [nm] ACHTUNGTRENNUNG[cm�1] [ns] ACHTUNGTRENNUNG[108 s�1] ACHTUNGTRENNUNG[108 s�1]


1 MeOH 594 4.83 699 2700 0.10 0.62 1.6 14.5
MeCN 595 4.84 719 3080 0.05 0.33 1.5 28.8
CH2Cl2 601 4.89 672 1920 0.68 3.40 2.0 0.9
THF 597 4.95 661 1810 0.65 3.22 2.0 1.1
Et2O 591 4.96 632 1270 0.78 3.62 2.2 0.6
Bu2O 593 4.98 623 850 0.84 3.67 2.3 0.4
hexane 590 n.d.[a] 604 380 0.78 3.56 2.2 0.6


2 MeOH 608 4.77 738 3100 0.04 0.27 1.5 35.6
MeCN 609 4.79 758 3420 0.05 0.33 1.4 28.9
CH2Cl2 618 4.79 711 2240 0.45 2.61 1.7 2.1
THF 612 4.83 700 2190 0.43 2.42 1.8 2.4
Et2O 605 4.88 666 1640 0.52 2.93 1.8 1.6
Bu2O 608 4.89 650 1150 0.64 2.95 2.2 1.2
hexane 606 n.d.[a] 627 600 0.28 1.50 1.9 4.8


3 MeOH 705 4.82 791 1640 0.07 0.60 1.2 15.4
MeCN 711 4.82 807 1690 0.10 0.83 1.2 10.9
CH2Cl2 718 4.86 784 1240 0.29 1.58 1.8 4.5
THF 709 4.93 762 1040 0.29 1.62 1.8 4.4
Et2O 697 4.97 736 810 0.36 2.20 1.6 2.9
Bu2O 699 4.96 732 650 0.50 2.38 2.1 2.1
hexane 693 n.d.[a] 712 410 0.45 2.68 1.7 2.1


4 MeOH 691 4.85 732 850 0.20 1.63 1.2 4.9
MeCN 693 4.84 741 980 0.24 2.20 1.1 3.5
CHon 703 4.89 739 740 0.28 2.20 1.3 3.3
THF 697 4.90 726 620 0.30 2.37 1.3 2.9
Et2O 688 4.97 709 480 0.39 2.81 1.4 2.2
Bu2O 690 4.96 709 410 0.45 2.88 1.6 1.9
hexane 685 n.d.[a] 697 250 0.35 3.30 1.1 2.0


[a] Not determined due to low solubility. THF= tetrahydrofuran, CHon=cyclohexanone.
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2, the typical mirror-image relationship of BDP absorption
and emission is lost as a function of solvent polarity. In ac-
cordance with our recent findings on 8,[21] these observations
can be attributed to the activation of an excited-state intra-
molecular charge-transfer (ICT) process. However, the ICT
in the title dyes is rather moderate when compared to those
of the related merocyanine or styryl dyes such as DCM or
BTC (Scheme 3), which have a strong ICT character (D~nem


max-
ACHTUNGTRENNUNG(hex�MeCN)=4350 and 6070 cm�1, respectively). Conse-
quently, application of the Lippert–Mataga[27] formalism to a
correlation of Stokes shift versus solvent polarity function
f(e)�f(n2) yields a change in dipole moment of 16.5, 16.9,
11.4, and 9.3 D for 1–4,[28] respectively, which is considerably
smaller than those found for the classic ICT dyes BTC
(19.7 D)[29] and DCM (20.2 D).[30] Moreover, the second di-
methylamino group in 3 does not increase the ICT charac-
ter, but the step from an asymmetric to a symmetric p sy-
stem reinforces the polymethine character.


The fluorescence quantum yields of 1–4 in medium and
nonpolar solvents are considerably high; those of the NIR-
emitting dyes 3 and 4 are lower than those of 1 and 2
(Table 2). Furthermore, the fluorescence yield for 1 and 2
decreases about tenfold upon changing from dichlorome-
thane to acetonitrile. For 3, this effect is less pronounced,
and is almost absent for 4. These trends are reflected by the
rates of nonradiative decay, knr= (1�Ff)/tf : a change from
dibutyl ether to acetonitrile leads to a two- and fivefold in-
crease for 4 and 3, yet 24- and 72-fold for 2 and 1 (Table 2).
The table also reveals that the radiative rate constants, kr=


Ff/tf, decrease slightly for all the dyes when the emission
band maximum undergoes a red shift. The latter can be ex-
plained by the dependence of kr on the emission band posi-
tion, and the reduced radiative rate constants kf differ only
statistically for 1–4 in the solvents studied.[31] The nature of
the emitting state thus does not change upon altering sol-
vent polarity, suggesting that an emitting ICT state is direct-
ly populated after initial relaxation of the Franck–Condon
state and no other emitting states play a major role.


Analysis of the dependence of knr on the emission energy
provides information on the solvatokinetic features. Accord-
ing to the energy gap law,[32] the rate constant of internal
conversion kic is enhanced as the energy gap between the
ground and first excited singlet state decreases. Figure 4


shows such a plot for 1 and 4 as an example, and similar re-
sults were obtained for 2 and 3 in medium and nonpolar sol-
vents. From these correlations it is evident that the positive
solvatokinetic behavior of 3 and 4 is due to enhanced inter-
nal conversion. In 1 and 2, a further process leads to the
jump in knr upon changing from CH2Cl2 to MeCN and
MeOH. On the basis of the similarity of the spectral fea-
tures of model compounds 8 and 1 (Table 2 and Table S1 in
the Supporting Information), the behavior of 1 in highly
polar solvents can be ascribed to the activation of a compet-
itive non-emitting process, most probably a second charge
transfer (CT2) (Scheme 4). Owing to the perpendicular ar-


rangement of the meso donor and the BDP core acceptor,
this CT2 is largely forbidden and hence proceeds through a
nonradiative pathway.[20,33] The driving force for this process
can be calculated from the photophysical parameters of 1
and 8 under the assumption that no other process is in-
volved in the radiationless deactivation according to k=
(tf)


�1�ACHTUNGTRENNUNG(tf
ref)�1 ((tf)


�1 and (tf
ref)�1 are the reciprocal fluores-


cence lifetimes of quenched 1 and unquenched model 8, re-
spectively). With (tf


ref)�1=10.6R108 s�1 and (tf)
�1=30.3R


108 s�1, k=2 ns�1 for 1 in MeCN.[34] This quenching process
is more than two orders of magnitude slower than in 6


Figure 4. Plot of knr versus ~nem for 1 (&) and 4 (*). The fits contain all the
data points for 4, but excludes MeCN for 1; the respective correlation co-
efficients are r=0.996 for 4 and 0.937 for 1. The slopes of both fits are
virtually identical with �3.05R10�4 for 4 and �3.04R10�4 for 1.


Scheme 4. Possible and competing charge transfer processes in 1, 8, and
6. CT1 in the planar conjugated chromophore is responsible for the
bright emission; CT2 between the virtually decoupled chromophore and
the meso substituent is of a non-emitting nature. CT states such as those
of CT2 are usually characterized by a negligible oscillator strength (f=
0.0000 in the present case, from the AM1 calculations), full charge sepa-
ration, and an extremely high dipole moment (30 D in the present case)
so that they are significantly stabilized in highly polar solvents and can
be lower lying than the CT1 state in solvents such as MeCN. For a de-
tailed discussion of such competing processes in related compounds, see
reference [53].
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(330 ns�1)[25] because the HOMO located on the BDP frag-
ment becomes distinctly more positive (0.31 eV) when the
chromophore system is extended by the (dimethylamino)-
ACHTUNGTRENNUNGstyryl group, whereas the energy of the MO located on the
meso fragment increases to a smaller extent (Table 3).[20,21]


The more-efficient quenching of 1 than of 2 in highly
polar solvents is related to the electron-donor strength of
the meso substituent. Whereas 2 shows oxidation potentials
of EP ACHTUNGTRENNUNG(ox, 8-hq)=1020 mV (8-hq=8-hydroxyquinoline) and
EP ACHTUNGTRENNUNG(ox, BDP)=739 mV, the dimethylaniline group in 1 is oxi-
dized much more readily (E1/2(ox)=492 mV; EPACHTUNGTRENNUNG(ox, BDP)=
748 mV).[35] Comparison of the oxidation waves with those
of the 8-hq unit in 7 (EP(ox)=1027 mV) and the dimethyla-
niline group in 6 (E1/2(ox)=528 mV) further indicates that
the introduction of a 3-(dimethylamino)styryl group has vir-
tually no effect on the electron-donating strength of the
meso substituent, supporting the MO considerations in the
previous paragraph.[36–38]


Before presenting the pH-dependent spectroscopic prop-
erties of some of the dyes, it should be noted that especially
the fused BDI dye 4 displays another advantageous aspect
in terms of fluorescence applications. Whereas many NIR
dyes with a longer polymethine chain in the chromophore
(e.g. styryl dyes) suffer from rather high anisotropies (�
0.05), 4 shows a considerably low fluorescence anisotropy
(e.g. r=0.03 in methanol). For comparison, r=0.07 for 3 in
the same solvent. Low anisotropies of the unperturbed dye
in solution are favorable factors when such molecules are
used as markers for biological superstructures in which the
anisotropy is often strongly altered, that is, increased upon
incorporation of the label in the restricted environment of a
biomolecule.


pH-Dependent Absorption and Fluorescence
Spectroscopy of Selected Dyes


Detailed protonation experiments were carried out in aque-
ous solution for 1, 4, 6, and 8. All four dyes are sufficiently
soluble in water and carry one or two dimethylamino groups
so that, in principle, they can be employed as pH indicators
(acidic range) in the red/NIR spectral region. Table 4 col-
lects the spectroscopic properties of the four dyes in the
fully protonated and unprotonated state.


For all four dyes, the absorption band in water undergoes
a red shift relative to that in methanol or acetonitrile (com-


pare spectra of 1 in Figures 2 and 5). At the same time, the
molar absorptivity of the S1


!S0 absorption band is de-
creased to about 50% of that in MeCN, and the width of
the band is roughly doubled, yielding comparable oscillator
strengths. We have observed such hypsochromic and broad-
ening effects before for a 1,3,5,7-tetramethyl-BDP derivative
upon changing from organic solvents to water, and these ef-


fects can be attributed to the strong solvation tendency of
water.[39] Besides the model compound 6, which behaves
very similarly to the BDP dye in reference [39], that is,
shows dual fluorescence in water (Figure 5), the other three
dyes are very weakly (1, Figure 5) or virtually nonfluores-
cent in neutral aqueous solution (4 and 8, Table 4). Appa-
rently, the strong interaction of water molecules with the ni-
trogen atom of the 4-(dimethylamino)styryl group leads to a
very efficient radiationless dissipation of the excitation
energy. The dual fluorescence in the case of 6 can also be
understood on the basis of strong hydrogen bonding, this
time solely at the 8-dimethylanilino group. In water, the


Table 3. Energy properties of the frontier molecular orbitals (MOs) of S0


geometry-optimized 1, 6, and 7 (AM1, AMPAC V6.55).


MOmeso
[a] HOMO[b] LUMO[b]


[eV] [eV] [eV]


1 �8.58 (HOMO-2) �7.58 �1.54
7 �9.04 (HOMO-2) �7.90 �1.54
6 �8.78 (HOMO-1) �7.89 �1.48
D1�6 0.20 0.31 �0.06
D7�6 �0.26 �0.01 �0.06


[a] Molecular orbital located on the substituent in the meso position.
[b] Both located on the BDP fragment.


Table 4. Spectroscopic and photophysical properties of neat and fully
protonated 1, 4, 6, and 8 in water at 298 K.


labs lem Ff tf


[nm] [nm] [ns]


1 578 (622)[a] 758 9R10�4 <0.01
1-2H+ 557 565 0.55 3.56
4 722 n.d.[b] n.d.[b] n.d.[b]


4-H+ 664 675 0.27 2.51
6 499 (517)[a] 509/644[c] 0.02[c] 0.09/1.32[c]


6-H+ 498 511 0.58 3.68
8 578 (637)[a] n.d.[b] n.d.[b] n.d.[b]


8-H+ 555 561 0.65 3.60


[a] Intense shoulder on the low-energy side. [b] Too weak to be reliably
detectable. [c] Dual fluorescence with similar features as reported for the
title dye in reference [39] with a Ff


CT/Ff
LE ratio of 11.6; see text for ex-


planation.


Figure 5. Absorption and fluorescence spectra of 6 (top) and 1 (bottom)
in water at pH 6.4 (c) and pH 1.0 (a) at 298 K. The emission spec-
trum of unprotonated 6 is magnified by a factor of 10; the fluorescence
spectra of 1 and 1-2H+ (for the nature of this species, see text) were nor-
malized for better comparison; for corresponding data, see Table 4.
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electron-donating strength of that group decreases dramati-
cally, so that the efficient charge-transfer process CT2


(Scheme 4) is slowed down, and the fluorescence according-
ly turned moderately on. The overall fluorescence Ff is 0.02
with 8% contribution from the BDP-localized or locally ex-
cited (LE) and 92% from the CT fluorescence. The fluores-
cence lifetime measurements performed for 6 in water sup-
port the CT features of dual fluorescence, as a precursor–
successor relationship was found for LE and CT states (for
a detailed description and formalism, see referen-
ces [20, 25,39]).


Subjecting the dyes to a pH titration leads to a different
picture. In this case, the behavior of 4 and 8 is straightfor-
ward. Gradual acidification of the solution leads to the ap-
pearance of blue-shifted absorption spectra that show typi-
cal BDP features, such as narrow bands and a vibronic
shoulder on the high-energy side. Accordingly, excitation of
this species yields the characteristic, mirror-image resonant
fluorescence band (Table 4; the spectral shapes are very sim-
ilar to the dotted spectra in Figure 5). The fluorescence
quantum yields and decay times, and hence kr and knr, of the
protonated species are very similar to those of the dyes in
nonpolar solvents (Tables 4 versus 2). Protonation of the (di-
methylamino)styryl group apparently switches off the CT1


characteristics and transforms 4 and 8 into highly emitting
dyes with entirely BDP-localized photophysical properties.
The pKS of 4 (1.97�0.03) and 8 (1.16�0.02) have been de-
termined both photo- and fluorometrically, and the results
of the two methods are in good agreement.[40]


Although the endpoint spectra (Figure 5) and data
(Table 4) of 1 and 6 suggest a very similar behavior, remark-
able observations were made especially for 1 during a pH ti-
tration. Compound 1 bears two potential protonation sites—
the two dimethylamino groups, which differ slightly in basic-
ity. Semiempirical calculations at the AM1 level and consid-
eration of the resulting charge densities under assumptions
detailed in reference [41] revealed that the charge on the di-
methylamino group QDMA is larger for the 8-(dimethylami-
no)phenyl than for the 3-(dimethylamino)styryl moiety
(0.012 versus 0.037). Consequently, protonation at the virtu-
ally decoupled group is expected to occur first and should
be spectroscopically manifested in a reduction of the charac-
teristic absorption band for the aniline group at 265 nm,
with unaltered features in the other parts of the spectrum.
Protonation at the other site should then entail the spectro-
scopic modulations described above for 4 and 8.[42]


However, a pH titration of 1 in water showed an unusual
course. The absorption decreases dramatically over the
entire wavelength range (200–800 nm) between pH 5.5–2.5,
and the blue solution discolored almost completely. At the
same time, a blue precipitate is formed at the teflon stirrer
bar, and flakes of the precipitate float on the surface of the
titration solution. The addition of more acid to the solution
gradually redissolves the precipitate, yet the solution be-
comes increasingly pink instead of blue. Figure 6 summariz-
es the observations in terms of a spectrophotometric titra-
tion curve at 540 nm. Clearly, two points of inflection are


distinguished and allow the determination of the corre-
sponding pKS values to be 3.88�0.03 and 1.63�0.02. The
results are reproducible, and fluorescence titration curves
support these unusual findings (Figure 6). A strong increase
in emission is only noticed in the very acidic pH range, and
the corresponding pKS value amounts to 1.79�0.01. All
these features suggest that protonation occurs first at the
meso (dimethylamino)phenyl group. The color of the com-
pound/precipitate stays blue, and the fluorescence remains
strongly quenched as one would expect only from protona-
tion at the decoupled dimethylaniline group.[43] (Note that
model 8 also shows no fluorescence at such pH values,
Table 4.) Only in the second phase, below pH 2.5, does the
pink color and strong fluorescence appear, which indicate
the inhibition of the second CT1 process from the (dimeth-
ACHTUNGTRENNUNGylamino)styryl site (similar to 8).


To verify the nature of the blue precipitate by a more
direct method, we recorded IR spectra of neat 1, the precip-
itate (monoprotonated 1-H+), and doubly protonated pink
1-2H+ . In the case of 1, only the absorptions for C�H
stretching (peaks at 2803, 2857, 2917, and 2952 cm�1 for the
aliphatic CH groups and three weaker bands at 3034, 3068,
and 3093 cm�1 for alkenyl or aromatic CH groups) were ob-
served between 2800–4000 cm�1. For the blue precipitate,
the spectra showed slight changes in the C�H stretching
peaks and, most prominently, an additional band at
3295 cm�1, indicative of the presence of the NH+ group. In
contrast, the doubly protonated pink species is very hygro-
scopic, and a broad band due to water was observed at
�3500 cm�1, strongly overlapping with a band at 3295 cm�1,
which indicates the presence of the NH+ groups in 1-2H+ .
It thus seems that single protonation of 1 does not primarily
affect the spectroscopic properties, but literally switches the
lipophilicity of the dye. Despite the fact that an additional
charge is introduced to an internally zwitterionic molecule,
1-H+ is distinctly more lipophilic than 1 or 1-2H+ . The pH
titrations of 6 in water support these findings, as the absorp-
tion spectrum also decreases over the entire wavelength
range upon addition of acid. However, in this case, the fluo-
rescence shows a concomitant increase in the BDP-localized
band and a decrease in the CT band, and analysis of both
types of data yields pKS=3.11�0.01.


Figure 6. The pH titration curves of 1 in water. Black symbols represent
absorption data and dashed and solid lines indicate the fits of both pKS;
white circles and dotted line represent data and fit of the fluorescence
data.
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Cation-Binding Features of 2 and 3


Since we are interested in the rational design of BDP/BDI-
based probe molecules, in particular those derivatives with
an analyte-responsive group in the meso position, which
often show exceptional fluorescence switching features as an
indication mode, we became intrigued by a report of Moon
et al. on the signaling features of 7.[23] In contrast to most of
the probes that carry an electron-rich group in the meso po-
sition,[16,25,33, 44] 7 is equipped with an 8-hq moiety, which is
neither a strong electron donor nor acceptor (see above).
Accordingly, 7 shows reasonable fluorescence in solvents
ranging from hexane to acetonitrile. However, metal-ion
binding at the 8-hq site is transduced by strong fluorescence
quenching. Moon et al. attributed the quenching of the BDP
fluorescence in the complex 7–Hg2+ to the heavy atom
effect of Hg2+ as well as to a photoinduced electron transfer
(PET) from the 8-hq moiety in the phenolate state. Both as-
sumptions, however, do not explain the distinct chromogenic
response that these authors also found for 7–Hg2+ .[23] We
thus equipped 2 and 3 with the same receptor to investigate
the mechanism of the complexation reaction of a positively
charged species at a relatively electroneutral receptor group
such as a 8-hydroxyquinoline moiety in the meso position.


The modulations of the spectroscopic properties of 2, 3,
and model compound 7 were recorded as a function of the
concentration of Hg2+ and/or Al3+ in acetonitrile and/or
methanol. Since the fluorescence of neat 2 and 3 is already
largely quenched in water, we relied on organic solvents for
the present purposes. Al3+ was chosen as a representative
metal ion that is readily complexed by the 8-hydroxyquino-
line receptor but induces no heavy-atom effect.


Figure 7 combines selected effects of Hg2+ , Al3+ , and
base on the absorption spectra of 2 and 7. In all the cases,
the cation induces a batho- and hypsochromic shift in ab-
sorption. Furthermore, whether Al3+ or Hg2+ is employed,
none of the complexes formed show a measurable emission.
The latter findings together with panels A and B in Figure 7
clearly show that the nature of the metal ion does not play a
major role in fluorescence quenching. Both Hg2+ and Al3+


induce comparable spectral effects and lead to fluorescence
quenching.[45] Moreover, a PET process from an anionic,
phenolate-type 8-hq moiety to the BDP chromophore is
also less likely to be responsible because abstraction of the
proton of the 8-hq unit leads to slight hypsochromic shifts in
absorption (Figure 7D), conceivable with an increase in
electron density at the meso position of the BDP and BDI
core.[20] Deprotonation of the 8-hq group converts this group
from a weak to a stronger donor, entailing slightly blue-
shifted absorption bands (607 for the anion versus 612 nm
for the neutral dye, see Figure 7D). As the base-induced
changes are distinctly different from the cation-induced
changes, a PET can be ruled out as the cause of the lower
fluorescence of the complexes. A similar yet more pro-
nounced trend as shown for 2 in Figure 7D is found for 3
upon deprotonation in MeOH/H2O (1:1 v/v): a hypsochro-
mic shift from 716 to 705 nm.


The electronic changes that occur upon complexation of
the 8-hq moiety can be interpreted by employing quantum
chemical calculations at the semiempirical level. As the
metal ions employed in this case are often not sufficiently
well parameterized in quantum chemical programs, we com-
pared the neutral dyes 2, 3, and 7 with the corresponding
structures in which the nitrogen atom of the 8-hq moiety is
protonated. The results presented in the following section
thus reflect only the expected trends.


For all three compounds, the lowest-energy oscillator-
strong transition that is localized on the BDP core is a
HOMO–LUMO transition in the unprotonated, yet a
HOMO–LUMO+1 transition in the protonated dyes
(Table 5). In the neat dyes, the LUMO+1 is then located


on the 8-hq fragment. Thus, protonation (and most probably
also complexation with a di- or even trivalent metal ion) of
the nitrogen atom of the quinoline group leads to a reversal
of the LUMO and LUMO+1 energy levels. Consequently,
when an electron is excited from the HOMO to the
LUMO+1 in the protonated or complexed dyes, it can be
rapidly transferred to the empty orbital localized on the
meso substituent. The quenching process therefore involves
an ET from the BDP to the protonated/complexed 8-hq
group. Accordingly, a light metal ion such as Al3+ and a


Figure 7. Absorption spectra: A) 7 (c) and 7-Al3+ (a) in MeCN;
B) 7 (c) and 7-Hg2+ (a) in MeOH; C) 2 (c) and 2-Hg2+ (a) in
MeCN; D) 2 (c) and 2 in the presence of triethylamine (4 mm) (a)
in MeOH/H2O (1:1 v/v).


Table 5. Energy properties of the frontier molecular orbitals (MOs) of S0


geometry-optimized 2, 3, and 7 and their corresponding analogues with
an 8-hq group that is protonated at the quinolino nitrogen atom (AM1,
AMPAC V6.55).


HOMO[a] LUMO LUMO+1 ES0�S1
[c]


[eV] [eV] [eV] ACHTUNGTRENNUNG[cm�1]


2 �7.61 �1.63[a] �0.78[b] 19490
2-H+ �9.50 �5.16[b] �4.48[a] 16990
3 �7.40 �1.69[a] �0.74[b] 18450
3-H+ �9.17 �5.04[b] �4.37[a] 15400
7 �7.90 �1.54[a] �0.79[b] 20830
7-H+ �10.67 �5.39[b] �4.70[a] 20240


[a] Localized on BDP. [b] Localized on 8-hq. [c] Energy of the lowest os-
cillator-strong transition localized on the BDP core.
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heavy metal ion such as Hg2+ induce similar modulations.
The spectral shifts in absorption can again be understood on
the basis of the electron-density redistribution that occurs
upon excitation (see above). The protonated or complexed
8-hq group represents a strong electron acceptor, and the
dyes thus display pronounced bathochromic shifts in absorp-
tion (Table 5). As this modulation of the electronic proper-
ties of the compounds is independent of the auxochrome
and occurs similarly in 2, 3, and 7, these findings are an es-
sential rule that has to be considered in the design of meso-
substituted BDP probes.


Conclusions


In conclusion, we have presented various novel BDP and
BDI dyes that absorb in the red visible and emit in the NIR
spectral range. Solvatochromic and solvatokinetic data have
identified all the four fluorophores as principally very
potent emitters in this advantageous wavelength range. By
using only styryl extensions on the pyrromethene core, the
syntheses are straightforward. In the case of a BDI core the
fluorophore exhibits a favorably low fluorescence anisotropy
while still displaying fluorescence lifetimes of several nano-
seconds. Moreover, the attachment of different addressable
substituents to the meso position provided insight into the
signaling processes of such long-wave fluorophores and clas-
sic BDP dyes. Dye 1 showed the most remarkable behavior
as its lipophilicity could be switched by protonation. Fur-
thermore, 4 presents a red-visible/NIR pH indicator with
bright fluorescence. In contrast, 2 and 3 helped to identify
the mechanisms at play when a considerably electroneutral
receptor is attached to the core at the meso position, and
binding of metal ions leads to rather pronounced shifts in
absorption and strong quenching of the fluorescence. Pre-
liminary studies also suggest that for, for example, meso-
phenyl derivative of 3 might be an equally potent pH indica-
tor as 4. The unique features of the BDP and BDI chromo-
phores further guarantee that despite the role that internal
conversion naturally plays in this wavelength range, strongly
emitting dyes can be developed. At least in the case of
styryl groups, the presence of flexible single and double
bonds does not induce quenching processes such as excited-
state trans–cis photoisomerization or twisted intramolecular
charge-transfer (TICT) reactions that can lead to additional
nonradiative losses, as is the case with many UV/Vis chro-
mophores.[46] We thus anticipate that NIR BDP and BDI
dyes will be powerful competitors of cyanine dyes in the
future.


Experimental Section


General


All syntheses were carried out under an inert atmosphere. Unless other-
wise noted, all chemicals and solvents were of commercial reagent grade
and used without further purification. Dry dichloromethane was freshly


distilled over CaH2 under nitrogen. Triethylamine was obtained by
simple distillation. Dry toluene was distilled from sodium/benzophenone
under an inert atmosphere. Column chromatography and TLC were per-
formed on C-200 (Wakogel) and Kieselgel 60F254 (Merck), respectively.
Elemental analyses for C, H, and N were performed on a Perkin–Elmer
240 C elemental analyzer. The IR spectra were recorded on a VECTOR
22 spectrophotometer with KBr discs in the 4000–400 cm�1 region.
1H NMR spectra were recorded in CDCl3 on a Bruker ARX500 spec-
trometer at ambient temperature. NMR chemical shifts are expressed rel-
ative to TMS as the internal standard. MALDI-TOF MS and HRMS
(FAB) measurements were carried out at Ehime University, Matsuyama,
Japan.


All the solvents employed for the spectroscopic measurements were of
UV spectroscopic grade (Aldrich). Metal perchlorates purchased from
Merck, Acros, and Aldrich were of the highest purity available and were
dried as described previously.[29] DCM was purchased from Lambda
Physik GmbH, Gçttingen, Germany.


Syntheses


1: Indacene 6 (73 mg, 0.2 mmol)[18] and 4-dimethylaminobenzaldehyde
(45 mg, 0.3 mmol) were heated at reflux for 48 h in a mixed solution of
toluene (5 mL), glacial acetic acid (0.15 mL), and piperidine (0.18 mL) in
the presence of a small amount of activated 4-Q molecular sieves.[21] The
mixture was cooled to room temperature, the solvents were removed
under vacuum, and the crude product was purified by column chromatog-
raphy on silica gel by elution with ethyl acetate/petroleum ether (20%).
The blue fraction was collected and recrystallized from chloroform/meth-
anol to give 1 as brown shining needles (15%). M.p.>250 8C; IR
(KBr):ñ=1593, 1530 (C=C, C=N), 1164 cm�1 (B-F); 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.54–7.50 (m, 3H), 7.23–7.20 (m, 1H), 7.13–7.11
(m, 2H), 6.82–6.70 (m, 4H), 6.61 (s, 1H), 5.99 (s, 1H), 3.05 (s, 12H), 2.61
(s, 3H), 1.55 (s, 3H), 1.51 ppm (s, 3H); 13C NMR (100 MHz, CDCl3) d=


153.8, 150.5, 150.2, 138.5, 137.8, 137.2, 136.5, 133.2, 132.9, 132.0, 129.4,
128.8, 128.6, 127.8, 125.7, 122.9, 114.4, 112.3, 40.1, 30.9, 29.8, 14.2 ppm;
MS (MALDI-TOF): calcd for C30H33BF2N4: 498.28; found: 498.91; ele-
mental analysis: calcd (%) for C30H33BF2N4: C 72.29, H 6.67, N 11.24;
found: C 72.46, H 6.59, N 11.42.


2 : 4-Dimethylaminobenzaldehyde (39 mg, 0.26 mmol) and 7 (78 mg,
0.2 mmol) were heated at reflux for 15 h in a mixed solution of dry tolu-
ene (20 mL), glacial acetic acid (0.7 mL), and piperidine (0.8 mL) in the
presence of a small amount of activated 4-Q molecular sieves.[21] The re-
action was monitored by TLC (eluent ethyl acetate/petroleum ether
(20%)). The mixture was cooled to room temperature, the solvents were
removed under vacuum, and the crude product was placed on a silica
column and eluted with ethyl acetate/petroleum ether (20%). The blue
fraction was collected and recrystallized from chloroform/methanol to
give 2 as a blue powder (17%). M.p.>250 8C; 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=8.33 (d, J=8.4 Hz, 1H), 8.11 (s, 1H), 7.60–7.54
(m, 6H), 7.46 (d, J=8.4 Hz, 1H), 7.27 (d, J=7.3, 1H), 6.75 (s, 2H), 6.64
(s, 1H), 6.01 (s, 1H), 3.06 (s, 6H), 2.64 (s, 3H), 1.28 (s, 3H), 1.24 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=155.8, 152.5, 152.2, 142.2, 140.0,
138.5, 137.8, 137.2, 135.5, 133.2, 130.9, 129.4, 128.8, 127.8, 122.9, 120.6,
118.0, 117.9, 114.4, 112.9, 112.3, 110.9, 40.3, 30.9, 29.7, 14.3 ppm; MS
(MALDI-TOF): calcd for C31H29BF2N4O: 522.4; found: 522.20; elemental
analysis: calcd (%) for C31H29BF2N4O: C 71.27, H 5.60, N 10.72; found:
C 71.46, H 5.49, N 10.52.


3 : 4-Dimethylaminobenzaldehyde (39 mg, 0.26 mmol) and 7 (78 mg,
0.2 mmol) were heated at reflux for 7 days in a mixed solution of dry tol-
uene (20 mL), glacial acetic acid (0.7 mL), and piperidine (0.8 mL) in the
presence of a small amount of activated 4-Q molecular sieves.[21] The re-
action was monitored by TLC (eluent ethyl acetate/petroleum ether
(50%)). The mixture was cooled to room temperature, the solvents were
removed under vacuum, and the crude product was purified by column
chromatography on silica gel eluted with ethyl acetate/petroleum ether
(50%). The green fraction was collected and recrystallized from chloro-
form/methanol to give 3 as a metallic, shiny solid (25%). M.p.>250 8C;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=8.32 (d, J=8.4 Hz, 1H),
8.15 (s, 1H), 7.62–7.57 (m, 8H), 7.46 (d, J=8.4 Hz, 1H), 7.30–7.22 (m,
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3H), 6.77–6.64 (m, 6H), 3.07 (s, 12H), 1.28 ppm (s, 6H); 13C NMR
(100 MHz, CDCl3): d=155.8, 152.5, 142.2, 140.0, 138.5, 137.2, 135.5,
133.2, 130.9, 129.4, 128.8, 127.8, 122.9, 120.6, 118.0, 117.9, 114.4, 112.9,
112.3, 110.9, 40.4, 30.9 ppm; MS (MALDI-TOF): calcd for
C40H38BF2N5O: 653.31; found: 653.48; elemental analysis: calcd (%) for
C40H38BF2N5O: C 73.51, H 5.86, N 10.72; found: C 73.46, H 5.69, N 10.62.


4 : Compound 10 (66 mg, 0.1 mmol)[20] and 4-dimethylaminobenzaldehyde
(20 mg, 0.13 mmol) were heated at reflux for 26 h in a mixed solution of
dry toluene (5 mL), glacial acetic acid (0.1 mL), and piperidine (0.1 mL)
in the presence of a small amount of activated 4-Q molecular sieves.[21]


The solution was cooled to room temperature, and the mixture was puri-
fied by column chromatography on silica gel eluted with dichlorome-
thane/methanol (10%). The blue fraction was collected and recrystallized
from chloroform/methanol to give 4 as a blue powder (17%). M.p.>
250 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=8.14–8.12 (d, J=
8.3 Hz, 1H), 7.98–7.87 (m, 1H), 7.70–7.60 (m, 4H), 7.22–7.21 (m, 2H),
7.13–6.99 (m, 5H), 6.79–6.74 (m, 2H), 6.41–6.39 (m, 1H), 6.36–6.33 (m,
1H), 4.31 (m, 2H), 4.09–4.04 (m, 4H), 3.87–3.80 (m, 10H), 3.06 (s, 6H),
2.95 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=151.0, 150.9, 150.3,
149.6, 149.5, 137.7, 137.2, 129.0, 129.0, 128.9, 128.6, 128.2, 127.9, 125.6,
124.9, 124.8, 123.8, 123.5, 123.5, 122.3, 121.9, 121.8, 121.7, 121.6, 121.5,
113.7, 113.5, 112.2, 112.1, 71.1, 70.9, 70.2, 70.1, 69.4, 69.1, 68.6, 68.4, 40.4,
29.8 ppm; HRMS (FAB): calcd for C42H42BF2N3O5: 717.3184; found:
717.3191; elemental analysis: calcd (%) for C42H42BF2N3O5·H2O: C 68.57,
H 6.03, N 5.71; found: C 68.74, H 6.16, N 5.60.


5, 6, 8–10, and BTC were synthesized as reported previously,[20, 21, 25, 29] and
7 was prepared by a route adopted from reference [23].


Crystal-Structure Determination


A single crystal of compound 1 was selected under a microscope and
mounted on a glass fiber. The unit-cell parameters and data were collect-
ed on a Bruker Smart Apex CCD diffractometer with graphite mono-
chromated MoKa radiation (l=0.71073 Q) in the w�2q scan mode. The
data were corrected for Lorenz and polarization effects. The structure
was solved by direct methods and refined on F2 by full-matrix least-
squares methods with the SHELXTL-2000 program package.[47] CCDC-
281155 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.ac.uk).


Steady-State Absorption and Fluorescence Spectroscopy


Steady-state absorption, fluorescence measurements, and fluorescence ti-
trations were carried out on a Cary 5000 UV/Vis–NIR spectrophotome-
ter, a Spectronics Instrument 8100 spectrofluorometer, and a Perkin–
Elmer LS50B spectrofluorometer, respectively. For all measurements, the
temperature was kept constant at 298�2 K. Unless otherwise noted, only
dilute solutions with an absorbance of less then 0.1 at the absorption
maximum were used. Fluorescence experiments were performed with a
908 standard geometry, with polarizers set at 54.78 for emission and 08
for excitation. The fluorescence quantum yields (Ff) of 6 and 7 have
either been reported previously[23,25] or were determined relative to fluo-
rescein 27 in NaOH (0.1n) (Ff=0.90�0.03).[48] For 5, data additional to
those reported in reference [21] were determined relative to Rhoda-
mine 101 in ethanol (Ff=1.00�0.02).[49] The latter dye was also used to
construct a chain of transfer standards to the NIR region, to account for
inconsistencies in fluorescence quantum-yield data reported in the litera-
ture so far. For this purpose, cresyl violet in methanol, oxazine 1 in etha-
nol, and cryptocyanine in ethanol were used as the chemical transfer
standards. By employing the traceably characterized Spectronics Instru-
ment 8100 spectrofluorometer,[50] the fluorescence quantum yield of cryp-
tocyanine, for instance, was determined to 0.013�0.001 instead of 0.007
as published previously.[51] These red/NIR dyes were then used in the ap-
propriate wavelength range as relative standards for 1–4. All the fluores-
cence spectra presented herein were spectrally corrected.[50] The uncer-


tainties of the measurements were determined to be �5% (for Ff>0.2),
�10% (for 0.2>Ff>0.02), and �20% (for 0.02>Ff).


Time-Resolved Fluorescence Spectroscopy


Fluorescence lifetimes (tf) were determined by a unique customized laser
impulse fluorometer with picosecond time resolution which we described
in earlier publications.[20,52] The fluorescence was collected at right angles
(polarizer set at 54.78 ; monochromator with spectral bandwidths of 4, 8,
and 16 nm), and the fluorescence decays were recorded with a modular
single-photon timing unit.[20] At typical instrumental response functions
of fwhm�25–30 ps, the time division was 4.8 pschannel�1, and the experi-
mental accuracy amounted to �3 ps. The laser beam was attenuated by
using a double prism attenuator from LTB, and typical excitation ener-
gies were in the nanowatt to microwatt range (average laser power). The
fluorescence lifetime profiles were analyzed by using the software pack-
age Global Unlimited V2.2 (Laboratory for Fluorescence Dynamics, Uni-
versity of Illinois). The goodness of the fit of the single decays as judged
by reduced chi-squared (cR


2) and the autocorrelation function C(j) of the
residuals was always below cR


2<1.2. For all the dyes, decays were record-
ed at three different emission wavelengths over the BDP-type emission
spectrum and analyzed globally. Such a global analysis of decays record-
ed at different emission wavelengths implies that the decay times of the
species are linked, while the program varies the preexponential factors
and lifetimes until the changes in the error surface (c2 surface) are mini-
mal, that is, convergence is reached. The fitting results are judged for
every single decay (local cR


2) and for all the decays (global cR
2). The


errors for all the global analytical results presented herein were below a
global cR


2=1.2.


Measurements of pH Values


For every step of the pH titration, small amounts of HClO4 (11.2m, 70%
by weight) were added (microliter pipette, Eppendorf) to a solution
(50 mL) containing the dye (�2 mm). The latter was added in small
amounts (typically 1–2 vol% of the stock solution in acetonitrile). The
mixture was stirred for 3 min, and an aliquot of the solution (3 mL) was
transferred to a 10-mm quartz cuvette and stirred for a further 1 min.
The pH value was monitored with a digital pH meter (WTW pH 537)
equipped with a glass electrode (Mettler Toledo InLab 423). Calibration
of the instrument was performed with standard aqueous solutions of
pH 1.68, 4.01, 6.86, and 9.18 from WTW.


IR Spectroscopy


With respect to the elucidation of the nature of the blue precipitate
formed under mildly acidic conditions during a pH titration of 1 in water,
a KBr pellet with 1 was prepared and measured on a Bruker IF66v FT-
IR spectrometer with vacuum in transmission mode. For the preparation
of the sample 1-H+ , an aqueous solution of 1 was acidified with HClO4


until a blue precipitate appeared and the solution turned colorless. The
blue precipitate formed on the magnetic stirrer bar was prepared further
for measurements by simply allowing the stirrer to dry in a normal at-
mosphere. The precipitate was removed from the stirrer bar with a spatu-
la and then directly measured under a microscope coupled to a Bruker
Equinox 55 (IR-Scope II) FTIR spectrometer in transmission mode, with
a KBr window. Blank teflon was also measured to account for possible
artifacts. 1-2H+ was prepared by dissolving 1 in CH2Cl2 in an extraction
funnel and subsequently adding an aqueous solution of HClO4. After the
two phases were mixed, the color changed from blue to pink in solution
in dichloromethane. The organic phase was separated, and dichlorome-
thane was evaporated. The IR spectra of the pink solid were then ob-
tained with the microscope used for 1-H+ .


Electrochemistry


Selected redox properties were studied by cyclic voltammetry in TBAP
(tetra-n-butylammonium perchlorate) (0.1m) in acetonitrile on a Perkin–
Elmer electrochemical analysis system model 283 with a platinum disk as
the working electrode, Ag/AgCl as the quasi-reference electrode, and a
platinum wire as the counterelectrode. Redox potentials were referenced
internally against ferrocenium/ferrocene (Fc+/Fc). All measurements
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were performed under an inert atmosphere with a scan rate of
250 mVs�1 at room temperature.
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Introduction


Silylenes have been the subject of intensive investigations
over decades. Gaspar and West gave a comprehensive
survey on this field,[1] which contains, among other topics, a
chapter describing the tendency of silylenes to form com-
plexes with donor molecules. The adduct between water and
hydroxysilylene, which was proposed by Margrave et al. in
their study on the reaction of silicon atoms with water,[2]


was mentioned as the first inorganic example for such an
effect. The first direct observation of an organic complex is
attributed to West and co-workers, who elaborated the inter-
actions of hindered silylenes in a 2-methyltetrahydrofuran
matrix.[3]


We took notice of such an influence of the surrounding
medium soon after, when, in connection with the first detec-
tion of silaethene, the IR und UV/Vis spectra of matrix-iso-
lated methylsilylene were recorded.[4] In particular, the as-
tonishing hypsochromic shift of 150 nm (480 vs. 330 nm) in
the UV/Vis spectrum in switching from an argon to a nitro-
gen matrix was a strong argument for a possible donor–ac-
ceptor relationship between nitrogen and methylsilylene.


Also, the IR spectra were disturbing: in argon, instead of
one theoretically expected signal, two absorptions in very
different positions (2004 and 1935 cm�1; unusually large
matrix effect) was observed; in nitrogen, three bands even
appeared in the Si�H region (1986, 1978, 1971 cm�1).[4]


It was obvious that the most reliable information on the
specific interaction between silylene and nitrogen would be
achieved by working with the parent compound. Unfortu-
nately, it is difficult to isolate in a matrix a sufficient amount
of SiH2.


[5] On the other hand, the system SiH2/N2 would be
ideally suited to elucidating the characteristics of the inter-
molecular attraction by comparison of the experimental re-
sults with theoretical calculations.


Our impetus to revisit this topic was enforced by two fur-
ther sources. First, we observed several years ago that in a
nitrogen matrix, methylene CH2, which was generated by ir-
radiation of diiodomethane, was attacked by nitrogen in the
formation of diazomethane.[6] So we asked: is it possible to
synthesize siladiazomethane (2) by a similar reaction be-
tween SiH2 (1) and nitrogen? Second, we recently found
that 2-silaketene (3) does not exist, and the compound in
discussion is a complex between silylene and carbon monox-


Abstract: The quest for a new and pro-
ductive route to matrix-isolated sily-
lene 1 has led to the observation that
the presence of nitrogen is favorable,
as under such conditions 1 is stabilized
by formation of a donor–acceptor com-
plex 1·N2. Either matrix photolysis of
diazidosilane or pulsed high-vacuum
flash pyrolysis of 1,1,1-trimethyldisi-


lane, followed by condensation of the
products with nitrogen at 10 K, were
applied as synthetic procedures. In a


similar manner, complex 1·CO can be
generated. The results are supported
by isotopic-labeling studies. The struc-
tural elucidation of the new species is
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tal IR and UV/Vis spectra with data
from density functional theory calcula-
tions.
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ide, 1·CO.[7] Will complex 1·N2 also be preferred relative to
the bonded isomer 2?


With this background, we started a project to clarify the
similarities and/or differences in the behavior of silylene and
methylene with nitrogen and carbon monoxide as reaction
partners. Part of the results is presented in this report.[8]


Results and Discussion


Silylenes are analogues of carbenes. They are very similar in
the sense that both contain a formally divalent atom, which
causes the high reactivity of both species. On the other
hand, the two systems represent completely different worlds.
Silylene 1 possesses a singlet, but methylene a triplet ground
state. Since silylenes have a vacant p orbital and a doubly
occupied n orbital, they should behave as strong electro-
philes (attack at the empty p orbital), but can in principle
also react as nucleophiles (by the free electron pair). Experi-
ence shows that in silylenes, as in carbenes, both options can
operate. This dichotomy can only be understood in detail by
applying theoretical studies. This is why quantum chemical
calculations, which are now reaching chemical reality,
always played an important role in rationalizing the chemis-
try of organosilicon compounds.[1,9] For instance, the above-
mentioned hypsochromic shift in the UV absorption of
methylsilylene in an argon and nitrogen matrix is in agree-
ment with the calculations of Apeloig et al. concerning the
influence of a donor substituent on the UV spectrum of si-
lylenes.[10] Theory predicts that the transfer of electrons into
the empty silicon 3p orbital in the ground state of silylene
results in an increase in energy difference between n and p
orbitals, thus causing a blue shift. This effect is expected to
operate also in end-on donor–acceptor complexes, and has
been confirmed experimentally in several cases, for example,
in the study of alkyl- and aryl-substituted silylenes in 3-
methylpentane and 2-methyltetrahydrofuran.[3]


Parent Silylene


It is important to know, first of all, whether 1 will be stabi-
lized by complexation with nitrogen. Early calculations of
the H2N2Si energy hypersurface gave no hint of such an
effect.[11] Parallel to our investigations on the SiH2/nitrogen
interaction, studies by Kawauchi et al.[12] and Walsh et al.[13]


were published. Both groups predict an exothermic forma-
tion of complex 1·N2 from the starting components. For the
structural identification of the expected species, it was nec-
essary for us to have the calculated vibrational spectra of
the involved species. Therefore, in addition to the earlier
theoretical treatments,[1,9–13] we carried out some density
functional theory (DFT) calculations on our own with the
Gaussian package of programs.[14] The stationary points to-
gether with the corresponding vibrational spectra were cal-
culated with the 6-311+G ACHTUNGTRENNUNG(d,p) basis set and the B3LYP
functional. Scheme 1 shows the calculated relative energies
of some minima.


The calculated stabilization energy of 1·N2, which repre-
sents the global minimum, relative to the free 1 and nitro-
gen amounts to 5.3 kcalmol�1. This value (MP4SDTQ/6-
31G**:[12] 5.3, G3 level:[13] 6.2 kcalmol�1) should be suffi-
cient to identify this species by matrix-isolation spectrosco-
py. Siladiazomethane 2 cannot be regarded as an isolable
compound. It does not occupy a minimum on the energy
surface, but is a transition state that lies 19 kcalmol�1 higher
than the two fragments SiH2 and N2 (Scheme 1)


The donor–acceptor-type interaction between silylene and
a donor molecule demands that the donor is perpendicularly
oriented relative to the plane of the SiH2 moiety. Indeed,
calculations show that for the N2 complex of 1, an end-on at-
tachment of the nitrogen molecule has to be expected. The
similarity between the calculated geometries of 1·N2 and the
CO complex 1·CO[7] is apparent. The Si�N bond length in


1·N2 is 1.983 Q, that is, longer than a normal Si�N single
bond (experimental average: 1.71 Q[15]), and much longer
than a Si�N double bond (experimental average: 1.59 Q[15]).
The N�N bond length of 1.106 Q is slightly longer than in
free nitrogen (experimental: 1.0976 Q). The Si�H bond


Abstract in German:
Silylen 1 wird in Gegenwart von Stickstoff durch Ausbildung
eines Donor-Acceptor-Komplexes 1·N2 stabilisiert. Dieser
Effekt zeigt sich bei der Matrix-Photolyse von Diazidosilan
oder bei der Kombination von gepulster Blitzpyyrolyse von
1,1,1-Trimethyldisilan mit anschließender Co-Kondensation
der Produkte zusammen mit Stickstoff bei 10 K. Auf Ihnli-
che Weise kann auch Komplex 1·CO dargestellt werden.
Die Aussagen werden durch Studien an Isotopomeren der
zur Diskussion stehenden Komplexe unterstGtzt. Die Struk-
turaufklIrung der neuen Spezies basiert auf dem Vergleich
der experimentellen mit berechneten (DFT-Methoden) IR-
und UV/Vis-Spektren.
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length of 1.515 Q in 1·N2 is also practically identical with the
experimental value of 1.51 Q for free 1.[16–18] .


A side-on interaction between 1 and nitrogen is endother-
mic. An energy minimum for a side-on complex is not found
computationally. The corresponding isomer with real Si�N
bonds, siladiazirene 7, lies 19 kcalmol�1 above the compo-
nents (Scheme 1). But, as already shown by Walsh and co-
workers,[13] 7 should open without any barrier to the end-on
complex 1·N2. Consequently, only the latter compound can
be expected to be isolated in a matrix experiment.


The isomers 4–6 can only be formed by secondary rear-
rangements of 1·N2 and therefore have not been taken into
account.


The calculated IR spectra should allow, especially in con-
nection with labeling experiments, the differentiation be-
tween free 1 and the end-on complex 1·N2 (Table 1). An es-
sential feature in the spectrum of 1·N2 is the N�N vibration
band at 2296 cm�1, which arises from the fact that, upon in-
teraction with the substrate 1, the vibration of the attached
nitrogen molecule becomes IR active.


As already mentioned above, calculated UV/Vis spectra
should also be helpful in elucidating the structures of the in-
volved compounds. The calculated [TD//B3LYP/6-311+G-
ACHTUNGTRENNUNG(d,p)] UV absorptions of 1, 1·N2, and 1·CO are given in
Table 2. The HOMO!LUMO transition of 1 at 526 nm is
surprisingly close to the value for the absorption maximum
at 532 nm calculated by Apeloig et al. (UMP4SDTQ/6-
31G*).[10b] Complexation with nitrogen is expected to cause
a blue shift of the long-wavelength absorption; carbon mon-
oxide has an even larger effect with a shift of 254 nm. In
both cases, an additional strong absorption maximum at still


shorter wavelength (1·N2:
313 nm; 1·CO: 273 nm) is ex-
pected.


Matrix Experiments


Silyene 1 is assumed to be the
decisive intermediate in the in-
dustrially important chemical
vapor deposition (CVD) of sili-
con films. As a result, most
studies on SiH2 to date deal
with its reactivity and reaction
dynamics in the gas phase. A
concentration just sufficient for
spectroscopic detection of the
target molecule can be obtained
with various methods, for in-
stance, a) photolysis (UV, IR
multiple-photon excitation) of
phenylsilane, alkylsilanes, disi-
lane, or silane, b) discharge in
silane, or c) reaction of silicon
atoms (laser ablation, thermal
evaporation) with hydrogen.


Investigations on 1 in the
condensed phase (matrix isolation) were first carried out by
Milligan and Jacox,[19] then by Margrave and co-workers,[20]


and recently by Andrews and Wang.[21] A drawback in all
these attempts was the low intensity of the signals ascribed
to 1. We hoped that matrix photolysis of diazidosilane 8 or
flash pyrolysis of disilane 9 would open a route to higher
concentrations of 1 or perhaps 1·N2 (Scheme 2)


Table 2. Calculated [TD//B3LYP/6-311+GACHTUNGTRENNUNG(d,p)] UV absorptions (wave-
lengths in nm, oscillator strengths in parentheses) of 1, 1·N2, and 1·CO.


Species UV maxima


1 526.3 (0.0203), 286.0 (0.0000), 206.0 (0.1966), 185.5 (0.1038)
1·N2 404.0 (0.0014), 313.4 (0.1812), 252.2 (0.0280), 224.7 (0.1141),


197.0 (0.1931), 192.9 (0.0611)
1·CO 393.7 (0.0019), 272.5 (0.1911), 227.5 (0.1410), 211.2 (0.0045),


194.4 (0.0014), 187.3 (0.0413)


Scheme 1. Calculated [B3LYP/6-311+G ACHTUNGTRENNUNG(d,p)] relative energies of some H2N2Si isomers; zero-point energies
included.


Table 1. Calculated [B3LYP/6-311+G ACHTUNGTRENNUNG(d,p)] IR absorptions (wavenum-
bers in cm�1, absolute intensities in kmmol�1 in parentheses, and symme-
tries) of 1 and 1·N2 (including isotopomers).


Species IR absorptions


1 2037 (290) A1, 2036 (303) B2, 1026 (110) A1


1·N2 2296 (255) A’, 2079 (214) A’’, 2073 (156) A’, 960 (67) A’, 744
(32) A’, 729 (12) A’’, 302 (1) A’, 260 (3) A’, 242 (1) A’’


1·15N2 2220 (237) A’, 2081 (214) A’’, 2074 (157) A’, 960 (67) A’, 741
(31) A’, 726 (13) A’’, 294 (1) A’, 255 (3) A’, 235 (1) A’’


[D]1·N2 2297 (256) A’’, 2077 (186) A’’, 1494 (96) A’’, 839 (49) A’’, 734
(24) A’’, 566 (12) A’’, 294 (0) A’’, 259 (3) A’’, 232 (1) A’


[D2]1·N2 2296 (257) A’, 1500 (112) A’’, 1487 (83) A’, 692 (3) A’, 579
(21) A’, 551 (5) A’’, 285 (0) A’, 257 (3) A’, 225 (1) A’’


[D2]1·
15N2 2219 (240) A’, 1500 (116) A’’, 1487 (83) A’, 692 (33) A’, 574


(21) A’, 547 (6) A’’, 278 (0) A’, 252 (3) A’, 220 (0) A’’
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In our attempts to isolate
methylsilylene 13 in a matrix
(see below), we learned that
the combination with standard
high-vacuum flash pyrolysis of
disilane 16 is not suitable for
the preparation of 13.[22] Simple
silylenes, in which the silicon
bears a hydrogen atom, can
only be detected if pulsed flash
pyrolysis (energy transfer not by the hot surface but by colli-
sions with hot Ar atoms or N2 molecules) is applied.[23,24]


Indeed, upon pulsed flash pyrolysis of 9 at 700 8C with Ar as
carrier gas and condensation of the products on a spectro-
scopic window at 10 K, free 1 can be detected. Besides the
bands of trimethylsilane, three absorptions at 1992.5, 1972.7,
and 1963.9 cm�1 are registered. Comparison with the calcu-
lated and experimental values already reported illustrates
that these absorptions have to be attributed to free 1
(Table 3). Unfortunately, the small intensities indicate that
thermal fragmentation of 9 gives no better yield than reac-
tion of silicon atoms with hydrogen.


A more-positive result is obtained when stabilization by
complex formation with nitrogen is used. This effect is al-
ready observed during photolysis of 8 in an argon matrix.
As the eliminated nitrogen molecules cannot escape the
matrix cage, 1 formed is kept in the close vicinity of these
molecules and can finally be captured by them. This results
in a higher yield of the fragments formed, but with the dis-


advantage that, instead of free 1, only complex 1·N2 is pres-
ent in the matrix, even if argon is used as the carrier gas.
This phenomenon is evidenced in the IR spectrum. Upon
photolysis (254 nm) of 8 in argon at 10 K, instead of the
bands of 1, other new absorptions appear (Table 4). The
band at 2253.0 cm�1 represents the N�N stretching vibration
of complex 1·N2. The strong absorption at 2026.8 cm�1 can
be attributed to the sum of the asymmetric and symmetric
Si�H stretching vibration. The scissoring deformation vibra-
tion appears as a broad signal at 960.8 cm�1, and the wag-
ging deformation gives rise to a small band at 749.6 cm�1.
This characterization is in accord with theory (compare
Table 1 and Table 4; see also Figure 4).


The spectrum changes only slightly if N2 is used as the
matrix host. The small shifts are due to the different envi-


ronment. In this case, the two Si�H stretching vibration
bands appear separately, and the paired splitting is caused
by two different matrix sites (Table 4).


Practically the same IR spectrum is measured after pulsed
flash pyrolysis of 9 at 700 8C with N2 instead of Ar as carrier
gas and condensation of the products at 10 K (Table 4). The
correctness of our structural elucidation is supported by the
spectrum measured in a run with 15N2 instead of 14N2


(Table 4). The N�N band shows the expected shift of
75 cm�1 to lower wavelengths, whereas the other absorptions
remain constant.


Further proof of the correct analysis of the spectroscopic
findings is based on additional isotopic-labeling studies. For
instance, [D2]1·N2 and [D2]1·


15N2 were generated by photol-
ysis of [D2]8 in nitrogen, or by pulsed flash pyrolysis


(700 8C) of [D3]9 with N2 or
15N2 as carrier gas. The type of


spectra is retained, except that the Si�H are replaced by Si�
D stretching vibrations. Again the experimental and calcu-
lated values are similar (Table 5).


The list is completed by the monodeuterated isotopomer
[D]1·N2, which was prepared by pulsed flash pyrolysis


Scheme 2. Preparation of 1 and 1·N2 by matrix photolysis of 8 or flash py-
rolysis of 9.


Table 4. IR spectroscopic (wavenumbers in cm�1) identification of 1·N2 and 1·15N2, generated by photolysis of
8 in argon or nitrogen, or by pulsed flash pyrolysis of 9 with N2 or


15N2 as carrier gas.


Mode Calcd[a] 1·N2


(from 8/Ar)
1·N2


(from 8/N2)
1·N2


(from 9/N2)
Calcd[a] 1·15N2


(from 9/15N2)


n (N�N) 2296 2253.0[b] 2272.3/2266.5 2274.0/2271.1 2220 2198.5/2196.5
nas (Si�H) 2079 2026.8[c] 2017.4/2013.1 2014.2 2081 2014.1
ns (Si�H) 2073 2026.8[c] 2011.6/2009.7 2010.0 2074 2010


[a] See Table 1. [b] Two additional weak bands at 960.8 and 749.0 cm�1. [c] No separation between nas and ns.


Table 3. IR spectroscopic (wavenumbers in cm�1) identification of 1, gen-
erated by the reaction of atomic silicon[19,20] with hydrogen or by pulsed
flash pyrolysis of 9 with Ar as carrier gas.


Mode Calcd[a] Margrave[b] Andrews[c] 1 (from 9/Ar)


nas (Si�H) 2037 1973.3 1976.2/1972.8 1972.7
ns (Si�H) 2036 1964.4 1964.9 1963.9
d (Si�H) 1026 994.8 1007.6/994.6 –
2Sd (Si�H) 1992.5 1992.8 1992.5


[a] See Table 1. [b] Thermal evaporation of silicon.[19] [c] Laser ablation
of silicon.[20]
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(700 8C) of [2,2-D2]1,1,1-trimethyldisilane [D2]9 ; this proce-
dure furnished [D2]1·N2 as well as [D]1·N2. As expected, the
latter isotopomer shows, in addition to the N�N, both an
Si�H and an Si�D stretching vibration in the expected posi-
tions (Table 6).


There is also chemical proof that 1 and nitrogen form a
real new species with its own characteristic reaction poten-
tial. For instance, 1·N2 and its isotopomers undergo specific
dehydrogenations upon longer irradiation with 254-nm light
in the formation of the rather stable triplet-state molecule
SiN2 (or Si15N2) (10).[25] This observation allows the mea-
surement of FTIR difference spectra during the photochem-
ical hydrogen eliminations. For instance, by these means it is
easy to extract clean spectra of 1·14N2 and [D2]1·


14N2


(Figure 1 and Figure 2). Since pyrolysis of [D2]9 generates a
mixture of [D2]1·


14N2 and [D]1·14N2, the bands of both iso-
topomers are present in the difference spectrum (Figure 3).


With regard to the history of 1, the UV/Vis spectra of the
involved species deserve special comment. The first detec-


tion of 1 goes back to Dubois
et al. , who observed upon flash
photolysis of phenylsilane a
strong gas-phase absorption in
the region 650–480 nm.[26] Escri-
bano and Campargue found ex-
perimentally that the (0,0,0)–
(0,0,0) transition is situated
near 640 nm.[16] In our experi-


ments, we were unable to measure the electronic absorption
of matrix-isolated free 1. The accessible maximum concen-
tration is too low for the observation of the UV spectrum of
1 in condensed phase.


As a result of complexation, the concentration of silylene
in the matrix can be raised by the presence of nitrogen. In
fact, under these conditions it is possible to observe a UV
absorption, which in view of the IR study should not be as-
signed to free 1 but to 1·N2. Furthermore, the relevant ex-
periment revealed that 1·N2 can undergo particular thermal
chemical reactions, such as substitution of the nitrogen by
other ligands (Scheme 3). For instance, if 8 is irradiated
(254 nm) in an argon matrix that contains 1% carbon mon-
oxide, initially the IR spectrum of 1·N2 is registered. Upon
annealing of the matrix for 20 min at 30 K, the signals of
1·N2 diminish, and the bands of 1·CO appear (Figure 4).
This thermal-substitution reaction can also be followed with
UV/Vis spectroscopy. Before annealing, one observes a
broad absorption between 300 and 350 nm (maximum near
300 nm), which has to originate from 1·N2. After annealing,
when according to the IR spectrum the exchange 1·N2!
1·CO must have taken place, there is still a detectable ab-
sorption at 300–350 nm, which can be assigned to 1·CO (in
agreement with the maximum at 296 nm observed in the
photoisomerization 12!1·CO[7]). This means that both com-
plexes have about the same electronic properties, and the
blue shift by complexation of free 1 is dramatic (around
340 nm, compared with the experimental gas-phase absorp-
tion of 1 at 640 nm). This is in agreement with theory (1·N2:
D=213 nm (526 nm for the first transition of 1 minus


Table 5. IR spectroscopic (wavenumbers in cm�1) identification of [D2]1·N2 and [D2]1·
15N2, generated by pho-


tolysis of [D2]8 in nitrogen, or by pulsed flash pyrolysis of [D3]9 with N2 or
15N2 as carrier gas.


Mode Calcd[a] [D2]1·N2


ACHTUNGTRENNUNG(from [D2]8/N2)
[D2]1·N2


ACHTUNGTRENNUNG(from [D3]9/N2)
Calcd[a] [D2]1·


15N2


ACHTUNGTRENNUNG(from [D3]9/
15N2)


n (N�N) 2296 2272.3/2266.9 2274.1/2272.0 2219 2198.5/2196.5
nas (Si�D) 1500 1468.1/1466.1 1466.5 1500 1466.6
ns (Si�D) 1487 1462.8/1460.8 1460.7 1487 1460.6


[a] See Table 1.


Table 6. IR spectroscopic (wavenumbers in cm�1) identification of
[D]1·N2, generated by pulsed flash pyrolysis of [D2]9 with N2 as carrier
gas.


Mode Calcd[a] [D]1·N2 (from [D2]9/N2)


n (N�N) 2297 2274.1/2272.0
ns (Si�H) 2077 2013.6/2009.3
ns (Si�D) 1494 1466.6/1460.8


[a] See Table 1.


Figure 2. FTIR difference spectrum of the photochemical deuterium
elimination [D2]1·N2!10+D2 in nitrogen at 10 K (obtained by subtrac-
tion of the spectra acquired after and before irradiation with 254-nm
light from that before).


Figure 1. FTIR difference spectrum of the photochemical hydrogen elimi-
nation 1·N2!10+H2 in nitrogen at 10 K (obtained by subtraction of the
spectra acquired after and before irradiation with 254-nm light).
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313 nm for the second transition of 1·N2); 1·CO: D=254 nm
(526 nm minus 272 nm for the second transition of 1·CO);
Table 2).


It is no real surprise that the substitution 1·N2!1·CO
occurs as soon as the matrix begins to soften. The calculated
stabilization energy of 1·CO relative to the partner mole-
cules is 26.5 kcalmol�1, the value for 1·N2 (5.3 kcalmol�1) is
much lower, and as a result of this, the replacement of nitro-
gen with carbon monoxide should be a strongly exothermic
process. It also makes sense that 1·CO, like 1·N2, suffers de-
hydrogenation and forms SiCO (11)[25] upon irradiation.


Last but not least, it should be mentioned that 1·CO is
also generated upon pulsed
flash pyrolysis of 9 at 700 8C
with N2/CO as carrier gas and
subsequent quenching to 10 K.
The same procedure also allows
the spectroscopic detection of
[D2]1·CO. The IR spectra of
differently prepared samples of
1·CO and [D2]1·CO are com-
pared in Table 7.


Methylsilylene


Following the same strategy as
with the parent compound, we
also studied the methylsilylene
problem. Calculations on the
CH4N2Si energy hypersurface
confirm the assumed effect of
a methyl group, namely, a re-
duction of the electrophilicity
in methylsilylene 13. The sta-
bilization energy of 13·N2 rela-
tive to the components is low-
ered to 1.3 kcalmol�1, so it
may be difficult to differenti-
ate experimentally between
complex 13·N2 and free 13.
One should also keep in mind
that the application of DFT


calculations to weak interactions of this type has to be re-
garded with caution.


We began our numerous experiments with the intercon-
version between silaethene 15 and 13 (Scheme 4).[4a] Next,
we found that 13 is formed upon pyrolysis of 1,2-dimethylsi-
lane (16) and can be trapped with 2,3-dimethylbutadiene.[4c]


Nevertheless, we still cannot close this chapter. At least sev-
eral points have been clarified: whether synthesized through
a) photochemical nitrogen elimination in methyldiazidosi-
lane 14, b) photoisomerization of 15, c) pulsed high-vacuum


Figure 4. Top: calculated [B3LYP/6-311+G ACHTUNGTRENNUNG(d,p)] IR spectrum of 1·CO.
Middle: difference spectrum of the transformation 1·N2!1·CO upon an-
nealing of the matrix (Ar, 1% CO) at 30 K (obtained by subtraction of
the spectra acquired after and before annealing). Bottom: calculated
[B3LYP/6-311+G ACHTUNGTRENNUNG(d,p)] IR spectrum of 1·N2.


Table 7. IR spectroscopic (wavenumbers in cm�1) identification of 1·CO and [D2]1·CO, generated by photoly-
sis of 8 and by pulsed flash pyrolysis of 9 or [D3]9 with N2 as carrier gas.


Mode Calcda] 1·CO
ACHTUNGTRENNUNG(from 12)[a]


1·CO
ACHTUNGTRENNUNG(from 8)


1·CO
ACHTUNGTRENNUNG(from 9)


Mode Calcda] [D2]1·CO
ACHTUNGTRENNUNG(from [D2]12)


[a]
[D2]1·CO
ACHTUNGTRENNUNG(from [D3]9)


n (C�O) 2129 2049.5 2051.2 2051.2 N (C�O) 2127 2043.9 2052.9
nas (Si�H) 2110 2046.8 2055.9 2054.4 nas (Si�D) 1521 1490.9 1459.9
ns (Si�H) 2100 2037.9 2054.4 2054.4 ns (Si�H) 1505 1479.1 1448.7
d (SiH2) 953 925.1 916.3 D (SiH2) 699 689.0


[a] See reference [7].


Scheme 3. Matrix photolysis of 8 in Ar/CO with subsequent conversion
of 1·N2 into 1·CO by annealing. Flash pyrolysis of 9 with Ar/CO as carri-
er gas. T= triplet state.


Figure 3. FTIR difference spectrum of the photochemical deuterium/hydrogen elimination [D]1·N2+


[D2]1·N2!10+HD/D2 in nitrogen at 10 K (obtained by subtraction of the spectrum acquired after irradiation
with 254-nm light from that before).
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flash pyrolysis of 16 at 1200 8C, or d) pulsed flash pyrolysis
of 1,1,1,3-tetramethyldisilane 17 at 700 8C, methylsilylene is
formed in all cases, regardless of whether argon or nitrogen
is applied as matrix material or carrier gas. But the spectral
data do not allow a clear-cut answer concerning the precise
nature of the product. It is tempting to argue that the differ-
ence in the UV spectra (480 nm in Ar, 330 nm in N2) may
arise from the presence of free 13 in the one or 13·N2 in the
other case. We mentioned previously the photochemical
fragmentation of 14 and argued that the spectral bands
(UV: 330 nm; IR: 1981, 1975, 1966 cm�1) should be attribut-
ed to 13·N2.


[27] But even today, after many further experi-
ments, two factors make a final answer difficult. First, in the
methyl series the number of disturbing bands in the spectra
is much higher, and an N�N absorption cannot be identified.
Second, the Si�H stretching vibration is extremely sensitive
to the nature of the matrix holes. Therefore, different matrix
sites cause complex spectra in the Si�H region. Our present
view is that the two signals at 2005 and 1935 cm�1, observed
upon photoisomerization of 15 in argon at 10 K,[4c] may
result from such a matrix splitting of free 13. IR spectra
cannot be used to detect separately 13 and 13·N2. The de-
tails are described elsewhere.[28]


Conclusions


Our conclusions are as follows. a) There is no effective way
to isolate free 1 in condensed phase in sufficient concentra-
tion (argon matrix) for UV/Vis spectroscopic detection.
Therefore, its identification is restricted to IR measurements
in combination with quantum-chemical calculations. b) Si-
lylene can be stabilized by reaction with nitrogen under for-
mation of a donor–acceptor complex. This effect can be
used to generate a higher yield of silylene in form of 1·N2.
c) There is a close resemblance between the system SiH2/N2


and SiH2/CO. Complexation with carbon monoxide is stron-
ger than with nitrogen. Consequently, 1·N2 is transformed


into 1·CO by thermal substitution. d) Siladiazomethane 2
does not exist; only 1·N2 is detectable. The situation is the
same as that of the preference for 1·CO rather than 3.
e) Photochemical dehydrogenation is a typical example of
an intrinsic reaction of the silylene complexes. f) The results
of matrix studies can even shed some light on the behavior
of 1 in the gas phase. The higher stability of 1·CO relative
to 1·N2 mirrors kinetic reports of Walsh and co-workers,
who showed that 1 reacts in the gas phase rapidly with
CO[29] but not with nitrogen.[13]


Experimental Section


General


The cryostat for matrix isolation was a helium closed-cycle refrigeration
system (compressor unit RW2 with coldhead base unit 210 and extension
module ROK, Leybold). The matrix IR spectra were recorded with an
FTIR instrument (IFS 85 or IFS 55, Bruker), the UV/Vis spectra were re-
corded with a diode-array spectrophotometer (HP 8453, Hewlett Pack-
ard). The light sources used were a mercury high-pressure lamp
(HBO 200, Osram) with a monochromator (Bausch and Lomb) and a
mercury low-pressure spiral lamp with a Vycor filter (GrIntzel). Equip-
ment for the combination of pulsed high-vacuum pyrolysis with matrix
isolation has been described previously.[23, 24]


Starting materials


Diazides of type 8 or 14 are dangerous substances, and we had to develop
special procedures for their safe preparation and handling. The method
of choice was an azide-transfer reaction between the corresponding halo-
silane and tri-n-butyltin azide. Detailed information is given in refer-
ence [28].


8 : This compound was prepared as described before.[30] To prepare [D2]8,
dideuteriodiiodosilane (1.14 g, 4.0 mmol) was treated with tri-n-butyl tin
azide (3.30 g, 10 mmol) by applying the same procedure.


13 : This compound was also prepared as described before.[30]


Disilanes


The strategy for the synthesis of the disilanes used herein consists of the
coupling of monosilyl halides by salt elimination, subsequent exchange of
phenyl or methyl groups in the disilane formed with halogen atoms, and
final reduction of the halogenated disilanes with lithium aluminum hy-
dride or deuteride.


9 : 1,1,1-trichloro-2,2,2-trimethyldisilane (2.06 g, 10 mmol) [31] were re-
duced with excess LiAlH4 (500 mg) in THF at 0 8C. After purification
with preparative GC (4 mS6 mm column, OV 101, 60 8C, isotherm), 9
(1.04 g) was isolated as a colorless liquid. The spectroscopic data are as
reported.[32] [D3]9 was prepared by an analogous procedure with LiAlD4


and obtained as a colorless liquid: 1H NMR (C6D6): d=0.10 ppm (s, 9H);
13C NMR (C6D6): d=�0.4 ppm; 29Si NMR (C6D6): d=�17.4 (SiMe3),
�98.9 ppm (SiD3); IR (gas phase): ñ=2961.1, 2905.8, 1561.6, 1255.0,
842.4, 748.4, 695.6, 663.3, 617.4 cm�1; MS (70 eV): m/e (%)=103 (3) [M+


�D2], 92 (6) [M+�Me], 73 (100) [SiMe3]; HRMS calcd for C3H9D3Si2:
103.038; found: 103.007. For the preparation of [D2]9, HBr (25 mL) was
condensed with 1,1,1-trimethyl-2,2-diphenyldisilane (2.4 g, 9.3 mmol)[24] in
a flask (100 mL) at �196 8C. After 7 days at �78 8C, the crude product,
which represents mostly highly reactive 1,1-dibromo-2,2,2-trimethylsilane,
was directly reduced with LiAlD4 under standard conditions. After purifi-
cation by preparative GC, only a small amount of pure [D2]9 was isolated
as a colorless liquid: IR (gas phase): ñ=2967.2, 2906.5, 2137.7, 1561.7,
1254.9, 1142.6, 943.1, 786.2, 748.1, 695.5, 669.4, 663.3, 617.5 cm�1; MS
(70 eV): m/e (%)=103 (5) [M+�HD], 91 (4) [M+�Me], 88 (6), 73 (100)
[SiMe3].


16 : This compound was prepared as in our earlier work[4c] as a colorless
liquid (b.p. 41 8C) and identified by comparison with published spectro-


Scheme 4. Preparation of 13 and/or 13·N2.
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scopic data:[33] 1H NMR (CDCl3): d=4.28–4.60 (m, 4H, SiH), 0.23 ppm
(t, 6H, 2CH3,


3J=4 Hz); 13C NMR (CDCl3): d=�11.5 ppm.


17: In the same manner as for [D2]9, 1,1,1,2-tetramethyl-2,2-diphenyldisi-
lane (6.7 g, 24.8 mmol)[34] was dephenylated with HBr. Pure 1,1-dibromo-
1,2,2,2-tetramethyldisilane was obtained by preparative GC as colorless
crystals: 1H NMR (CDCl3): d=0.15 (s, 9H, SiMe3), 0.98 ppm (s, 3H,
SiMe); 13C NMR (CDCl3): d=�3.6 (SiMe3), 7.5 ppm (SiMe); MS
(70 eV): m/e (%)=274 (1) [M+], 137 (5), 107 (3) [SiBr], 73 (100)
[SiMe3]; HRMS calcd for C4H12Si2Br2: 273.884; found: 273.883. Because
of its high sensitivity to moisture, the dibromosilane was directly reduced
with LiAlH4. Routine workup, which included preparative GC, gave 17
as a colorless liquid: IR (gas phase): ñ=2964.6, 2906.1, 2359.1, 2118.4,
1253.8, 937.4, 836.0, 700.9, 622.9 cm�1; MS (70 eV): m/e (%)=118 (10)
[M+], 103 (13) [M+�Me], 85 (3), 73 (100) [SiMe3]; HRMS calcd for
C4H14Si2: 118.064; found: 118.063. To prepare [D2]17, 1,1-dibromo-
1,2,2,2-tetramethyldisilane was similarly reduced with LiAlD4. After
preparative GC, [D2]17 was isolated as a colorless oil: 1H NMR (CDCl3):
d=0.69 (s, 3H, SiMe), 0.74 ppm (s, 9H, SiMe3);


13C NMR (CDCl3): d=
�12.4 (SiMe), 30.3 ppm (SiMe3);


29Si NMR (CDCl3): d=�17.6 (SiMe3),
�66.4 ppm (SiMe); IR (gas phase): ñ=2964.6, 2906.4, 2362.0, 1540.0,
1253.4, 868.5, 839.9, 803.0, 744.4, 704.8, 669.2 621.9, 546.3 cm�1; MS
(70 eV): m/e (%)=120 (9) [M+], 105 (11) [M+�Me], 73 (100) [SiMe3];
HRMS calcd for C4H12D2Si2: 120.076; found: 120.076.
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Highly Efficient Three-Component Synthesis of b-Lactams from
N-methylhydroxylamine, Aldehydes, and Phenylacetylene


Liang Zhao and Chao-Jun Li*[a]


Introduction


b-Lactams are among the best known and most extensively
investigated heterocyclic ring systems as a result of both
their biological activities, such as antibiotic properties,[1] and
their wide use as synthetic intermediates.[1d][2] General meth-


ods for the construction of b-
lactams include:[3] 1) formation
of the N1�C2 bond, for exam-
ple, by cyclization of a ketene
and an imine[4] and cyclization
of a b-amino acid;[5] 2) forma-


tion of the C2�C3, for example, through trialkylstannane-
mediated closure of the C2�C3 bond;[6] 3) formation of the
C3�C4 bond, for example through intramolecular nucleo-
philic displacement[7] and oxidative coupling of dianions of
acyclic amides;[8] and 4) formation of the C4�N1 bond, for
instance, by SN2-type displacement of primary halogen
atoms by an amide nitrogen atom under basic conditions.[9]


Among the different approaches for the synthesis of b-lac-
tams,[1–9] the Kinugasa reaction[10] is an efficient method to
construct the four-membered b-lactam ring by means of a
[3+2] cycloaddition/rearrangement of nitrones and copper
phenylacetylide complexes.


Since the initial report by Kinugasa and Hashimoto,[10a]


significant advances have been made on this subject. In
1995, Miura et al. found that the reaction could be carried
out by the reaction of terminal alkynes and nitrones in the
presence of a substoichiometric amount of CuI.[11] Further-
more, it was also possible to perform the reaction asymmet-
rically to give the desired product with 57% ee and
68:32 d.r. by using the CuI–pybox system. Recently, Fu and
co-workers[12] found that bis(azaferrocenes)–CuCl could cat-
alyze the Kinugasa reaction to afford the desired products
with good to excellent diastereo- and enantioselectivity.
More recently, Tang and co-workers reported[13] that chiral
tris(oxazoline) in the presence of Cu ACHTUNGTRENNUNG(ClO4)2·6H2O also cata-
lyzes the Kinugasa reaction between terminal alkynes and
nitrones, giving high cis diastereoselectivities and good
enantioselectivities (55–85% ee). The mechanism of the Ki-
nugasa reaction is still not clear. The proposed mechanism
(Scheme 1) involves a formal [3+2] cycloaddition of a ni-
trone and a copper acetylide (generated in situ) to form an
isoxazoline intermediate. Protonation, formation of an oxa-
ziridine species, and subsequent rearrangement of the oxa-
ziridine ring provides the b-lactam. Furthermore, the cis
isomer (initially formed) can be equilibrated to the trans
isomer at C3 under basic conditions.[14]


Unfortunately, there is no reported synthesis of N-alkyl b-
lactams, which are more prevalent in natural products and
biological compounds, by using the Kinugasa reaction. Fur-
thermore, nitrones have to be presynthesized in these reac-
tions. Recently, we developed various aldehyde–alkyne–
amine couplings (A3-coupling)[15] (Scheme 2, route a) and
asymmetric aldehyde–alkyne–amine couplings (AA3-cou-
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pling).[16] As part of our continued interest in extending the
scope of the aldehyde–alkyne–amine couplings, herein we
report a one-pot synthesis of b-lactams through the multi-
component coupling[17] of N-alkyl hydroxylamines, alde-
hydes, and alkynes catalyzed by copper under mild condi-
tions (Scheme 2, route b). Interestingly, replacement of the
amine by an N-alkyl hydroxyl ACHTUNGTRENNUNGamine led to a different prod-
uct of the A3-coupling: b-lactams. The required N-methylhy-
droxylamine used in the current study was conveniently gen-
erated in situ from the combination of its HCl salt with
KHCO3 (1 equiv).


Results and Discussion


In our initial study, we found that CuCl effectively catalyzes
b-lactam formation from N-methylhydroxylamine, benzalde-
hyde, and phenylacetylene in 37% yield in 18 h at 70 8C
(Scheme 3). Various solvents were examined for the reac-
tion, and the optimal yield was obtained under neat condi-
tions. The addition of another base (30 mol%) was found to


be beneficial for the reaction. Subsequent to these prelimi-
nary investigations, the effects of catalyst, ligand, and base
on the three-component reaction were examined (Table 1).


Among the various copper salts
that we examined (Table 1, en-
tries 1–5), CuCl provided the
desired product in the best
yield, with 2,2’-bipyridine as the
ligand and NaOAc as the base.
The use of KHCO3 instead of
NaOAc as the base led to a
poorer yield of the product
(Table 1, entry 6). On the other
hand, the same results were ob-
tained with K3PO4 and NaOAc
as bases (Table 1, entries 3 and


7). Surprisingly, almost no desired product was observed
when either triethylamine or DBU were used as the bases
(Table 1, entries 8 and 10), whereas the products were ob-
tained in lower yields when using (iPr)2NEt and K2CO3
(Table 1, entries 9 and 11). The use of pyridine (Table 1,
entry 12), 1,10-phenanthroline (Table 1, entry 13), and phos-
phines (Table 1, entries 14 and 15) as ligands also decreased
the yield of the desired product. Thus, the combination of


Scheme 2. Coupling of aldehydes and alkynes with amines and N-alkyl hydroxylamines.


Scheme 3. Formation of b-lactam from coupling of benzaldehyde, N-
methylhydroxylamine, and phenylacetylene, catalyzed by CuCl.


Scheme 1. Mechanism of the Kinugasa reaction proposed by Ding and
Irwin.[14]


Table 1. Optimization of the reactions.[a]


Entry Catalyst Ligand Base Yield
[%][b]


cis/trans[c]


1 CuI 2,2’-bipyridine NaOAc 77 74:26
2 CuBr 2,2’-bipyridine NaOAc 83 81:19
3 CuCl 2,2’-bipyridine NaOAc 97 80:20
4 CuOTf 2,2’-bipyridine NaOAc 81 79:21
5 Cu2O 2,2’-bipyridine NaOAc 92 79:21
6 CuCl 2,2’-bipyridine KHCO3 57 76:24
7 CuCl 2,2’-bipyridine K3PO4 97 80:20
8 CuCl 2,2’-bipyridine NEt3 trace n.a.
9 CuCl 2,2’-bipyridine ACHTUNGTRENNUNG(iPr)2NEt 78 79:21
10 CuCl 2,2’-bipyridine DBU trace n.a.
11 CuCl 2,2’-bipyridine K2CO3 85 82:18
12 CuCl pyridine[d] NaOAc 31 72:28
13 CuCl 1,10-phenanthroline NaOAc 89 78:22
14 CuCl PPh3


[d] NaOAc 49 76:24
15 CuCl dppp[e] NaOAc 24 83:17


[a] Reaction conditions: MeNHOH·HCl (0.2 mmol), benzaldehyde
(0.3 mmol), phenylacetylene (0.4 mmol), KHCO3 (0.2 mmol), catalyst
(5 mol%), and ligand (10 mol%) were used unless otherwise noted, and
all reactions were carried out under a N2 atmosphere for 18 h. [b] Yields
were based on MeNHOH·HCl and determined by NMR spectroscopy by
using an internal standard. [c] The ratio of the two diastereomers was de-
termined by 1H NMR spectroscopy of the crude reaction mixture.
[d] Ligand: 10 mol%. [e] dppp=1,2-bis(diphenylphosphanyl)propane.
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CuCl as the catalyst, 2,2’-bipyridine as the ligand, and
NaOAc as the base was used as the standard conditions for
the three-component synthesis of the b-lactams.
Various aldehydes were coupled with N-methylhydroxyl-


ACHTUNGTRENNUNGamine and phenylacetylene under the optimized conditions,
and the products were obtained in good to excellent yields
in all cases (Scheme 4 and Table 2). Benzaldehyde and elec-


tron-rich aromatic aldehydes gave higher yields than elec-
tron-deficient aromatic aldehydes in most cases. Halogen
substituents such as bromine, chlorine, and fluorine atoms
on the aromatic ring of the aldehyde survived the reaction
conditions (Table 2, entries 4–6). Heteroaromatic 2-furalde-
hyde (Table 2, entry 3) and aliphatic aldehyde (Table 2,
entry 11) also provided the corresponding b-lactams in ex-
cellent yields. Aliphatic alkynes are also effective under the
present reaction conditions; however, in these cases the re-
action generated a mixture of products, which are still under
investigation.
Furthermore, N-benzylhydroxylamine is also highly effec-


tive for this three-component b-lactam formation (Scheme 5
and Table 3). Because the benzyl group on the b-lactam ni-
trogen atom can be removed readily by standard hydroge-
nolysis, the three-component reaction provides a very effec-
tive method for the synthesis of b-lactams that do not have
any substituent on the nitrogen atom.[18] Interestingly, in
these cases the electronic nature of the substituent on the al-
dehyde did not significantly influence the reaction (see
Table 3).


Conclusions


A simple three-component method was developed to syn-
thesize b-lactams from N-substituted hydroxylamine, alde-
hydes, and phenylacetylene catalyzed by copper. The reac-
tivities of different N-substituted hydroxylamines and vari-


ous aldehydes were examined. The method provided various
N-alkyl b-lactam derivatives efficiently. The scope and appli-
cation of this multicomponent is under investigation.


Scheme 4. Coupling of aldehydes with N-methylhydroxylamine and phe-
nylacetylene.


Table 2. Synthesis of b-lactams through coupling of N-methylhydroxyl-
amine, aldehydes, and phenylacetylene.[a]


Entry Aldehyde Product Yield [%][b] cis/trans[c]


1 4a 97 (86) 80:20


2 4b 87 (55) 76:24


3 4c 85 (79) 63:37


4 4d 78 (70)[d] 78:22


5 4e 88 (83)[e] 80:20


6 4 f 72 (70) 80:20


7 4g 88 (67) 84:16


8 4h 99 (95) 89:11


9 4 i 96 (69) 76:24


10 4j 93 (66) 75:25


11 4k 75 (55) 63:37


[a] Reaction conditions: MeNHOH·HCl (0.4 mmol), aldehyde
(0.6 mmol), phenylacetylene (0.8 mmol), KHCO3 (0.4 mmol), NaOAc
(0.12 mmol), CuCl (5 mol%), and 2,2’-bipyridine (5 mol%) were used
unless otherwise noted; all reactions were run under N2 for 18 h.
[b] Yields based on MeNHOH·HCl and determined by 1H NMR spec-
troscopy by using an internal standard; yields of the two isolated diaste-
reomers are given in parentheses. [c] The ratio of the two diastereomers
were determined by NMR spectroscopy of the crude reaction mixture.
[d] Ligand: 4,4’-dimethyl-2,2’-bipyridine (5 mol%). [e] Phenylacetylene
(120 mL), preheated at 90 8C for 30 min to melt the reaction mixture.


Scheme 5. Formation of b-lactam from coupling of aldehydes, N-benzyl-
hydroxylamine, and phenylacetylene.
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Experimental Section


Chemicals were purchased from Aldrich Chemicals Company and Acros
Chemicals and were used without further purification. All experiments
were carried out under an atmosphere of N2, unless otherwise noted.


1H
and 13C NMR spectra were acquired at 400 MHz and 100 MHz or
300 MHz and 75 MHz, respectively (Varian Mercury), and referenced to
the internal solvent. IR spectra were recorded on an ABB Bomem MB
100 interferometer. MS data were measured on a KRATOS MS25RFA
mass spectrometer. HRMS-ESI measurements were performed at McGill
University. N-Benzylhydroxylamine was prepared according to a litera-
ture method.[19]


4a : CuCl (2.0 mg, 0.02 mmol), 2,2’-bipyridine (3.2 mg, 0.02 mmol),
NaOAc (10 mg, 0.12 mmol), KHCO3 (40 mg, 0.40 mmol) and N-methyl-
hydroxylamine hydrochloride (33 mg, 0.40 mmol) were added to a test
tube, which was then sealed and flushed with nitrogen gas. Benzaldehyde
(60 mL, 0.60 mmol) and phenylacetylene (85 mL, 0.80 mmol) were then
added to the mixture through a syringe, and the test tube was heated at
70 8C for 18 h under N2. The reaction mixture was cooled to room tem-
perature and filtered through a short silica-gel column to remove the in-
organic salts. The final product was obtained by thin-layer chromatogra-
phy (TLC, hexanes/EtOAc 2:1): cis isomer: 65 mg (Rf=0.2); trans
isomer: 17 mg (Rf=0.3), 86% overall yield). cis : IR (KBr): ũmax=3061,
3026, 2918, 1756, 1419, 1189, 983, 768, 699, 584 cm�1; 1H NMR
(400 MHz, CD3Cl): 7.15–6.98 (m, 10H; Ar-H), 4.95 (d, J=5.6 Hz, 1H; C-
H), 4.86 (d, J=5.6 Hz, 1H; C-H), 2.91 ppm (s, 3H; NCH3);


13C NMR
(100 MHz, CD3Cl): 168.1, 134.6, 132.5, 128.4, 128.0, 127.8, 127.6, 127.0,
126.6, 62.0, 61.1, 27.3 ppm; MS (EI): m/z (%): 237 [M+], 180 (100), 165,
152, 139, 118, 102, 90, 77, 63, 51; HRMS (ESI): calcd for [C16H15NO+


H]+ : 238.1226; found: 238.1225; trans : IR (KBr): ũmax=3061, 3026, 2918,
1757, 1497, 1457, 1388, 1068, 699, 631, 523 cm� cm�1; 1H NMR
(400 MHz, CD3Cl): 7.44–7.24 (m, 10H; Ar-H), 4.44 (d, J=2.0 Hz, 1H; C-
H), 4.16 (s, 1H; C-H), 2.86 ppm (s, 3H; NCH3);


13C NMR (75 MHz,
CD3Cl): 168.2, 137.2, 134.9, 129.1, 128.8, 128.6, 127.5, 127.2, 126.2, 65.7,


65.3, 27.1 ppm; MS (EI): m/z (%): 237 [M+], 180 (100), 165, 152, 139,
118, 102, 89, 76, 63, 51; HRMS (ESI): calcd for [C16H15NO+H]+ :
238.1226; found: 238.1226.


4b : Prepared by following the same procedure as described for 4a. Yield
of the two diastereomers: 55%. cis : ũmax=3061, 3030, 2998, 2940, 2834,
1753, 1591, 1498, 1464, 1452, 1387, 1280, 1218, 1047, 1025, 988, 699 cm�1;
1H NMR (400 MHz, CD3Cl): 7.04–6.96 (m, 5H; Ar-H), 6.57–6.50 (m, 3H;
Ar-H), 5.22 (d, J=6.0 Hz, 1H; C-H), 4.82 (d, J=6.0 Hz, 1H; C-H), 3.64
(s, 3H; OCH3), 3.61 (s, 3H; OCH3), 2.96 ppm (s, 3H; NCH3);


13C NMR
(75 MHz, CD3Cl): 168.8, 152.9, 151.0, 132.7, 128.4, 127.5, 126.6, 124.7,
113.1, 112.6, 110.6, 60.9, 57.4, 55.7, 55.4, 28.0 ppm; MS (EI): m/z (%): 297
[M+], 266, 240, 225, 210, 197, 179, 164, 148 (100), 118, 104, 90, 77, 63, 51;
HRMS-ESI: calcd for [C18H19NO3+H]


+ : 298.1438; found: 298.1437;
trans : ũmax=3069, 3027, 3004, 2935, 2835, 1748, 1506, 1388, 1270, 1219,
1045, 990, 858, 831, 745, 726, 104, 694, 633, 514 cm�1; 1H NMR (400 MHz,
CD3Cl): 7.37–7.24 (m, 5H; Ar-H), 6.84 (s, 3H; Ar-H), 4.86 (d, J=2.0 Hz,
1H; C-H), 4.20 (s, 1H; C-H), 3.78 (s, 3H; OCH3), 3.74 (s, 3H; OCH3),
2.86 ppm (s, 3H; NCH3);


13C NMR (75 MHz, CD3Cl): 168.7, 153.8, 151.6,
135.4, 128.5, 127.3, 127.2, 126.6, 113.5, 112.6, 111.9, 64.2, 59.6, 56.0, 55.8,
27.4 ppm; MS (EI): m/z (%): 297 [M+], 266, 240 (100), 225, 210, 197,
180, 164, 148, 118, 104, 90, 77, 63, 51; HRMS (ESI): calcd for
[C18H19NO3+H]


+ : 298.1438; found: 298.1437.


4c : Prepared by the same procedure as described for 4a. Yield of the
two diastereomers: 55%. cis : IR (KBr): ũmax=3138, 3061, 3026, 2912,
1752, 1421, 1383, 1143, 1066, 763, 501 cm�1; 1H NMR (400 MHz, CD3Cl):
7.15–7.10 (m, 6H; Ar-H), 6.12 (dd, J=3.2 Hz, 1.6 Hz, 1H; Ar-H), 6.01
(d, J=3.6 Hz, 1H; Ar-H), 4.95 (d, J=5.6 Hz, 1H; C-H), 4.79 (d, J=
5.6 Hz, 1H; C-H), 2.89 ppm (s, 3H; NCH3);


13C NMR (75 MHz, CD3Cl):
168.0, 149.1, 142.9, 133.0, 128.5, 128.2, 127.4, 110.5, 109.3, 61.0, 56.5,
27.66 ppm; MS (EI): m/z (%): 227 [M+], 170, 141, 128, 118, 115, 110
(100), 90, 81, 63, 51; HRMS (ESI): calcd for [C14H13NO2+H]


+ : 228.1019;
found: 228.1019; trans : IR (KBr): ũmax=3061, 3026, 2918, 1758, 1497,
1388, 1152, 1070, 1014, 926, 729, 698, 598, 527 cm�1; 1H NMR (400 MHz,
CD3Cl): 7.46 (s, 1H; Ar-H), 7.35–7.24 (m, 5H; Ar-H), 6.39 (s, 2H; Ar-
H), 4.48 (s, 2H; 2OC-H), 2.82 ppm (s, 3H; NCH3);


13C NMR (75 MHz,
CD3Cl): 167.8, 149.9, 143.2, 134.5, 128.7, 127.5, 127.2, 110.5, 109.2, 61.9,
58.0, 27.1 ppm; MS (EI): m/z (%): 227 [M+], 170 (100), 141, 128, 118,
115, 110, 90, 77, 63, 51; HRMS (ESI): calcd for [C14H13NO2+H]


+ :
228.1019; found: 228.1020.


4d : Prepared by the same procedure described for 4a, except that 4,4’-di-
methyl-2,2’-bipyridine (5 mol%) was used as the ligand. Yield of the two
diastereomers: 70%. cis : IR (KBr): ũmax=3061, 3026, 2918, 1741, 1607,
1510, 1388, 1217, 1081, 983, 842, 703 cm�1; 1H NMR (400 MHz, CD3Cl):
7.06–6.93 (m, 7H; Ar-H), 6.82 (t, J=8.8 Hz, 2H; Ar-H), 4.92 (d, J=
5.6 Hz, 1H; C-H), 4.85 (d, J=5.6 Hz, 1H; C-H), 2.89 ppm (s, 3H;
NCH3);


13C NMR (75 MHz, CD3Cl): 168.4, 163.6, 161.2, 132.7, 130.8,
130.8, 129.1, 129.0, 128.8, 128.3, 127.2, 115.6, 115.3, 61.9, 61.6, 27.7 ppm;
MS (EI): m/z (%): 255 [M+], 198, 183, 177, 170, 138, 118 (100), 109, 98,
90, 75, 63, 51; HRMS (ESI): calcd for [C16H14NOF+H]


+ : 256.1132;
found: 256.1132; trans : ũmax=3063, 3030, 2910, 1756, 1603, 1509, 1426,
1388, 1225, 1157, 1069, 989, 841, 697, 509 cm�1; 1H NMR (300 MHz,
CD3Cl): 7.36–7.26 ppm (m, 7H; Ar-H), 7.12 (t, J=8.7 Hz, 2H; Ar-H),
4.43 (d, J=2.1 Hz, 1H; C-H), 4.13 (s, 1H; C-H), 2.85 ppm (s, 3H;
NCH3);


13C NMR (75 MHz, CD3Cl): 168.3, 164.1, 161.6, 134.8, 133.1,
133.1, 128.9, 128.0, 127.9, 127.7, 127.3, 116.3, 116.1, 65.9, 64.7, 27.0 ppm;
MS (EI): m/z (%): 255 [M+], 198 (100), 183, 177, 170, 138, 118, 109, 98,
90, 75, 63, 51; HRMS (ESI): calcd for [C16H14NOF+H]


+ : 256.1132;
found: 256.1132.


4e : Prepared by the same procedure described for 4a, except that the re-
action mixture was heated at 90 8C for 30 min and then at 70 8C for an-
other 18 h. Yield of the two diastereomers: 83%. cis : IR (KBr): ũmax=
3061, 3026, 2909, 1751, 1492, 1425, 1388, 1090, 1014, 985, 825, 721, 699,
468 cm�1; 1H NMR (300 MHz, CD3Cl): 7.12–6.92 (m, 9H; Ar-H), 4.91 (d,
J=5.7 Hz, 1H; C-H), 4.86 (d, J=5.7 Hz, 1H; C-H), 2.87 ppm (s, 3H;
NCH3);


13C NMR (75 MHz, CD3Cl): 167.9, 133.4, 133.3, 132.2, 128.4,
128.3, 128.2, 128.0, 126.9, 61.5, 61.2, 27.3 ppm; MS (EI): m/z (%): 271
[M+], 214, 179, 154, 118 (100), 90, 76, 63, 51; HRMS (ESI): calcd for
[C16H14NOCl+H]


+ : 272.0837; found: 272.0836; trans : IR (KBr): ũmax=


Table 3. Synthesis of b-lactams by coupling of N-benzylhydroxylamine,
aldehydes, and phenylacetylene.[a]


Entry Aldehyde Product Yield(%)[b] cis/trans[c]


1 6a 85 (75) 78:22


2 6b 83 (75) 78:22


3 6c 79 (78) 80:20


4 6d 81 (80) 79:21


5 6e 80 (79) 79:21


[a] Reaction conditions: BnNHOH (0.4 mmol), aldehyde (0.6 mmol), phe-
nylacetylene (0.8 mmol), NaOAc (0.12 mmol), CuCl (5 mol%), and 2,2’-
bipyridine (5 mol%) were used; all reactions were performed under a N2
atmosphere for 18 h.[b] Yields based on BnNHOH and determined by
1H NMR spectroscopy by using an internal standard; yields of the two
isolated diastereomers are given in parentheses.[c] The ratio of the two
diastereomers was determined by 1H NMR spectroscopy of the crude
mixture.
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3061, 3026, 2918, 1757, 1491, 1424, 1388, 1090, 1013, 988, 840, 741, 699,
575, 498 cm�1; 1H NMR (400 MHz, CD3Cl): 7.39 (d, J=8.4 Hz, 2H; Ar-
H), 7.30 (d, J=8.4 Hz, 2H; Ar-H), 7.27–7.24 (m, 5H; Ar-H), 4.42 (d, J=
2.0 Hz, 1H; C-H), 4.12 (s, 1H; C-H), 2.85 ppm (s, 3H; NCH3);


13C NMR
(75 MHz, CD3Cl): 168.0, 135.8, 134.6, 134.4, 129.3, 128.8, 127.6, 127.5,
127.2, 65.9, 64.7, 27.1 ppm; MS (EI): m/z (%): 271 [M+], 214 (100), 179,
152, 118, 89, 76, 63, 51; HRMS (ESI): calcd for [C16H14NOCl+H]


+ :
272.0837; found: 272.0835.


4 f : Prepared by the same procedure described for 4a. Yield of the two
diastereomers: 70%. cis : IR (KBr): ũmax=3061, 3028, 2906, 1757, 1488,
1423, 1386, 1069, 1010, 837, 698, 575, 493; 1757 cm�1; 1H NMR (300 MHz,
CD3Cl): 7.27(d, J=8.1 Hz, 2H; Ar-H), 7.09–7.04 (m, 3H; Ar-H), 7.00–
6.97 (m, 2H; Ar-H), 6.88 (d, J=8.1 Hz, 2H; Ar-H), 4.90 (d, J=5.4 Hz,
1H; C-H), 4.87 (d, J=5.4 Hz, 1H; C-H), 2.87 ppm (s, 3H; NCH3);
13C NMR (75 MHz, CD3Cl): 168.1, 134.0, 132.3, 131.3, 128.9, 128.5, 128.2,
127.1, 121.8, 61.6, 61.2, 27.3 ppm; MS (EI): m/z (%): 315 [M+], 258, 198,
178, 152, 118 (100), 90, 76, 63, 51; HRMS (ESI): calcd for [C16H14NOBr+
H]+ : 316.0331; found: 316.0330; trans : ũmax=3061, 3028, 2907, 1754, 1423,
1386, 1070, 1010, 986, 821, 716, 699, 655, 512 cm�1; 1H NMR (400 MHz,
CD3Cl): 7.56(d, J=8.4 Hz, 2H; Ar-H), 7.38–7.34 (m, 2H; Ar-H), 7.32–
7.26 (m, 3H; Ar-H), 7.21 (d, J=8.4 Hz; 2H; Ar-H), 4.42 (d, J=2.4 Hz,
1H; C-H), 4.12 (s, 1H; C-H), 2.86 ppm (s, 3H; NCH3);


13C NMR
(75 MHz, CD3Cl): 168.2, 136.4, 134.6, 132.4, 128.9, 127.9, 127.8, 127.3,
122.6, 65.8, 64.8, 27.1 ppm; MS (EI): m/z (%): 315 [M+], 258, 198, 178
(100), 165, 152, 118, 89, 76, 63, 51; HRMS (ESI): calcd for
[C16H14NOBr+H]


+ : 316.0331; found: 316.0330.


4g : Prepared by the same procedure described for 4a. Yield of the two
diastereomers: 67%. cis : IR (KBr): ũmax=3061, 3029, 2949, 2903, 1757,
1458, 1424, 1390, 1339, 1202, 1080, 986, 773, 697, 667, 490 cm�1; 1H NMR
(400 MHz, CD3Cl): 7.05–6.89 (m, 9H; Ar-H), 5.10 (d, J=5.6 Hz; 1H; C-
H), 4.82 (d, J=5.6 Hz, 1H; C-H), 2.98 (s, 3H; NCH3), 2.16 ppm (s, 3H;
CH3);


13C NMR (75 MHz, CD3Cl): 168.5, 135.2, 132.8, 132.0, 130.0, 128.6,
127.6, 127.2, 126.9, 125.6, 125.3, 61.1, 59.7, 28.0, 19.2 ppm; MS (EI): m/z
(%): 251 [M+], 236, 194, 179, 165, 152, 134, 118 (100), 96, 90, 77, 63, 51;
HRMS (ESI): calcd for [C17H17NO+H]+ : 252.1383; found: 252.1382;
trans : IR (KBr): ũmax=3061, 3026, 2918, 1757, 1654, 1388, 755, 698,
630 cm�1; 1H NMR (400 MHz, CD3Cl): 7.36–7.16 (m, 9H; Ar-H), 4.74 (d,
J=2.0 Hz, 1H; C-H), 4.05 (s, 1H; C-H), 2.95 (s, 3H; NCH3), 2.16 ppm (s,
3H; CH3);


13C NMR (75 MHz, CD3Cl): 168.6, 135.8, 135.7, 135.1, 130.8,
128.8, 127.8, 127.6, 127.3, 126.6, 124.0, 65.7, 62.2, 27.6, 19.5 ppm; MS (EI):
m/z (%): 251 [M+], 236, 194 (100), 179, 165, 152, 134, 118, 96, 90, 77, 63,
51; HRMS (ESI): calcd for [C17H17NO+H]+ : 252.1383; found: 252.1383.


4h : Prepared by the same procedure described for 4a. Yield of the two
diastereomers: 95%. cis : IR (KBr): ũmax=3061, 3026, 2918, 1757, 1424,
1385, 1080, 816, 700, 511 cm�1; 1H NMR (400 MHz, CD3Cl): 7.06–6.98
(m, 5H; Ar-H), 6.92 (d, J=7.6 Hz, 2H; Ar-H), 6.87 (d, J=7.6 Hz, 2H;
Ar-H), 4.90(d, J=5.6 Hz, 1H; C-H), 4.82 (d, J=5.6 Hz, 1H; C-H), 2.87
(s, 3H; NCH3), 2.19 ppm (s, 3H; CH3);


13C NMR (75 MHz, CD3Cl):
168.6, 137.8, 133.1, 131.9, 129.1, 128.9, 128.2, 127.5, 127.0, 62.4, 61.4, 27.6,
21.5 ppm; MS (EI): m/z (%): 251 [M+], 194 (100), 179, 165, 152, 134,
118, 105, 96, 89, 77, 63, 51; HRMS (ESI): calcd for [C17H17NO+H]+ :
252.1383; found: 252.1383; trans : IR (KBr): ũmax=3061, 3026, 2918, 1757,
1514, 1423, 1387, 1069, 698, 592, 517 cm�1; 1H NMR (400 MHz, CD3Cl):
7.32 (d, J=6.0 Hz, 2H; Ar-H), 7.28–7.21 (m, 7H; Ar-H), 4.40 (d, J=
2.0 Hz, 1H; C-H), 4.13 (s, 1H; C-H), 2.83 (s, 3H; NCH3), 2.38 ppm (s,
3H; CH3);


13C NMR (75 MHz, CD3Cl): 168.3, 138.5, 135.0, 134.1, 129.7,
128.7, 127.5, 127.2, 126.1, 65.7, 65.2, 27.0, 21.3 ppm; MS (EI): m/z (%):
251 [M+], 236, 194, 179, 165, 152, 134 (100), 118, 105, 96, 90, 77, 63, 51;
HRMS (ESI): calcd for [C17H17NO+H]+ : 252.1383; found: 252.1382.


4 i : Prepared by the same procedure described for 4a. Yield of the two
diastereomers: 69%. cis : IR (KBr): ũmax=3061, 3026, 2922, 2834, 1735,
1612, 1513, 1391, 1245, 1173, 984, 830, 700 cm�1; 1H NMR (400 MHz,
CD3Cl): 7.07–6.98 (m, 5H; Ar-H), 6.89 (d, J=8.4 Hz, 2H; Ar-H), 6.50 (d,
J=8.4 Hz, 2H; Ar-H), 4.89 (d, J=5.6 Hz, 1H; C-H), 4.81 (d, J=5.6 Hz,
1H; C-H), 3.66 (s, 3H; OCH3), 2.85 ppm (s, 3H; NCH3);


13C NMR
(75 MHz, CD3Cl): 168.1, 158.8, 132.7, 128.3, 128.3, 127.8, 126.5, 126.4,
113.4, 61.6, 61.0, 55.0, 27.1 ppm; MS (EI): m/z (%): 267 [M+], 210, 165,
150 (100), 118, 90, 77, 63, 51; HRMS (ESI): calcd for [C17H17NO2+H]


+ :


268.1332; found: 268.1332; trans : IR (KBr): ũmax=3061, 3026, 2918, 1752,
1611, 1513, 1388, 1249, 1175, 1031, 837, 698, 595, 520 cm�1; 1H NMR
(400 MHz, CD3Cl): 7.35–7.23 (m, 7H; Ar-H), 6.94(d, J=8.4 Hz, 2H; Ar-
H), 4.39 (d, J=2.4 Hz, 1H; C-H), 4.13 (s, 1H; C-H), 3.82 (s, 3H; OCH3),
2.83 ppm (s, 3H; NCH3);


13C NMR (75 MHz, CD3Cl): 168.3, 159.7, 135.0,
128.9, 128.7, 127.4, 127.4, 127.2, 114.4, 65.7, 65.0, 55.4, 26.9 ppm; MS (EI):
m/z (%): 267 [M+], 210 (100), 195, 179, 165, 150, 118, 90, 82, 77, 63, 51;
HRMS (ESI): calcd for [C17H17NO2+H]


+ : 268.1332; found: 268.1331.


4j : Prepared by the same procedure described for 4a. Yield of the two
diastereomers: 66%. cis : IR (KBr): ũmax=3061, 3026, 2938, 2837, 1752,
1492, 1465, 1388, 1243, 1111, 1027, 984, 751, 699, 594, 502 cm�1; 1H NMR
(400 MHz, CD3Cl): 7.05–6.93 (m, 7H; Ar-H), 6.74 (t, J=7.2 Hz, 1H; Ar-
H), 6.57 (d, J=8.0 Hz, 1H; Ar-H), 5.23 (d, J=5.6 Hz, 1H; C-H), 4.82 (d,
J=5.6 Hz, 1H; C-H), 3.67 (s, 3H; OCH3), 2.97 ppm (s, 3H; NCH3);
13C NMR (75 MHz, CD3Cl): 168.8, 156.6, 132.8, 128.4, 128.4, 127.4, 126.6,
126.4, 123.7, 119.7, 109.6, 61.0, 57.6, 54.9, 28.0 ppm; MS (EI): m/z (%):
267 [M+], 210, 165, 150 (100), 118, 90, 77, 63, 51; HRMS (ESI): calcd for
[C17H17NO2+H]


+ : 268.1332; found: 268.1331; trans : IR (KBr): ũmax=
3061, 3026, 2940, 1838, 1755, 1601, 1492, 1388, 1245, 1026, 986, 756, 697,
628, 527 cm�1; 1H NMR (400 MHz, CD3Cl): 7.38–7.24 (m, 7H; Ar-H),
7.01(t, J=7.6 Hz, 1H; Ar-H), 6.92 (d, J=8.0 Hz, 1H; Ar-H), 4.88 (d, J=
2.0 Hz, 1H; Ar-H), 4.22 (s, 1H; C-H), 3.80 (s, 3H; OCH3), 2.86 ppm (s,
3H; NCH3);


13C NMR (75 MHz, CD3Cl): 169.1, 157.8, 135.9, 129.6, 128.8,
127.7, 127.5, 126.9, 125.8, 121.1, 111.0, 64.4, 60.1, 55.7, 27.7 ppm; MS (EI):
m/z (%): 267 [M+], 210 (100), 195, 179, 165, 150, 118, 90, 82, 77, 63, 51;
HRMS (ESI): calcd for [C17H17NO2+H]


+ : 268.1332; found: 268.1331.


4k : Prepared by the same procedure described for 4a. Yield of the two
diastereomers: 55%. cis : ũmax=2955, 2931, 2858, 1753, 1603, 1497, 1467,
1453, 1421, 1392, 1259, 1078, 1031, 733, 723, 700, 623, 616 cm�1; 1H NMR
(400 MHz, CD3Cl): 7.32–7.17 (m, 5H; Ar-H), 4.49 (d, J=5.2 Hz, 1H; C-
H), 3.70 (ddd, J=6.0 Hz, 6.0 Hz, 6.0 Hz, 1H; C-H), 2.89 (s, 3H; NCH3),
1.44–0.88 (m, 8H; CH2), 0.72 ppm (t, J=6.0 Hz, 3H; CH3);


13C NMR
(75 MHz, CD3Cl): 168.4, 133.1, 129.3, 128.3, 127.4, 58.6, 58.4, 31.5, 29.0,
27.2, 25.3, 22.1, 13.7 ppm; MS (EI): m/z (%): 231 [M+], 174, 117, 104
(100), 91, 77, 65, 55; HRMS (ESI): calcd for [C15H21NO2+H]


+ : 232.1696;
found: 232.1697; trans : ũmax=2955, 2929, 2858, 1755, 1497, 1467, 1454,
1422, 1392, 1253, 1079, 731, 698, 573 cm�1; 1H NMR (400 MHz, CD3Cl):
7.35–7.23 (m, 5H; Ar-H), 3.89 (s, 1H; C-H), 3.47 (ddd, J=9.6 Hz, 4.8 Hz,
2.4 Hz, 1H; C-H), 2.87 (s, 3H; NCH3), 1.94–1.89 (m, 1H; CH2), 1.63–1.54
(m,1H; CH2), 1.44–1.24 (m, 6H; CH2), 0.89 ppm (t, J=8.0 Hz, 3H;
CH3);


13C NMR (75 MHz, CD3Cl): 168.1, 135.7, 128.8, 127.4, 127.3, 62.3,
60.9, 32.4, 31.8, 26.7, 25.4, 22.5, 13.9 ppm; MS (EI): m/z (%): 231 [M+],
174, 131, 117 (100), 104, 91, 77, 65, 55; HRMS (ESI): calcd for
[C15H21NO2+H]


+ : 232.1696; found: 232.1693.


6a : CuCl (2.0 mg, 0.02 mmol), 2,2’-bipyridine (3.2 mg, 0.02 mmol),
NaOAc (10 mg, 0.12 mmol), and N-benzylhydroxylamine (50 mg,
0.40 mmol) were added to a test tube, which was then sealed and flushed
with nitrogen gas. Benzaldehyde (60 mL, 0.60 mmol) and phenylacetylene
(85 mL, 0.80 mmol) were then added to the mixture through a syringe.
The test tube was heated at 70 8C for 18 h under N2. The reaction mixture
was filtered through a short silica-gel column to remove the inorganic
salts, and the final product was obtained by TLC (hexanes/EtOAc 3:1).
Yield of the two diastereomers: 75%. cis :[20] (Rf=0.3);


1H NMR
(400 MHz, CD3Cl): 7.32–6.95 (m, 15H; Ar-H), 5.01 (d, J=14.8 Hz, 1H;
C-H), 4.84 (d, J=5.6 Hz, 1H; C-H), 4.83 (d, J=5.6 Hz, 1H; C-H),
3.92 ppm (d, J=14.8 Hz, 1H; C-H); 13C NMR (75 MHz, CD3Cl): 168.1,
135.4, 134.6, 132.6, 128.8, 128.6, 128.1, 128.0, 127.8, 127.8, 127.4, 126.8,
60.9, 59.6, 44.6 ppm; MS (EI): m/z (%): 313 [M+], 196, 180 (100), 165,
118, 91, 77, 65, 51; trans (corresponds to the inseparable mixture of two
diastereomers): (Rf=0.3); ũmax=3061, 3029, 2916, 1755, 1496, 1454, 1395,
1360, 1075, 1028, 941, 770, 753, 698, 595, 498 cm�1; 1H NMR (400 MHz,
CD3Cl): 7.41–7.18 (m, 15H; Ar-H), 4.98 (d, J=15.0 Hz, 1H; C-H), 4.34
(d, J=2.4 Hz, 1H; C-H), 4.20 (d, J=2.4 Hz, 1H; C-H), 3.83 ppm (d, J=
15.0 Hz, 1H; C-H); 13C NMR (75 MHz, CD3Cl): 168.2, 137.2, 135.6,
135.0, 129.1, 128.9, 128.8, 128.5, 127.8, 127.6, 127.4, 126.5, 65.2, 63.1,
44.6 ppm; MS (EI): m/z (%): 313 [M+], 196, 180 (100), 165, 152, 118, 91,
77, 65, 51; HRMS (ESI): calcd for [C22H20NO+H]+ : 314.1539; found:
314.1534.


Chem. Asian. J. 2006, 1 – 2, 203 – 209 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 207


Highly Efficient Three-Component Synthesis of b-Lactams







6b : Prepared by the same procedure described for 6a. Yield of the two
diastereomers: 75%. cis : ũmax=3061, 3029, 2917, 1752, 1496, 1453, 1391,
1090, 1014, 824, 744, 721, 699, 599, 507 cm�1; 1H NMR (400 MHz,
CD3Cl): 7.32–7.28 (m, 3H; Ar-H), 7.18 (dd, J=8.0 Hz, 1.6 Hz, 2H; Ar-
H), 7.08–6.97 (m, 7H; Ar-H), 6.88 (d, 8.4 Hz, 2H; Ar-H), 4.94 (d, J=
14.8 Hz, 1H; C-H), 4.80 (d, J=5.6 Hz, 1H; C-H), 4.79 (d, J=5.6 Hz, 1H;
C-H), 3.89 ppm (d, J=14.8 Hz, 1H; C-H); 13C NMR (75 MHz, CD3Cl):
167.8, 135.1, 133.6, 133.2, 132.2, 128.8, 128.7, 128.5, 128.4, 128.3, 128.1,
127.8, 127.0, 60.8, 59.0, 44.7 ppm; MS (EI): m/z (%): 347 [M+], 230, 214,
178, 118 (100), 91, 77, 65, 51; HRMS (ESI): calcd for [C22H19NOCl+H]


+ :
348.1150; found: 348.1143; trans : ũmax=3061, 3029, 2916, 1757, 1491,
1454, 1091, 1013, 751, 700, 503 cm�1; 1H NMR (400 MHz, CD3Cl): 7.39–
7.18 (m, 14H; Ar-H), 4.96 (d, J=16.0 Hz, 1H; C-H), 4.31 (d, J=2.0 Hz,
1H; C-H), 4.16 (d, J=2.0 Hz, 1H; C-H), 3.83 ppm (d, J=16.0 Hz, 1H;
C-H); 13C NMR (75 MHz, CD3Cl): 168.0, 135.7, 135.3, 134.6, 134.5, 129.3,
128.9, 128.9, 128.5, 127.9, 127.8, 127.8, 127.3, 65.2, 62.4, 44.7 ppm; MS
(EI): m/z (%): 347 [M+], 230, 214 (100), 178, 118, 91, 77, 65, 51; HRMS
(ESI): calcd for [C22H19NOCl+H]


+ : 348.1150; found: 348.1143.


6c : Prepared by the same procedure described for 6a. Yield of the two
diastereomers: 78%. cis : ũmax=3061, 3029, 2917, 1757, 1496, 1488, 1454,
1390, 1070, 1010, 751, 699 cm�1; 1H NMR (400 MHz, CD3Cl): 7.32–7.28
(m, 3H; Ar-H), 7.25–7.22 (m, 3H; Ar-H), 7.18 (dd, J=8.0 Hz, 1.6 Hz,
2H; Ar-H), 7.09–7.05 (m, 2H; Ar-H), 6.99–6.97 (m, 2H; Ar-H), 6.83 (d,
8.4 Hz, 2H; Ar-H), 4.95 (d, J=14.8 Hz, 1H; C-H), 4.81 (d, J=6.0 Hz,
1H; C-H), 4.77 (d, J=6.0 Hz, 1H; C-H), 3.89 ppm (d, J=14.8 Hz, 1H;
C-H); 13C NMR (75 MHz, CD3Cl): 167.8, 135.1, 133.8, 132.2, 131.2, 129.1,
128.8, 128.6, 128.5, 128.2, 127.9, 127.1, 121.8, 60.8, 59.1, 44.7 ppm; MS
(EI): m/z (%): 391 [M+], 274, 258, 178, 165, 152, 118 (100), 91, 65, 51;
HRMS (ESI): calcd for [C22H19NOBr+H]


+ : 392.0644; found: 392.0638;
trans : ũmax=3061, 3029, 2917, 1757, 1496, 1488, 1454, 1412, 1391, 1070,
1010, 751, 699, 597, 499 cm�1; 1H NMR (400 MHz, CD3Cl): 7.52 (d, J=
8.4 Hz, 2H; Ar-H), 7.32–7.25 (m, 7H; Ar-H), 7.19–7.17 (m, 3H; Ar-H),
7.15 (d, J=8.4 Hz, 2H; Ar-H), 4.96 (d, J=16.0 Hz, 1H; C-H), 4.28 (d,
J=2.0 Hz, 1H; C-H), 4.15 (d, J=2.0 Hz, 1H; C-H), 3.82 ppm (d, J=
16.0 Hz, 1H; C-H); 13C NMR (75 MHz, CD3Cl): 168.0, 136.3, 135.3,
134.6, 132.3, 128.9, 128.9, 128.5, 128.1, 127.9, 127.8, 127.3, 122.6, 65.2,
62.5, 44.7 ppm; MS (EI): m/z (%): 391 [M+], 274, 258 (100), 178, 165,
152, 118, 91, 65, 51; HRMS (ESI): calcd for [C22H19NOBr+H]


+ :
392.0644; found: 392.0639.


6d : Prepared by the same procedure described for 6a. Yield of the two
diastereomers: 80%. cis : ũmax=3062, 3031, 2926, 1735, 1513, 1495, 1433,
1396, 1345, 1267, 1183, 820, 750, 700, 604, 518 cm�1; 1H NMR (400 MHz,
CD3Cl): 7.35–7.30 (m, 3H; Ar-H), 7.22–7.20 (m, 2H; Ar-H), 7.11–7.03
(m, 5H; Ar-H), 6.94 (d, J=8.0 Hz, 2H; Ar-H), 6.87 (d, J=8.0 Hz, 2H;
Ar-H), 5.01 (d, J=14.8 Hz, 1H; C-H), 4.83 (d, J=5.6 Hz, 1H; C-H), 4.81
(d, J=5.6 Hz, 1H; C-H), 3.90 (d, J=14.8 Hz, 1H; C-H), 2.21 ppm (s,
3H; CH3);


13C NMR (75 MHz, CD3Cl): 168.1, 137.5, 135.4, 132.8, 131.4,
128.8, 128.7, 128.6, 128.5, 127.9, 127.7, 127.4, 126.7, 60.7, 59.4, 44.4,
21.0 ppm; MS (EI): m/z (%): 327 [M+], 312, 224, 210 (100), 194, 179,
165, 118, 91, 77, 65, 51; HRMS (ESI): calcd for [C23H22NO+H]+ :
328.1696; found: 328.1689; trans (corresponds to the inseparable mixture
of two diastereomers) : ũmax=3062, 3029, 2924, 1752, 1496, 1454, 1395,
1355, 1043, 820, 750, 700, 604 cm�1; 1H NMR (300 MHz, CD3Cl): 7.32–
7.03 (m, 14H; Ar-H), 4.96 (d, J=15.0 Hz, 1H; C-H), 4.31 (d, J=2.1 Hz,
1H; C-H), 4.18 (d, J=2.1 Hz, 1H; C-H), 3.89(d, J=15.0 Hz, 1H; C-H),
2.38 ppm (s, 3H; CH3);


13C NMR (75 MHz, CD3Cl): 168.3, 138.5, 135.6,
135.1, 134.1, 129.8, 128.8, 128.5, 127.5, 127.3, 126.5, 65.1, 62.9, 44.4,
21.2 ppm; MS (EI): m/z (%): 327 [M+], 312, 224, 210 (100), 194, 179,
165, 118, 91, 77, 65, 51; HRMS (ESI): calcd for [C23H22NO+H]+ :
328.1696; found: 328.1689.


6e : Prepared by the same procedure described for 6a. Yield of the two
diastereomers: 79%. cis (corresponds to the inseparable mixture of two
diastereomers):[21] 1H NMR (400 MHz, CD3Cl): 7.33–7.29 (m, 3H; Ar-H),
7.23–7.20 (m, 3H; Ar-H), 7.11–7.03 (m, 4H; Ar-H), 6.89 (d, J=8.8 Hz,
2H; Ar-H), 6.65 (d, J=8.8 Hz, 2H; Ar-H), 4.97 (d, J=14.8 Hz, 1H; C-
H), 4.81 (d, J=5.6 Hz, 1H; C-H), 4.80 (d, J=5.6 Hz, 1H; C-H), 3.89 (d,
J=14.8 Hz, 1H; C-H), 3.68 (s, 3H; OCH3) ppm; MS (EI): m/z (%): 343
[M+], 226 (100), 210, 195, 178, 165, 152, 134, 118, 104, 91, 77, 65, 51; trans


isomer (corresponds to the inseparable mixture of two diastereomers) :
ũmax=3062, 3026, 2920, 2839, 1747, 1614, 1514, 1394, 1360, 1303,
717 cm�1; 1H NMR (400 MHz, CD3Cl): 7.33–7.03 (m, 12H; Ar-H), 6.94
(d, J=8.8 Hz, 2H; Ar-H), 4.95 (d, J=14.8 Hz, 1H; C-H), 4.32 (d, J=
2.0 Hz, 1H; C-H), 4.19 (d, J=2.0 Hz, 1H; C-H), 3.82 (s, 3H; OCH3),
3.81 ppm (d, J=14.8 Hz, 1H; C-H); 13C NMR (75 MHz, CD3Cl): 168.2,
159.8, 135.6, 135.0, 128.8, 128.8, 128.4, 127.7, 127.4, 126.3, 114.4, 65.0,
62.6, 55.2, 44.3 ppm; MS (EI): m/z (%): 343 [M+], 226 (100), 210, 195,
178, 165, 152, 134, 118, 104, 91, 77, 65, 51; HRMS (ESI): calcd for
[C23H22NO2+H]


+ : 344.1645; found: 344.1637.
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Design of a Binaphthyl-Based Axially Chiral Amino Acid as an
Organocatalyst for Direct Asymmetric Aldol Reactions


Taichi Kano, Osamu Tokuda, Jun Takai, and Keiji Maruoka*[a]


Introduction


The direct catalytic asymmetric aldol reaction is one of the
most useful carbon–carbon bond-forming reactions and pro-
vides optically enriched b-hydroxy carbonyl compounds. As
the preparation of activated enolate-type species such as
ketene silyl acetals is not necessary, the direct aldol reaction
is considered to be environmentally benign and atom effi-
cient. In recent years, there has been much effort toward the
development of efficient asymmetric methodology with
chiral metal catalysts, and several successful examples of
such transformations have been reported.[1,2] More recently,
with the increasing environmental consciousness, a wide va-
riety of organocatalytic processes have been explored in-
tensely[3] in which the direct asymmetric aldol reaction cata-
lyzed by small chiral organic molecules such as proline has
also been developed.[4]


Although the first example of such an organocatalytic
direct asymmetric aldol reaction, which was the intramolec-
ular cyclization catalyzed by proline, was reported in the
early 1970s,[5] the proline-catalyzed intermolecular aldol re-
action of ketones with aldehydes was realized by List,


Lerner, and Barbas about 30 years later.[4a] Since these pio-
neering works, a number of proline derivatives have been
designed, and their efficiency has been demonstrated in
direct asymmetric aldol reactions.[6–8] Most of these catalysts
have a highly nucleophilic pyrrolidine ring as a general key
structure to allow high reactivity and selectivity. Indeed, 2-
azetidinecarboxylic acid and pipecolic acid, which are pro-
line analogues with a four- and a six-membered ring, respec-
tively, were found to be much less effective catalysts for the
direct asymmetric aldol reaction.[4d] Besides these observa-
tions, the design of structurally new proline catalysts has se-
rious limitations owing to the difficulty in the modification
of the pyrrolidine ring. Although significant progress has
been made in organocatalytic direct asymmetric aldol reac-
tions with the derivatization of carboxylic acid moiety of the
parent proline, there is still a need for structurally and elec-
tronically novel catalysts to expand the scope of this meth-
odology further. In this context, we were interested in the
possibility of designing a certain artificial amino acid cata-
lyst (S)-1, which has a rigid,
chemically stable, and readily
derivatizable binaphthyl back-
bone.[9] Herein we report the
synthesis of the novel binaph-
ACHTUNGTRENNUNGthyl-based amino acid catalyst
(S)-1 and its successful applica-
tion to the direct asymmetric
aldol reaction.


Abstract: A novel and robust bi-
naphthyl-based amino acid was de-
signed and successfully applied to the
direct asymmetric aldol reaction. In
some cases, this catalyst leads to higher
yields and selectivities than the well-
known proline catalyst. For instance,
the direct asymmetric aldol reaction of


acetone with 4-nitrobenzaldehyde in
the presence of the binaphthyl-based
amino acid catalyst proceeded smooth-


ly to give the aldol adduct in 82%
yield with 95% ee. This catalyst was
also found to catalyze effectively the
reactions of cyclic or unsymmetrical
ketones to give the corresponding aldol
adducts with excellent diastereo- and
enantioselectivities.
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Results and Discussion


Preparation of Binaphthyl-Based Amino Acid (S)-1


The requisite binaphthyl-based amino acid (S)-1 was pre-
pared in a seven-step sequence from dineopentyl 1,1’-bi-
naphthyl-2,2’-dicarboxylate ((S)-2) as shown in Scheme 1.


Bromination of the neopentyl ester (S)-2 was achieved by
ortho magnesiation with magnesium bis(2,2,6,6-tetramethyl-
piperamide) [Mg ACHTUNGTRENNUNG(tmp)2] and subsequent trapping with bro-
mine.[10] Reduction of the resulting mixture of di- and mono-
brominated esters (S)-3 with LiAlH4 gave the corresponding
diol (S)-4 (42% yield over two steps) after chromatographic
separation. Treatment of (S)-4 with BBr3 afforded tribromo
compound (S)-5 in 86% yield which was converted with al-
lylamine into the cyclic amine (S)-6 in 89% yield. Carbox-
ACHTUNGTRENNUNGylation of (S)-6 with CO and PdACHTUNGTRENNUNG(OAc)2 catalyst gave the
methyl ester (S)-7 in 67% yield with the recovery of 12%
of (S)-6. Finally, Pd ACHTUNGTRENNUNG(OAc)2-catalyzed deallylation of (S)-7,
followed by hydrolysis of the resulting methyl ester (S)-8


under basic conditions provided the binaphthyl-based amino
acid (S)-1 (90% yield over two steps), which was purified by
using an ion-exchange resin.


Direct Asymmetric Aldol Reaction of Acetone and
4-Nitrobenzaldehyde with (S)-1


The efficiency of this new catalyst (S)-1 was evaluated in a
direct asymmetric aldol reaction. Thus, in the presence of bi-
naphthyl-based amino acid (S)-1 (5 mol%), the reaction of
acetone with 4-nitrobenzaldehyde in DMSO at room tem-
perature afforded the aldol adduct 9 in 70% yield with
93% ee (Table 1, entry 1). In contrast, the l-proline-cata-


Abstract in Japanese:


Scheme 1. Synthesis of (S)-1. Conditions: a) [Mg ACHTUNGTRENNUNG(tmp)2], THF; Br2;
b) LiAlH4, THF, 42% over two steps; c) BBr3, CH2Cl2, 86%; d) allyl-
ACHTUNGTRENNUNGamine, CH3CN, 89%; e) Pd ACHTUNGTRENNUNG(OAc)2 (5 mol%), dppp, iPr2NEt, CO,
DMSO, MeOH, 67% (+ 12% (S)-6); f) Pd ACHTUNGTRENNUNG(OAc)2, PPh3, N,N-dimethyl-
barbituric acid, CH2Cl2; g) NaOH (1m), MeOH/THF, 90% over two
steps. tmp=2,2,6,6-tetramethylpiperidine, dppp=1,3-bis(diphenylphos-
phino)propane, DMSO=dimethyl sulfoxide.


Table 1. Direct asymmetric aldol reaction of acetone and 4-nitrobenzal-
dehyde with chiral amino acids.[a]


Entry Catalyst Solvent Yield[b] [%] ee[c] [%]


1 (S)-1 DMSO 70 93 (R)
2 l-proline DMSO 18[d] 71 (R)
3 (S)-1 CH3CN 32 95 (R)
4 (S)-1 NMP 78 94 (R)
5 (S)-1 DMF 82 95 (R)


[a] The reaction was carried out at room temperature for 24 h with
27 equivalents of acetone relative to 4-nitrobenzaldehyde in the presence
of the catalyst (5 mol%). [b] Yield of product isolated by column chro-
matography. [c] The ee value of the product was determined by HPLC
analysis with a chiral column (Chiralpak AS-H, Daicel Chemical Indus-
tries, Ltd.). The absolute configuration of 9 was determined by compari-
son of the HPLC retention time with the literature value.[6i] [d] Bicyclic
1,3-oxazolidine 10 was isolated in 48% yield (based on proline) as a by-
product. NMP=1-methyl-2-pyrrolidone; DMF=N,N-dimethylform-
ACHTUNGTRENNUNGamide.
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lyzed reaction under the same conditions gave the aldol
product 9 in low yield with moderate enantioselectivity ac-
companied by 1,3-oxazolidine 10 (48% yield based on pro-
line), which was derived from proline and 2 equivalents of
4-nitrobenzaldehyde (Table 1, entry 2). It should be noted
that the formation of such a by-product was not observed in
the case of binaphthyl-based amino acid (S)-1 owing to its
structural stability. We also examined the solvent effect in
this direct asymmetric aldol reaction. Switching the solvent
from DMSO to acetonitrile gave 9 in poor yield with slightly
higher enantioselectivity (Table 1, entry 3). The use of
amide solvents such as NMP and DMF was found to give
the products in improved yields with high enantioselectivi-
ties (Table 1, entries 4 and 5).


Scope and Limitation


With the optimal reaction conditions in hand, the direct
asymmetric aldol reaction of acetone with several other aro-
matic and olefinic aldehydes was executed (Table 2). Olefin-


ic and heteroaromatic aldehydes as well as electron-defi-
cient aromatic aldehydes were found to be suitable sub-
strates (Table 2, entries 1–5 and 8–10). In general, the direct
aldol reactions gave the corresponding aldol adducts in
moderate to good yields. Furthermore, excellent levels of
enantioselectivity (>95% ee) were observed in most cases.
In contrast, the reaction with simple aromatic aldehydes
such as benzaldehyde and b-naphthaldehyde gave the aldol


adducts in low yields, albeit with excellent enantioselectivi-
ties (Table 2, entries 6 and 7).


On the strength of these initial results, we next investigat-
ed the use of other ketones instead of acetone. Thus, cyclo-
hexanone was treated with 4-nitrobenzaldehyde in the pres-
ence of (S)-1 (5 mol%) in DMF at room temperature to
give the aldol adduct 11 in 57% yield with excellent diaste-
reoselectivity (anti/syn=93:7) and good enantioselectivity
(86% ee for the major anti isomer) (Table 3, entry 1). In the


reaction of cyclohexanone, DMSO was found to serve as an
effective solvent; indeed, both the yield and stereoselectivi-
ties were superior to those observed in DMF (Table 3,
entry 2). Moreover, the use of higher catalyst loading
(10 mol%) led to an improved yield and enantioselectivity
(98% yield, anti/syn=95:5, 98% ee for the major anti
isomer) (Table 3, entry 3). This is in sharp contrast to the re-
sults obtained with proline catalyst (20 mol%) under the
same conditions (65% yield, anti/syn=63:37, 89% ee for the
major anti isomer).[4d]


Table 4 shows the results of the direct asymmetric aldol
reaction of cyclohexanone with various aldehydes under
conditions similar to those outlined above. In the case of
electron-deficient aromatic aldehydes and an olefinic alde-
hyde, the reactions proceeded smoothly to give the corre-
sponding aldol adducts in good to excellent yields (Table 4,
entries 2–11, 13, and 14), whereas benzaldehyde or b-naph-
thaldehyde led to products in moderate yields (Table 4, en-
tries 1 and 12). Notably, all the aldehydes employed in this
study underwent the direct aldol reaction with high levels of
diastereoselectivity (anti/syn>88:12) and excellent enantio-
selectivity (>95% ee).


Selected results of the direct asymmetric aldol reaction of
other cyclic ketones with 4-nitrobenzaldehyde are summar-
ized in Table 5. When the six-membered cyclic ketones tet-
rahydrothiopyran-4-one and tetrahydropyran-4-one were
employed instead of cyclohexanone, satisfactory yields and


Table 2. Direct asymmetric aldol reaction of acetone and various alde-
hydes with (S)-1.[a]


Entry Aldehyde Yield[b] [%] ee[c] [%]


1 R1=NO2 82 95 (R)
2 R1=CN 80 95 (R)
3 R1=Ac 61 95


4 R2=Cl 91 95 (R)
5 R2=OTf 81 94
6 R2=H 22 96 (R)


7[d] 35 96 (R)


8 76 95


9 73 90


10 81 96


[a] The reaction in DMF was carried out at room temperature for 24 h
with 27 equivalents of acetone relative to the aldehyde in the presence of
catalyst (S)-1 (5 mol%). [b] Yield of product isolated by column chroma-
tography. [c] The ee value of the product was determined by HPLC anal-
ysis with a chiral column (Chiralpak AS-H, AD-H or Chiralcel OD-H,
Daicel Chemical Industries, Ltd.). The absolute configuration was deter-
mined by comparison of the HPLC retention time with literature data.[6i]


[d] Excess acetone (108 equivalents) was used. Tf= trifluoromethanesul-
fonyl.


Table 3. Direct asymmetric aldol reaction of cyclohexanone and 4-nitro-
benzaldehyde with (S)-1.[a]


Entry Solvent Yield[b] [%]
ACHTUNGTRENNUNG(anti/syn)[c]


ee[d] [%]
ACHTUNGTRENNUNG(anti)


ee[d] [%]
ACHTUNGTRENNUNG(syn)


1 DMF 57 (93:7) 86 (2S,1’R) 37
2 DMSO 94 (96:4) 94 (2S,1’R) 7
3[e] DMSO 98 (95:5) 98 (2S,1’R) 5


[a] The reaction was carried out at room temperature for 24 h with
10 equivalents of cyclohexanone relative to 4-nitrobenzaldehyde in the
presence of (S)-1 (5 mol%). [b] Yield of product isolated by column
chromatography. [c] The diastereomeric ratio was determined by
1H NMR spectroscopy. [d] The ee value of the product was determined
by HPLC analysis with a chiral column (Chiralpak AD, Daicel Chemical
Industries, Ltd.). The absolute configuration of the major anti isomer was
determined by comparison of the HPLC retention time with literature
data.[6j] [e] (S)-1: 10 mol%.
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stereoselectivities were attained (Table 5, entries 2 and 3).
Notably, desulfurization of the aldol adduct derived from
tetrahydrothiopyran-4-one was reported to give products
equivalent to those that would be obtained from 3-penta-
none.[11] In contrast to six-membered cyclic ketones, the use
of cyclopentanone gave a disappointing result in terms of
both anti/syn ratio and their enantioselectivity (Table 5,
entry 4).


Finally, we investigated the use of a series of acyclic un-
symmetrical ketones in the direct asymmetric aldol reaction
catalyzed by binaphthyl-based amino acid (S)-1 (Table 6).


The reaction of 2-butanone with 4-nitrobenzaldehyde af-
forded the anti aldol adduct with a branched carbon chain
as a major regioisomer and diastereomer, with virtually
complete enantioselectivity (Table 6, entry 1). Interestingly,
the use of proline as catalyst for this reaction exclusively
gave the aldol adduct with a linear carbon chain.[4d] As the
alkyl group R of the unsymmetrical ketones became larger,
the linear aldol adduct became more dominant (Table 6, en-
tries 2 and 3); thus the reaction of 4-methylpentan-2-one
gave the linear adduct as the only product (Table 6, entry 4).


Reaction Mechanism


To understand the reactivity difference between proline and
binaphthyl-based amino acid (S)-1, a kinetic study with ace-
tone and 4-nitrobenzaldehyde as substrates was carried out
(Figure 1). When 5 mol% of (S)-1 was used as catalyst, the
yield of the aldol product 9 gradually increased with longer
reaction time. In contrast, the reaction with proline catalyst
proceeded more rapidly than that with (S)-1 for the first
30 min and then stopped at low conversion, accompanied by
the formation of a substantial amount of 1,3-oxazolidine 10
as by-product. These observations can be explained by the
consumption of proline under the reaction conditions. As
shown in Scheme 2, proline is known to decompose by de-


Table 4. Direct asymmetric aldol reaction of cyclohexanone and various
aldehydes with (S)-1.[a]


Entry Aldehyde Yield[b] [%]
ACHTUNGTRENNUNG(anti/syn)[c]


ee[d] [%]
ACHTUNGTRENNUNG(anti)


ee[d] [%]
ACHTUNGTRENNUNG(syn)


1[e] R1=H 38 (91:9) 98 16
2 R1=NO2 98 (95:5) 98 5
3 R1=CN 95 (89:11) 97 37
4 R1=CF3 98 (95:5) 99 2
5 R1=OTf 89 (94:6) 98 18
6 R1=Ac 90 (93:7) 98 16


7 R2=NO2 94 (>95:5) 99 83
8 R2=F 99 (>95:5) 99 –
9 R2=OTf 97 (>95:5) 99 23


10 98 (95:5) 96 5


11 95 (>95:5) 95 18


12 47 (88:12) 97 37


13 93 (>95:5) 97 12


14 87 (95:5) 97 30


[a] The reaction was carried out at room temperature for 24–48 h with
10 equivalents of cyclohexanone relative to the aldehyde in the presence
of (S)-1 (10 mol%) in DMSO. [b] Yield of product isolated by column
chromatography. [c] The diastereomeric ratio was determined by
1H NMR spectroscopy. [d] The ee value of the product was determined
by HPLC analysis with a chiral column (Chiralpak AD, AD-H, AS-H or
Chiralcel OD-H, Daicel Chemical Industries, Ltd.). [e] The reaction was
performed for 126 h.


Table 5. Direct asymmetric aldol reaction of cyclic ketones and 4-nitro-
benzaldehyde with (S)-1.[a]


Entry Ketone Yield[b] [%]
ACHTUNGTRENNUNG(anti/syn)[c]


ee[d] [%]
ACHTUNGTRENNUNG(anti)


ee[d] [%]
ACHTUNGTRENNUNG(syn)


1 X=CH2 98 (95:5) 98 (2S, 1’R) 5
2 X=S 80 (89:11) 99 (3S, 1’R) –
3 X=O 92 (96:4) 98 45


4 30 (50:50) 75 55


[a] The reaction was carried out at room temperature for 24–48 h with 5–
10 equivalents of ketone relative to 4-nitrobenzaldehyde in the presence
of 10 mol% of (S)-1 in DMSO. [b] Yield of product isolated by column
chromatography. [c] The diastereomeric ratio was determined by
1H NMR spectroscopy. [d] The ee value of the product was determined
by HPLC analysis with a chiral column (Chiralpak AD, AD-H, or AS-H,
Daicel Chemical Industries, Ltd.). The absolute configuration was deter-
mined by comparison of the HPLC retention time or the sign of the opti-
cal rotation with literature data.[6j, 11]


Table 6. Direct asymmetric aldol reaction of unsymmetrical ketones and
4-nitrobenzaldehyde with (S)-1.[a]


Entry R Yield[b] [%]
(branched[c]/linear)


ee [%]
(branched)[d,e]


ee [%]
(linear)[e]


1 Me 72 (2.6:1) 99 91
2 Pr 57 (1:1.6) 99 87
3 Bn 50 (1:2.0) 99 99
4 iPr 26 (linear only) – 89


[a] The reaction was carried out at room temperature for 48–120 h with
7–11 equivalents of ketone relative to 4-nitrobenzaldehyde in the pres-
ence of (S)-1 (10 mol%) in DMSO. [b] Yield of product isolated by
column chromatography. [c] All diastereomeric ratios of branched prod-
ucts were determined to be>94:6 (anti/syn) by 1H NMR spectroscopy.
[d] The ee value is that of the major anti isomer. [e] The ee value of the
product was determined by HPLC analysis with a chiral column (Chiral-
pak AS-H, AD-H, or Chiralcel OD-H, Daicel Chemical Industries, Ltd.).
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carboxylation of an iminium salt, which is formed in the
presence of an electron-deficient aldehyde, followed by cy-
cloaddition of the resulting azomethine ylide with another
equivalent of aldehyde to give the corresponding 1,3-oxazo-
lidine 10 (Table 1, entry 2).[12] On the other hand, binaph-
ACHTUNGTRENNUNGthyl-based amino acid (S)-1 is chemically stable, and conse-
quently, the reaction promoted by (S)-1 leads to a better
yield despite the slower reaction rate owing to the low nu-
cleophilicity of the benzylic amine moiety in (S)-1 (Table 1,
entry 1).


The absolute stereochemistry of the anti aldol adduct 11,
which was obtained as a major isomer in the reaction of cy-
clohexanone with 4-nitrobenzaldehyde catalyzed by (S)-1,
was determined to be (2S,1’R) by chiral HPLC analysis and
comparison with the literature data[6j] (Table 4, entry 2;
Scheme 3). On the basis of the observed stereochemistry, a
plausible transition state is proposed in which the Re face of
an aldehyde approaches the Re face of the anti enamine 13.
Hence, the reaction of an aldehyde with acetone in the pres-
ence of (S)-1 presumably proceeds by way of anti enamine
structure 14, similar to the anti enamine 15 transition state
in the proline-catalyzed reaction.[4a,o]


Conclusions


We have designed and synthesized a novel and robust bi-
naphthyl-based axially chiral amino acid, which was utilized


as a catalyst in the direct asymmetric aldol reaction of ke-
tones with aldehydes. Several reactions with this amino acid
catalyst are more efficient than the proline-catalyzed reac-
tions in terms of yield and enantioselectivity and hence rep-
resent a rare example of the highly enantioselective direct
aldol reaction with a non-proline-derived artificial organoca-
talyst. Thus, our axially chiral amino acid offers the possibil-
ity of a new catalyst design for the various asymmetric reac-
tions catalyzed by proline and its derivatives.
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Pyrene-Based Dual-Mode Fluorescence Switches and Logic Gates That
Function in Solution and Film


Weidong Zhou, Yongjun Li, Yuliang Li,* Huibiao Liu, Shu Wang, Cuihong Li,
Mingjian Yuan, Xiaofeng Liu, and Daoben Zhu*[a]


Introduction


Molecular switches that are controllable, reversible, and
readable at a molecular level are of great interest because
of their potential applications in the creation of nanometer-
scale molecular devices,[1] especially in the field of logic op-
erations.[2] A large number of molecular switches have so far
been designed based on systems whose emission properties
can be modulated by external inputs, such as pH,[3] tempera-
ture,[4] light,[5] redox potential,[6] and metal ions.[7] Among
these, dual-mode fluorescence switches with two alternative
on states, attracted much attention recently.[8] Pyrene exhib-
its unique excimer behavior and therefore has been widely
utilized in the design of fluorescent sensors, by introducing
two pyrene subunits close to each other.[9] However, little
has been reported on the exploitation of this property of
pyrene for the design of molecular switches and the corre-
sponding logic gate, especially in solid films. We have pre-
sented one logic circuit based on reversible regulation of
pyrene excimer fluorescence by light and metal ions in the
presence of spiropyran.[10a]


Herein, we report a particularly simple hingelike molecu-
lar switch that undergoes a reversible conformational trans-
formation in response to external stimuli such as protons


and metal ions; each state corresponds to a specific fluores-
cence emission peak. In the free state, it forms a stable in-
tramolecular excimer owing to strong p–p interactions be-
tween the two pyrene planes, corresponding to one of the
on states of the switch. When acid or metal ions are added,
the two pyrene planes are separated from each other and
open the hinge; the switch exhibits monomer emission and
switches to the other on state. As shown in Figure 1, the mo-
lecular switch 2,6-di(pyrenylethylaminomethyl)pyridine
(PPP) exhibits distinct conformations and fluorescence
under different inputs. Remarkably, in the form of a film on
a quartz slide, the acid-induced fluorescence switch acts re-
versibly as an on–off switch, in contrast to the on–on switch
in solution. On the basis of the reversible changes in the
fluorescence emission of the switch in response to different
external stimuli, the corresponding integrated logic gates
and communication networks were constructed in a solid
film or in solution.


Results and Discussion


In the free state, the excimer emission is dominant over that
of the monomer. As shown in Figure 2, the monomer/exci-
mer emission ratio of PPP is not strongly affected by the po-
larity of the solvents, with the exception of dimethyl sulfox-
ide, in which the excimer emission is quenched completely
owing to strong solvation. This indicates that PPP is always
present in the folded conformation, regardless of the polari-
ty of the solvents. In this way, molecular switches based on
PPP can be utilized to a much wider extent than previous
models,[9,10] which only work in limited solvents.
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Abstract: A dual-mode fluorescence switch controlled by external inputs such as
protons and metal ions is described, and each state corresponds to a specific fluo-
rescent emission peak. Based on the reversible changes of the fluorescence emis-
sion of the switch responding to different external stimuli, the corresponding inte-
grated logic gates and communication networks have been constructed in solid
film or in solution.
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As shown in Figure 3a, the fluorescence intensity of the
monomer emission at 376 nm increases gradually at the ex-
pense of the excimer emission at 471 nm upon the addition
of TFA, thus indicating the decomposition of the excimer
and the alternating conformation of the molecular system.
This can be attributed to two reasons: First, the nitrogen
atom of the pyridine group, the TFA anion, and the two hy-
drogen atoms of one of the amine cations form strong hy-
drogen bonds, which may change the conformation of the
bonds linked to the two pyrene units. Furthermore, the hy-
drogen bonding may cause the TFA skeleton to attach to
the tether receptor and result in strong steric hindrance be-
tween the two pyrene planes to destroy the p–p stacking in-


teractions. Upon the addition of more TFA, the other amine
group will also be protonated successively and form
PPPH2


2+ , leading to strong intramolecular electrostatic re-
pulsion between the two amine cations and decomposition
of the excimer. Similar to the results of Stoddart and co-
workers,[11] analysis of the 1H NMR spectra did not reveal
any protonation of the nitrogen atom of the pyridine group
by TFA. As expected, the emission intensity of the excimer
still decreased with the gradual increase of TFA beyond
1.0 equivalent relative to PPP, and did not decrease very
much after the addition of 3 equivalents of TFA (Figure 3a).
However, when TETA or Et3N is added to the PPPH2


2+


system, the amine cations are deprotonated and lead to the
disappearance of the electrostatic repulsion and the recov-
ery of the excimer at the expense of monomer emission.
Furthermore, the quantum yields of PPP and PPH2


2+ are
similar (1.2:1) to each other, revealing the comparative fluo-


Figure 1. The proposed models for the molecule switch PPP under different input conditions. TFA= trifluoroacetic acid; TETA= triethylenetetramine.


Figure 2. The fluorescence emission spectra of PPP in different solvents
(5 mm, lex=344 nm).
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rescence response intensity of this molecular switch upon
the variation of the external inputs, which exhibits an ad-
vantage over traditional fluorescence switches in which one
response is much stronger than
the other.[8] This process can
be repeated rapidly (<10 s)
many times without degrada-
tion through alternate addition
of TFA and TETA, which is
visually perceived through a
sharp fluorescence change
from 471 to 376 nm (Fig-
ure 3b).
To investigate the change in


the molecular conformation in
the absence of the effect of the
hydrogen bonds from the acid
anion, PPPH·PF6 and
PPPH2·2PF6 were synthesized
(Scheme 1). Protonation of
PPP with an equal and an
excess amount of TFA and
subsequent anion exchange
generated PPPH·PF6 and
PPPH2·2PF6, respectively. This
way, the steric hindrance re-


sulting from the TFA anion skeleton disappears, and elec-
trostatic repulsions become the dominant effect for the
change in the conformation of the PPPH2


2+ system. As
shown in Figure 4, the fluorescence emission of PPPH·PF6
did not exhibit any differences to that of PPP which indi-


cates that the single intramolecular hydrogen bond without
the effect from TFA does not alternate the folded conforma-
tion. This is in accordance with the 1H NMR spectra
(Figure 5) in which the signals of the pyrene unit in
PPPH·PF6 did not show any apparent downfield shift with
respect to those in PPP. In contrast, PPPH2·2PF6 showed
strong monomer emission and weak excimer emission,
which can be ascribed to a large electrostatic repulsion be-
tween two protonated amines exclusively. Therefore, if only
two amine moieties were protonated completely, the tether
would be unfolded, regardless of the hydrogen bond from
the acid anions. As illustrated in Figure 5, the signals for the
hydrogen atoms of the aromatic pyrene units generally shift


Figure 3. a) Fluorescence titration spectra of PPP (5.0 mm) with TFA
(blank, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 3.0, 5.0, 10.0 equiv) in
CH2Cl2 (lex=344 nm). b) Fluorescence spectra of PPP upon the alternat-
ing additions of TFA and TETA in CH2Cl2 (5 mm, lex=344 nm). The inset
shows fluorescence intensity (at 471 nm) changes after alternating addi-
tions of TFA (half integers) and TETA (integers) over six complete
cycles.


Scheme 1. Synthesis of PPP, PPPH·PF6, and PPPH2·2PF6.


Figure 4. Fluorescence intensity of PPP, PPPH·PF6, and PPPH2·2PF6 in
CH2Cl2 (5 mm, lex=344 nm).


226 www.chemasianj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian. J. 2006, 1 – 2, 224 – 230


FULL PAPERS
Y. Li, D. Zhu et al.







to lower magnetic fields upon protonation from PPP to
PPPH2


2+ ; this phenomenon is a result of the disappearance
of the magnetic shielding effect from the aromatic rings,
which face each other to a greater extent in PPP.[12]


To see if the same principles could be demonstrated to
work in environments that are more relevant to materials
applications, we prepared thin transparent films of PPP on
quartz slides by evaporation of solutions of PPP in dichloro-
methane. A broad peak at around 480 nm was detected
when slides coated with the PPP film were illuminated with
UV light (353 nm) which suggests that PPP adopts the
folded conformation and exhibits excimer emission in the
solid state. However, exposure of the PPP-coated slide to
TFA vapor (a test tube with a solution of TFA was placed in
the vicinity of the film) resulted in a nearly complete
quenching of the fluorescence of the film (Figure 6a) which
indicates that PPPH2


2+ loses its fluorescence in the solid
state, possibly owing to the strong inter- and intramolecular
repulsion interactions. As expected, when the resulting
quartz slide was subsequently exposed to Et3N vapor
(PPPH2


2+ converted into PPP), the excimer emission recov-
ered its original strong intensity. The behavior of PPP im-
plies that this acid–base-induced fluorescence on–off switch
in the solid film can act as a reversible fluorescence probe


to detect acid vapor in the atmosphere. Furthermore, no
fluorescence was detected when slides coated with PPP
were exposed to DMSO vapor (by gently warming an open
beaker of the solvent in the vicinity of the film for 5 min)
(Figure 6b), as had been observed in solution. Moreover,
this system is also reversible: warming the slide to 70 8C at
0.1 Torr for 15 min to drive off absorbed solvent resulted in
recovery of the fluorescence emission.[13] An exciting exten-
sion of the fluorescence switch studies has been the develop-
ment of molecular equivalents of logic gates and implemen-
tation of these gates in molecular arithmetic.[14] As anticipat-
ed, a distinct pattern of quenching resulting from a thin film
of PPP upon exposure to DMSO vapor and then TFA vapor
was observed (Figure 7a). In this way, the response of PPP
to the different combinations of two stimuli (protons and
DMSO) composes a “NOR” logic gate (G1; Table 1). Fur-
thermore, this logic gate can be operated with full reversibil-
ity as a film, because both the DMSO and the TFA stimuli
can be removed by warming under reduced pressure and by
exposure to Et3N vapor, respectively.


Figure 5. Partial 1H NMR spectra (400 MHz, CD3Cl) of PPP and of its
protonated compounds PPPH·PF6, PPPH2·2PF6, and PPPH2·2CF3COO.


Figure 6. The fluorescence spectra of the quartz slides coated with PPP
film upon exposure to different vapors: a) blank, TFA, TFA+Et3N;
b) blank, DMSO, warming under reduced pressure.


Table 1. Truth table for the logic gate G1.[a]<W=1


Input 1
ACHTUNGTRENNUNG(TFA)


Input 2
ACHTUNGTRENNUNG(DMSO)


Output
(Fluorescence)


0 0 1
0 1 0
1 0 0
1 1 0


[a] 0=off, 1=on.
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Taking account of the chelate effect of the pyridine–dime-
thylamine unit, we investigated the binding properties of
PPP towards different metals with respect to fluorescence
changes.[9,10,14] Among the metal ions tested, Zn2+ and Cd2+


caused significant extinction of excimer emission and a cor-
responding increase in monomer emission, in contrast to all
other metal ions. Notably, at concentrations of ZnII greater
than 1.4 equivalents relative to PPP, the pyrene excimer
emission showed little deviation of I471/I376 which might be
closely related to the formation of a 1:1 complex with the
metal ion. Furthermore, the folded conformation and the re-
sulting excimer emission were recovered by the addition of
TETA (3 equiv) to the PPP–Zn2+ complex (Figure 8). Con-
sequently, PPP can act as another molecular switch through
a complexation/dissociation cycle with Zn2+ ions.


From a logic viewpoint,[14,15] it can be argued that the PPP
system exhibits logic operation (G2) if the three inputs are
defined as chemical species (H+ , Zn2+ , and TETA) and the
outputs are defined as fluorescence emissions at 376 nm and
471 nm (Figure 9 and Table 2). Indeed, two output signals
cannot be on simultaneously; they correspond to two dis-
tinct states of the molecular switch that cannot coexist in so-
lution. In this logic operation, the molecular switch reads a
string of three binary inputs and writes a specific combina-


tion of two binary outputs. For example, when the three
stimuli are all off, the input string is 000. Under these condi-
tions, the molecular switch is in state PPP, which only exhib-
its excimer emission at 471 nm. As a result, the two output
signals 01 and 02 are off and on, respectively, and the output
string is 01. All the possible combinations of input data and
the corresponding output strings are illustrated in Table 2.
As shown in the combinational logic circuit (Figure 10), the
three inputs are elaborated through a series of AND, NOT,
NOR, and OR operations to produce the two outputs 01
and 02.


Conclusions


We have presented a simple molecular switch with dual
fluorescence responses driven by acid or metal ions owing
to the alternation of the excimer/monomer emissions of the
pyrene units, which can work reversibly without any degra-
dation in solution. Furthermore, two on–off switches were
constructed in a solid film by using exposure to chemical
vapor as a stimulus. Significantly, this series of switches can
be exploited as reversible one-output and two-output logic


Figure 7. The fluorescence spectra of the PPP-coated quartz slides upon
exposure to different vapors (blank, TFA, DMSO+TFA).


Figure 8. The fluorescence spectra of PPP (5 mm) under different condi-
tions (blank, Zn2+ , Zn2+ +TETA) in EtOH, excitation length is 344 nm.


Table 2. Truth table for the logic gate G2.


Input data Output data
I1 I2 I3 O1 O2
ACHTUNGTRENNUNG(TFA) ACHTUNGTRENNUNG(Zn2+) ACHTUNGTRENNUNG(TETA) (lem=376 nm) (lem=471 nm)


0 0 0 0 1
0 0 1 0 1
0 1 0 1 0
1 0 0 1 0
0 1 1 0 1
1 0 1 0 1
1 1 0 1 0
1 1 1 0 1


Figure 10. The logic circuit equivalent to the molecular switch transduces
the inputs into the outputs through AND, NOT, OR, and NOR opera-
tions.


Figure 9. Fluorescence emission spectra for PPP (5 mm) in CH2Cl2/
CH3CN (5:1, v/v) under different input conditions (a: blank; b: TFA;
c: Zn2+ ; d: TFA + Zn2+ ; e: TFA+Zn2+ +TETA). Excitation wave-
length: 344 nm.
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gates in solid film and in solution, respectively, owing to the
unique response to chemical inputs.


Experimental Section


The chemical reagents were purchased from Acros or Aldrich Corpora-
tion and utilized as received, unless indicated otherwise. All solvents
were purified by standard procedures. UV/Vis spectra were taken on a
Hitachi U-3010 spectrometer, and fluorescence spectra were measured
on a Hitachi F-4500 spectrofluorometer. 1H NMR spectra were obtained
on a Bruker Avance DPS-400 spectrometer. EI-MS mass spectra were re-
corded on a Bruker Biflex EI-MS.


2,6-Pyridinedicarbaldehyde: A mixture of 2,6-pyridinedimethanol
(139 mg, 1 mmol) and SeO2 (1.1 g, 10 mmol) in dioxane (20 mL) was
heated at reflux for 4 h in the dark. The resulting mixture was filtered,
and the filtrate was concentrated in vacuo. The residue was purified by
silica-gel column chromatography (eluent: CH2Cl2) to provide pure 2,6-
pyridinedicarbaldehyde (60 mg, 0.44 mmol, 45%) as a colorless solid.
M.p.: 125 8C; 1H NMR (CDCl3, 298 K): d=8.08 (t, J=7.7 Hz, 1H), 8.18
(d, J=7.7 Hz, 2H), 10.17 ppm (s, 2H); EIMS: m/z : 135; elemental analy-
sis: calcd for C7H5NO2 (%): C 62.22, H 3.73, N 10.37; found: C 62.31, H
3.77, N 10.31.


PPP: A solution of 2,6-pyridinedicarbaldehyde (40 mg, 0.30 mmol) in
methanol (10 mL) was added dropwise over 30 min to a solution of 1-pyr-
enylmethylamine hydrochloride (160 mg, 0.6 mmol) and triethylamine
(60 mg, 0.6 mmol) in methanol (20 mL). The reaction mixture was stirred
at room temperature for 4 h, after which time the Schiff base precipitate
was isolated by filtration and immediately dissolved in THF/MeOH (8:1
v/v ; 100 mL), followed by the addition of NaBH4 (100 mg, 2.7 mmol).The
reaction was quenched by the addition of H2O (2 mL) after 2 h, and the
mixture was concentrated in vacuo. The residue was dissolved in CH2Cl2
(100 mL), washed three times with distilled water, and dried with anhy-
drous Na2SO4. The residue was purified by silica-gel column chromatog-
raphy (eluent: MeOH/CH2Cl2 1:9) to provide pure PPP (117 mg,
0.21 mmol, 70%) as a colorless solid. M.p.: 72 8C; 1H NMR (CDCl3,
298 K); d=4.08 (s, 4H), 4.68 (s, 4H), 7.09 (d, J=7.3 Hz, 2H), 7.53 (t, J=
7.3 Hz, 1H), 7.93–8.19 (m, 16H), 8.37 ppm (d, J=9.2 Hz, 2H); EIMS: ACHTUNGTRENNUNGm/
z : 565; elemental analysis: calcd for C41H31N3 (%): C 87.05, H 5.52, N
7.43; found: C 87.0, H 5.61, N 7.40.


PPPH·PF6 and PPPH2·2PF6: PPP (40 mg, 0.07 mmol) was dissolved in
Me2CO and TFA (5.3 mL, 0.07 mmol) in Me2CO was added to the solu-
tion. After evaporation of the solvent, the residual pale yellow solid was
dissolved in H2O/acetone (1:3), and a saturated aqueous solution of
NH4PF6 was added. The acetone was then removed, and the aqueous so-
lution was extracted with CH2Cl2 several times. The organic extracts
were dried with anhydrous Na2SO4, and the solvent was evaporated to
dryness to yield the monoprotonated product PPPH·PF6 as a white
powder (41 mg, 86%). M.p.: 105 8C; 1H NMR (CDCl3, 298 K): d=4.12 (s,
4H), 4.8 (s, 4H), 6.83 (s, 2H), 7.53 (s, 1H), 7.93–8.10 (m, 16H), 8.23 ppm
(s, 2H); ESIMS: m/z : 566 [M�PF6]+ ; elemental analysis: calcd for
C41H32N3PF6 (%): C 69.19, H 4.53, N 5.9; found: C 68.97, H 4.31, N 5.53.
PPPH2·2PF6 was prepared by using a similar procedure as described for
the preparation of PPPH·PF6, but with excess TFA. M.p.: 123 8C;
1H NMR (CDCl3, 298 K): d=4.12 (s, 4H), 5.05 (s, 4H), 6.83 (d, J=
7.7 Hz, 2H), 7.46 (t, J=7.8 Hz, 1H), 8.00–8.21 (m, 14H), 8.27 (d, J=
7.8 Hz, 2H), 8.34 ppm (d, J=9.26 Hz, 2H); ESIMS: m/z : 567
[M�2PF6]2+ ; elemental analysis: calcd for C41H33N3P2F12 (%): C 57.42, H
3.88, N 4.90; found: C 57.31, H 3.96, N 4.78.
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Packing Modes in Some Mono- and Disubstituted Phenylpropiolic Acids:
Repeated Occurrence of the Rare syn,anti Catemer


Dinabandhu Das and Gautam R. Desiraju*[a]


Dedicated to Professor L. Leiserowitz


Introduction


Crystal engineering is the rational design of functional mo-
lecular solids.[1,2] This subject includes three distinct activi-
ties that form a continuous sequence: 1) the study of inter-
molecular interactions;[3] 2) the study of packing modes as a
function of molecular structure and intermolecular interac-
tions in the context of design strategy;[4] 3) The study of
crystal properties and their fine-tuning with respect to crys-
tal packing.[5] In effect, these three stages represent the
“what”, “how”, and “why” of the subject. This paper is con-
cerned with the second of these activities, and attempts to


correlate the crystal structures of a family of mono- and di-
ACHTUNGTRENNUNGsubstituted phenylpropiolic acids, Ar�C�C�CO2H, with the
nature and position of the substituent groups on the aromat-
ic ring.


Why are the packing modes of organic molecular solids,
especially carboxylic acids, which are one of the most heavi-
ly studied systems in crystal engineering, still being studied?
It is exactly 30 years since Leiserowitz wrote his seminal
review on this topic,[6] and while many of the principles laid
down in that review are still valid, the vast numbers of crys-
tal structures determined today have also led to novel and
unexpected packing modes. These newer structures demand
a modification of our earlier understanding or at least a re-
evaluation of older ideas. The cornerstone of qualitative,
heuristic, or synthon-based crystal engineering is that experi-
mental crystal structures are available in sufficiently large
and representative numbers.[7] The more comprehensive our
knowledge of the overall packing landscape,[8] the greater
will be the reliability with which we predict an unknown
crystal structure.[9] More recently, quantitative crystal engi-


Abstract: The catemer is an infinite
one-dimensional pattern formed by the
carboxylic acid group in crystals, and is
constituted with O�H···O hydrogen
bonds. The catemer is uncommon and
may be contrasted with the ubiquitous
carboxylic acid dimer, the favored
mode of association of this functional
group. Both catemers and dimers, how-
ever, have two O�H···O hydrogen
bonds for each carboxy group, so the
reasons for the rarity of the catemer
must lie elsewhere. In this paper, we
describe a group of around 25 phenyl-
propiolic acids in which the catemer is
the default packing mode. Exceptional-
ly, the particular catemer that is found


in this family is of the very rare syn,anti
variety. We show that a necessary in-
gredient in catemer formation is a sup-
portive C�H···O hydrogen bond from a
proximal C�H group, which is located
on the phenyl ring, ortho to the ethynyl
group, and suitably activated by elec-
tron withdrawing substituents. When
steric factors become noteworthy, alter-
native patterns are adopted, such as
the syn,syn catemer and, in one case, a


rare cisoid dimer. When electron-do-
nating groups, either through inductive
effect such as methyl or through reso-
nance such as halogens, are present on
the phenyl ring, the dimer is formed in
all but one case. Polymorphism seems
not to be an issue in these carboxylic
acids in that no compound would gen-
erally crystallize as both a dimer and a
catemer. It may be concluded that a
supporting interaction, in this case a
C�H···O hydrogen bond, is the essen-
tial condition for the formation of any
carboxylic acid catemer. Catemers are
so rare because it is difficult to set up
this type of supporting interaction in
most carboxylic acids.


Keywords: carboxylic acids · cat-
emers · crystal engineering · hydro-
gen bonds · supramolecular chemis-
try
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neering, or (computer-based) crystal-structure prediction,
has come to the forefront.[10] Here too, an understanding of
packing modes is vital, either to validate or benchmark the
results, or as an input in knowledge-based strategies that at-
tempt to circumvent the difficulties inherent in the fact that
crystallization is a kinetically controlled process.[11] In the
end, we really do not know if any set of available experi-
mental crystal structures is truly representative of a particu-
lar family of compounds at any given point in time. A new
structure will always be discovered, and the nature of the
packing in this structure may either strengthen or weaken
currently held views.[12] The analysis of packing modes is,
therefore, a continuous and ongoing activity in crystal engi-
neering, and we do not expect this situation to change in the
immediate future.


Results and Discussion


Dimers and Catemers


Monocarboxylic acids, RCO2H, can exist in one of two con-
formations, syn and anti, and there are two broad modes of
association of these molecules in crystals.[6] The cyclic dimer
is formed by the syn conformation and is zero-dimensional


(D). A number of catemers, or open chains of various types
(C1–C5), exist. In C1, C2 and C3, all the molecules are syn ;
C4 is obtained by switching the H atoms in C2 and is anti
throughout,[19,20] whereas C5 contains alternating syn and


anti molecules. All these catemers are 1D patterns. For both
dimers and catemers, the number of O�H···O hydrogen
bonds per carboxy group is two. Therefore, there is no
reason, at least at the gross level, for a preference for either
the dimer or the catemer arrangement. However, the fre-
quencies of occurrence of dimers and catemers are very dif-
ferent.[21,22] The dimer is a common pattern seen in around a
third of all carboxylic acids in the Cambridge Structural Da-
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tabase (CSD) (1350 dimers from around 4000 carboxylic
acids).[23] Catemers occur far less frequently, with only
around 110 reported structures; the 98 syn,syn variants (C1,
C2, C3) dominate in this group. Most of these facts are well-
known and it is not our intent to review them here. Rather,
we prefer to list some information that is pertinent to our
discussion on the syn,anti catemer, C5, which is the theme
of this paper.


The relative infrequency of catemers was ascribed by Lei-
serowitz to the fact that these patterns are more sensitive to
the steric effects of the R group (C2, C3) or to the presence
of repulsive O···O lone-pair interactions (C1).[6] The infre-
quency of the anti relative to the syn catemers was attribut-
ed to the higher energy (�6 kcalmol�1) of the anti confor-
mation. Conversely, the ubiquity of the dimer was ascribed
to the fact that its formation is largely independent of the
nature of the R group; the carboxy and hydrocarbon regions
are effectively insulated in the crystal. These ideas are gen-
erally well-accepted. However, subsequent work showed
that dimers and catemers may be more equiprobable than
previously thought if energy considerations alone were im-
portant;[24–27] computations showed the catemer to be gener-
ally just as stable as the dimer. A distorted catemer of ben-
zoic acid was found at an energy of 1.5 kcalmol�1 above the
dimer.[28] What does this mean? Can one infer that the
steric argument for catemer formation is of only limited ap-
plicability? Calculations showed the dimer and catemer to
be evenly matched in acetic acid, in which experimental ef-
forts have failed to uncover the dimer.[29–31] Does this reflect
a kinetic factor? Again, some categories of acids, for exam-
ple, 2,6-disubstituted benzoic acids, give catemers (11 out of
50 in the CSD). This last example is interesting: does it indi-
cate that dimer formation, at least in aromatic acids, is
driven by a planar conformation in which the carboxy group
is in conjugation with the ring, this conjugation more than
compensating for the inherently lower stability of the
dimer? According to such an argument, if a planar confor-
mation is precluded by, say, 2,6-disubstitution, the molecule
adopts the catemer.[32] This sort of reasoning is similar to
that used by Leiserowitz for enantiomeric acids. He held
that since an inversion centre is impossible in an ordered
structure in these cases, a catemer is formed.[33]


We argued previously that the presence of an auxiliary hy-
drogen bond is a major factor that directs catemer forma-
tion, whether syn or anti.[34–36] Consider, for example, the
cases of indole-2-carboxylic acid (1a) and phenylpyruvic
acid (1b), both of which form syn,syn catemers. These cat-


emers are clearly stabilized by the additional N�H···O and
O�H···O hydrogen bonds, respectively, to the carboxy
groups (Figure 1).[37] Analogously, one may suggest that the


very rare syn,anti catemer in cubane-1,4-dicarboxylic acid
(1c)[38] arises because of the supportive C�H···O bond do-
nated by the (activated) cubyl C�H group (Figure 1).[34]


Indeed, the existence of such interaction mimicry is taken as
good evidence of the C�H···O interaction being a genuine
hydrogen bond.[36] Catemer formation in acetic acid has also
been rationalized with a similar argument involving a C�
H···O bond.[6] The rarity of catemers relative to dimers is
nicely accounted for by this hypothesis of a supporting inter-
action because most carboxylic acids would not be able to
form such an additional suitably located interaction. In gen-
eral, the role of C�H···O bonds in establishing O�H···O pat-
terns in carboxylic acid crystal structures is well-accepted.[39]


Herein, we assess the hypothesis that a supportive C�H···O
interaction is necessary for catemer formation.


The higher energy of the gas-phase anti conformation of
the carboxy group with respect to the syn conformation
seems not to pose as insuperable a barrier to its existence in
crystals as is stated by the energy difference of 6 kcalmol�1.
Li and Houk suggested that the anti conformation in crystals
is stabilized by O�H···O hydrogen bonding so that it is only
around 1–2 kcalmol�1 less stable than the syn conforma-
tion.[24,40] What is true is that the syn,anti catemer (C5) is
very rare for carboxylic acids. The first reported instance of
this pattern was by Ermer and Lex on 1c.[38] We later pub-
lished the second case, which occurred in 4-chlorophenyl-
propiolic acid (4b).[41] Further studies by us[34] showed that
this phenomenon occurs in around 10 other 4-substituted cu-
banecarboxylic and phenylpropiolic acids, so the first two
occurrences of the syn,anti catemer were not freak observa-


Figure 1. O�H···O catemer in carboxylic acids. The catemers are stabi-
lized by supporting interactions in each case: N�H···O in 1a, O�H···O in
1b, and C�H···O in 1c.


Chem. Asian. J. 2006, 1 – 2, 231 – 244 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 233


Packing Modes in Phenylpropiolic Acids







tions on unstable polymorphs. Whether C5 will be seen in
other classes of acid is a difficult question to answer, and
the only other example we found is 3-(ferrocenylcarbonyl)-
propionic acid.[42] We discuss herein the reasons for adoption
of the syn,anti catemer with respect to the dimer in some
mono- and disubstituted phenylpropiolic acids, and report a
large number of these catemers. The syn,anti catemers re-
ported in this paper represent the overwhelming majority
for this packing mode in the literature.


Two final points need to be mentioned before we describe
the crystal structures themselves. The first concerns poly-
morphism and whether carboxylic acids can crystallize as
both the dimer and the catemer in polymorphic structures;
if they did, the arguments in this paper, which rely on ste-
reoelectronic effects of substituent groups, would be com-
promised. This, happily, is not the case: no simple carboxylic
acid,[43] except oxalic acid[44,45] and tetrolic acid,[46] is known
to form both the dimer and the catemer. Therefore, issues
of polymorphism were not expected to pose problems in the
present study.[47] Even then, as a matter of caution, we sub-
jected each compound in this study to a standard polymorph
screen of recrystallization from 10 solvents or solvent mix-
tures. In all cases save one, no polymorphs were obtained.
The second point pertains to disorder of the carboxy group.
This is a well-known phenomenon and is monitored by the
difference between the two C�O distances in the carboxy
group. If this distance is large (�0.1 O), the carboxy group
is ordered; if it is small (tending to zero), the carboxy group
is disordered. Intermediate degrees of disorder have inter-
mediate differences in C�O distance.[48] Both dimers and
syn,anti catemers can be disordered, but the basic packing
arrangement is independent of this disorder.


2-Substituted Phenylpropiolic Acids


The acids discussed here are the fluoro (2a), chloro (2b),
bromo (2c), iodo (2d), methyl (2e), methoxy (2 f, 2 f’), and
trifluoromethyl (2g) derivatives. Relevant crystallographic
details are given in Table 1 for
all compounds in this study. All
acids with a syn,anti catemer
are characterized by a crystal
axis of around 7.5 O, which is
the translational repeat along
the direction of hydrogen bond-
ing. The first three halogenated
derivatives 2a–c take the syn,-
anti catemer (Figure 2), and
whereas the carboxy groups in
2a and 2c are disordered, they are ordered in 2b. The disor-
dered catemers are generated with distinct inversion centers,
and the ordered catemer is obtained with symmetry-inde-
pendent molecules (syn and anti). All three catemers are
stabilized by proximal C�H···O interactions.


Table 2 gives the (supportive) C�H···O geometrical details
for all the catemers in this study.[49] These interactions occur
over distances of 2.45–2.67 O and at angles of 132–1458. The
catemer geometry is almost identical in 2a–c and in all the
other C5 catemers in Table 2. This is an indirect indication
that the C�H···O bonds are important. Notably, this syn,anti
catemer motif is quite flat and forms a tape which is able to
stack with a crystallographic short axis of �4.0 O to allow
maximum p–p stabilization.[50] The stacks are further assem-
bled in 2a with C�H···F interactions (between 21-related
molecules) and in 2b with long and bifurcated C�H···Cl
bridges. In 2c, the C�H···Br interactions are within the tape,


Table 1. Crystallographic details of the phenylpropiolic acids in this study.[a]


2a 2b 2c 2d 2e 2 f 2 f’ 2g


Emp.formula C9H5FO2 C9H5ClO2 C9H5BrO2 C9H5IO2 C10H8O2 C10H8O3 C10H8O3 C10H5F3O2


Mr 164.13 180.58 225.04 272.03 160.16 176.16 176.16 214.14
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 298(2)
Space group P21/n P21 C2/c P21/c P21/n P21/c P21/c P21/c
a [O] 3.8056(6) 3.7640(5) 14.7837(11) 4.8561(6) 7.5699(14) 7.5666(9) 8.7511(4) 13.750(3)
b [O] 6.3411(9) 27.884(4) 3.8430(3) 28.943(3) 21.518(4) 17.373(2) 5.0628(3) 7.8640(16)
c [O] 30.843(5) 7.5259(9) 28.983(2) 12.5658(14) 14.985(3) 7.1160(8) 19.1804(9) 8.3060(17)
a [8] 90 90 90 90 90 90 90 90
b [8] 92.520(2) 100.602(2) 103.9390(10) 99.6320(10) 92.258(3) 116.541(2) 96.490(3) 94.48(3)
g (8) 90 90 90 90 90 90 90 90
Z 4 4 8 8 12 4 4 4
V [O3] 743.57(19) 776.39(17) 1598.2(2) 1741.2(4) 2439.0(8) 836.83(17) 844.34(7) 895.4(3)
Dcalcd [gcm�3] 1.466 1.545 1.871 2.075 1.309 1.398 1.386 1.589
R1 0.0483 0.0438 0.0272 0.0362 0.0800 0.0431 0.0403 0.0374
wR2 0.1062 0.0925 0.0569 0.0735 0.1623 0.1023 0.1064 0.0749
GOF 1.205 1.098 1.216 0.972 1.058 1.081 1.032 1.104
N total 6584 4042 8206 14683 20815 5241 8545 1747
N independent 1519 2119 1645 3403 4808 1663 2103 1569
N observed 1485 2004 1514 2605 3293 1431 1593 1206
Parameters 117 218 117 223 337 127 121 141
Structure type[b] catemer catemer catemer dimer catemer catemer dimer syn,syn catemer
Carboxylic group disordered ordered disordered ordered disordered disordered ordered ordered
CCDC no. 299754 299753 299752 299755 299756 299757 299758 299759
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and the stacks are held with weak C�H···p interactions
(Figure 2). In effect, all these three acids adopt the so-called
4.0 O short axis corrugated-sheet structure.[51]


We move now to the four other 2-substituted acids 2d–g,
which are extremely interesting, each in a different way. Let
us consider the iodo acid 2d first (Figure 3). This acid crys-
tallizes as the dimer, but the dimer does not lie on an inver-
sion center. Indeed, it has the very rare cisoid configuration,
which is generally disfavored when compared to the transoid
configuration on energetic and packing grounds. The possi-


bility of a cisoid configuration for dimers of unsymmetrically
substituted aromatic acids was first raised by Patil et al.,
who wrote that “in spite of the seeming rarity of the cisoid
configuration, it is likely that m-substituted benzoic acids,
under suitable conditions, may be induced to crystallize in
polymorphic forms composed of acid dimers in the cisoid ar-
rangement.”[52] For example, m-nitrobenzoic acid is dimor-
phic with a stable transoid and an unstable cisoid form. Two
features of the crystal structure of acid 2d are then notable:
1) it is the first example of an ortho-substituted acid to show


3a 3b 3c 3d 3e 5a 5b 5c


Emp.formula C9H5FO2 C9H5ClO2 C9H5BrO2 C9H5IO2 C10H8O2 C9H4F2O2 C9H4F2O2 C9H4F2O2


Mr 164.13 180.58 225.04 272.03 160.16 182.12 182.12 182.12
Crystal system triclinic monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic triclinic
T [K] 100(2) 223(2) 100(2) 223(2) 298(2) 298(2) 100(2) 293(2)
Space group P1̄ P21/c P21/c P21/c P21/n P21/n P21/n P1̄
a [O] 3.8378(6) 4.891(4) 4.7185(10) 10.2226(7) 9.611(2) 3.8159(8) 3.7382(9) 3.8186(12)
b [O] 6.1078(9) 9.862(8) 10.078(2) 4.7960(3) 5.0139(12) 6.3305(13) 6.3729(15) 11.043(3)
c [O] 15.695(2) 16.881(15) 10.039 (4) 18.4340(12) 17.987(4) 32.311(7) 31.479(7) 19.776(6)
a [8] 89.897(2) 90 90 90 90 90 90 81.295(5)
b [8] 85.809(2) 96.29(2) 94.373(4) 105.6790(10) 104.678(4) 91.80(3) 93.399(4) 88.697(5)
g [8] 85.225(2) 90 90 90 90 90 90 83.603(5)
Z 2 4 4 4 4 4 4 4
V [O3] 365.63(10) 809.4(12) 807.9(3) 870.15(10) 838.5(3) 780.1(3) 748.6(3) 819.2(4)
Dcalcd [gcm�3] 1.491 1.482 1.850 2.077 1.269 1.551 1.616 1.477
R1 0.0686 0.0834 0.0498 0.0444 0.0515 0.0763 0.0724 0.0699
wR2 0.1338 0.1880 0.1224 0.1193 0.1222 0.2228 0.1524 0.1760
GOF 1.314 1.171 1.118 1.062 1.027 1.064 1.227 1.063
N total 4024 3081 4267 7217 8065 1581 4447 8347
N independent 1450 1013 1639 2171 1631 1380 1523 3208
N observed 1376 766 1482 1750 1109 852 1270 1806
Parameters 115 109 113 109 115 119 126 243
Structure type[b] catemer dimer dimer dimer dimer catemer catemer dimer
Carboxylic group disordered ordered ordered ordered disordered disordered disordered ordered
CCDC no. 299765 299764 299763 299766 299767 299745 299747 299749


5d 5e 5 f 6b 6c 6d 6 f


Emp.formula C9H4F2O2 C9H4F2O2 C9H4F2O2 C9H4Cl2O2 C9H4Cl2O2 C9H4Cl2O2 C9H4Cl2O2


Mr 182.12 182.12 182.12 215.02 215.02 215.02 215.02
Crystal system monoclinic triclinic monoclinic monoclinic monoclinic monoclinic monoclinic
T [K] 100(2) 100(2) 298(2) 100(2) 298(2) 100(2) 100(2)
Space group C2/c P1̄ P21/c P21/c P21/c P21/c P21/n
a [O] 12.4524(15) 3.7264(4) 6.83(2) 3.813(3) 3.875(6) 3.7809(9) 3.7901(6)
b [O] 8.0516(10) 7.4178(9) 16.02(6) 7.405(6) 17.75(2) 6.2252(15) 15.425(2)
c [O] 31.015(4) 14.0071(16) 17.85(6) 31.94(2) 13.627(19) 36.625(9) 15.483(2)
a [8] 90 91.260(2) 90 90 90 90 90
b [8] 101.362(2) 97.152(2) 90.11(8) 91.762(13) 90.14(2) 92.344(4) 92.098(2)
g [8] 90 98.075(2) 90 90 90 90 90
Z 16 2 10 4 4 4 4
V [O3] 3048.7(7) 380.05(8) 1954(12) 901.4(12) 937(2) 861.3(3) 904.6(2)
Dcalcd [gcm�3] 1.587 1.591 1.548 1.584 1.524 1.658 1.579
R1 0.0474 0.0410 0.1546 0.0619 0.0711 0.0396 0.0614
wR2 0.1149 0.1043 0.3968 0.1053 0.1374 0.0907 0.1497
GOF 1.033 1.055 0.907 1.022 1.119 1.148 1.319
N total 13792 3513 11555 4809 8600 5683 8852
N independent 3119 1511 3963 1775 1789 1682 1773
N observed 2765 1295 574 1119 1300 1552 1711
Parameters 263 136 235 121 122 124 121
Structure type[b] catemer catemer dimer syn,syn catemer dimer catemer dimer
Carboxylic group disordered disordered disordered ordered ordered disordered ordered
CCDC no. 299761 299762 299751 299746 299749 299760 299750


[a] The data for 4a–f, which are discussed herein, have been published previously.[35], [41] [b] Catemer here means syn,anti catemer unless otherwise stated.


Table 1. (Continued)
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the cisoid configuration; 2) the acid is not polymorphic, at
least not as far as we were able to conclude after the several
attempts we made in this direction. Acid 2d is centrosym-
metric (P21/c, Z’=2), and the carboxy groups are ordered
and synplanar in both the symmetry-independent molecules.


The difference between them is that the I atom is cis to the
C=O group in one and trans in the other. Short I···O interac-
tions (3.302 O) connect 21-related dimers.


In our earlier paper on the 4-substituted phenylpropiolic
acids, we correlated catemer formation with the presence of
an electron-withdrawing substituent.[35] The idea was that an
electron-withdrawing group on the phenyl ring would acti-
vate the C�H groups sufficient-
ly to stabilize the supportive C�
H···O interactions. Accordingly,
we rationalized why all the
monohalogenated acids (4a–d)
give catemers while the 4-
methyl derivative 4e gives the
dimer.[53] To test this hypothesis
further, we studied acids 2e and
2 f. To our surprise, the methyl derivative 2e forms a catem-
er (Figure 4). The catemers are packed in a very unusual
manner. While they form planar tapes and are supported by
C�H···O interactions as usual, the stacking is not infinite
with a short 4.0 O or 8.0 O axis; rather, it takes the form of
finite triads which are close-packed in the pyrene sandwich
herringbone structure, in this case a triple-decker sand-
wich.[54] The triad lies on a center of inversion, and whereas
the central catemer has carboxy-group disorder, the two
outer catemers are ordered. Why this complex crystal struc-
ture is formed by a molecule that is so simple remains an
unanswered question. Suffice it to say that 2e did not yield
any polymorphs in our hands. We carried out at least 50
crystallization experiments with at least 20 solvents; we
never obtained a simple catemer structure of the type seen
in 2a–c or the (expected) dimer. Still, we did not give up
the idea that catemer formation is favored by an electron-


Figure 2. Catemers in a) 2a, b) 2b, and c) 2c.


Table 2. Geometrical properties of the supportive C�H···O interactions
(shown in bold) in acids that display the catemer motif.[a]


Acid d [O] D [O] q [8]


2a 2.45 3.372(2) 142
2b 2.52


2.63
3.371(4)
3.475(4)


135.0
134.9


2c 2.66 3.483(4) 132
2e 2.62


2.64
2.70


3.489(4)
3.603(4)
3.652(4)


136.3
147.7
145.9


2 f 2.63 3.589(2) 146.8
2g[b] 2.58 3.318(3) 125
3a 2.52 3.394(3) 137
4a 2.47 3.345(8) 136.6
4b[c] 2.53 3.47 144
4c[c] 2.43 3.37 143
4d 2.38


2.46
3.36(2)
3.405(16)


150
145.3


4 f 2.60 3.425(3) 132
5a 2.50 3.431(6) 143
5b 2.44 3.340(5) 139.7
5d 2.51 3.408(2) 139.9
5e 2.59 3.573(2) 149
6b[b] 2.62 3.399(7) 134
6d 2.40 3.327(3) 142.3


[a] Catemer here means syn,anti catemer unless otherwise stated. For
definitions of d, D and q, see reference [3a]. [b] syn,syn Catemer. [c] For
esd (s), see reference [41].


Figure 3. Cisoid dimer in 2d.
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withdrawing substituent, and proceeded to study the
ACHTUNGTRENNUNGmethoxy derivative 2 f.


Acid 2 f was crystallized from EtOAc, EtOAc/hexane
(1:1), and several other solvent mixtures. In all these cases,
the same syn,anti catemer structure was routinely obtained.
This structure is very similar to those of acids 2a–c except
for the fact that the catemer tapes are offset in the stacks,
which in turn are steeply inclined to each other as in the
structure of coronene[55] (Figure 5). The catemer was not an-
ticipated, and as with 2e, we began an exhaustive poly-
morph screening. Eventually, a dimer 2 f’ was obtained, but
only from aqueous EtOH. While polymorphism is a
common phenomenon in small organic molecules, it is not
so common in carboxylic acids, and only 51 functionally un-
elaborated acids are reported to be polymorphic in the CSD
(out of around 3000 compounds). Among these, only two
(oxalic acid and tetrolic acid) crystallize as both the dimer
and the catemer, and this has been mentioned earlier in this
paper. The formation of both the unexpected dimer 2 f’ and
the expected catemer 2 f for the methoxy acid is, therefore,
noteworthy. Calculations (Cerius2, COMPASS) showed the
dimer (E=�37.50 kcalmol�1) to be more stable than the
catemer (E=�26.27 kcalmol�1),[56] yet the catemer was ob-
tained quantitatively in bulk samples from seven solvents in
our polymorphism screen.[57] The dimer, on the other hand,
was obtained from only one solvent. Is the catemer the ki-
netic and the dimer the thermodynamic polymorph, thus
vindicating the inductive-effect model for C�H···O activa-
tion? This question is still open for debate.


Replacement of the electron-donating Me group in 2e by
the electron-withdrawing isosteric CF3 group gives 2g,


which forms a catemer
(Figure 6). However, this cat-
emer is syn,syn and of the C3
variety, resembling formic,
acetic, and b-tetrolic acids. The
carboxy group is ordered. As in
acetic acid, the syn,syn catemer
is supported by a C�H···O in-
teraction, and the catemer itself
is constructed with glides of
axial length 7.864 O. There is
an increasing distortion of the
hydrogen bond O···O distances
(D) as one moves from formic
acid (2.58 O), acetic acid
(2.63 O), b-tetrolic acid
(2.66 O), and finally to 2g
(2.70 O). This distortion may be
because of the increasing bulk
around the carboxy group. Ad-
jacent catemer tapes are con-
nected with C�H···F interac-
tions.


Analysis of the crystal struc-
tures of 2a–g indicates that the
catemer is the preferred struc-


ture but that its formation does not seem to depend exclu-
sively on electronic factors as was suggested in our previous
study of the 4-substituted acids. In that study, we stated that
the C�H groups in cu ACHTUNGTRENNUNGbanecarboxylic acids are sufficiently


Figure 4. Packing diagram of 2e : a) ordered catemer; b) disordered catemer; c) construction of triple-decker
with two ordered (O) and one disordered (D) catemer; d) close packing of triple-deckers.


Figure 5. Polymorphism in a carboxylic acid: a) catemer of 2 f ; b) dimer
of 2 f (2 f’).
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activated to form good C�H···O interactions (which are re-
quired for catemer stabilization), whereas the ortho C�H
groups in phenylpropiolic acids need extra activation from
the substituents to form these interactions. In the light of
the present results, we must conclude that the activation of
the C�H groups in any phenylpropiolic acid is sufficient for
C�H···O bond formation, possibly on account of the elec-
tron-withdrawing ethynyl group. In all the catemers seen
here (2a–c, 2e–g), the catemer is stabilized by a C�H···O
bond with lengths of 2.45, 2.57, 2.66, 2.65, 2.63, and 2.58 O,
respectively.[58] It would seem that further activation or de-
activation by the substituent (which is in a position meta to
the pertinent C�H group) is not so crucial for the formation
of the C�H···O contact because acids with both electron-
withdrawing (F, Cl, Br) and electron-donating groups (Me,
OMe) form catemers, although there is a rough inverse cor-
respondence between the length of the C�H···O interaction
and the electronegativity of the substituent group. The fact
that the iodo derivative 2d gives a dimer suggests that a


steric effect could be involved. Careful observation of the
catemer tape (Figure 7) shows that the H atom in the 3-posi-
tion (ortho to the C�H group that forms the structure-defin-
ing C�H···O bond and para to the substituent group) fills
the pocket formed by the substituent group, the triple bond,
and the carboxy O atom of the 7.5-O translated molecule.
For all the 2-substituted acids except 2d, this pocket is large
enough to accommodate the meta H atom. As a result,
these acids can form the catemer. In 2d, the pocket is so
small that catemer formation is impossible (if the catemer is
to remain planar[59]), and a dimer results. Why this dimer is
cisoid rather than the almost universally observed transoid
configuration is another matter altogether. Does it mean
that the dimer is an “uncomfortable” packing for this acid?
Did this acid “almost” crystallize as a catemer? These ques-
tions are philosophical, and we make no further comment
on the matter.


3-Substituted Phenylpropiolic Acids


The fluoro derivative 3a takes
the form of the syn,anti catem-
er. Instead of forming tapes
which are then packed with
glides and screw axes in an in-
clined manner as with the 2-
substituted catemers, a layered
structure is formed (Figure 8).
This layer is mediated by a C�
H···F pattern of the R2


28 type, which is commonly seen in
ACHTUNGTRENNUNGfluoroaromatic compounds.[60,61] The other 3-substituted
acids 3b–e form dimer structures that are nearly identical;
this is clearly the default packing in the 3-substituted acids.
We believe that the 3-substituent is para to the C�H group
that forms the supportive C�H···O interaction, which is the


requirement for the formation
of the syn,anti catemer.
Whereas the F atom can only
behave as an electron-with-
drawing group through an in-
ductive effect and thereby acti-
vate C�H···O bond formation
leading in turn to the catemer,
the other halogens are ambiva-
lent. Possibly any electron-
withdrawing behavior of Cl,
Br, and I by an inductive
effect is offset by a polariza-
tion that leads to marginal
transfer of electron density
from the halogen atom into
the ring, thus deactivating the
C�H group with respect to C�
H···O bond formation. These
effects are seen, for example,
in the regiospecificities ob-
served for electrophilic-substi-


Figure 6. Ordered syn,syn catemer in 2g. Note the C�H···F interactions
that link adjacent chains.


Figure 7. a) Space-filling model of catemer chain in the chloroacid 2b. Notice the space between the Cl atom
and the carboxy oxygen in which a phenyl H atom of a [001] translated molecule must fit in order to maintain
the catemer. b) The space between the 2-substituent and the carboxy O atom is sufficient to sustain the catem-
er in 2a–c, but not in the iodoacid 2d, which forms a dimer.
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tution reactions on halogenated aromatic rings. In the
methyl acid 3e, there is a full-fledged electron-donating
group in the 3-position, and the dimer is the expected struc-
ture. A comparison of the 2- and 3-substituted acids shows
that the stereoelectronic effects of the substituent groups is
also a function of their location in the molecular framework,
which is as expected. Electronic effects are, not surprisingly,
more pronounced when the substituent groups are para to
the crucial C�H group, rather than when they are meta.


4-Substituted Phenylpropiolic Acids


We will be brief here because the crystal structures of acids
4a–e have been published by us previously.[34,35] Going by
the behaviour of the 2-substituted acids, there seems to be
enough activation of the C�H groups in the parent phenyl-
propiolic acid skeleton, and any electron-withdrawing group
in the 4-position (meta to the pertinent C�H group) can
only increase this activation. Accordingly, the fluoro, chloro,
bromo, iodo, and nitro derivatives take the form of the syn,-
anti catemer. An electron-donating group in this position
disfavors the catemer marginally, and methyl substitution in
4e seems to be enough to tip the balance to the dimer.
Work from our group showed that 4-methoxy-, 3,4-di-
ACHTUNGTRENNUNGmethoxy, and 3,4,5-trimethoxyphenylpropiolic acids all form
dimers,[53] and this is in accord with the above hypothesis.
However, it is not known why the dimer is not obtained for
acid 2e, in which the Me group is also meta to the C�H
group.


Disubstituted Acids


All possible difluoro- (5a–f) and dichlorophenylpropiolic
acids (6a–f) were examined. According to our hypothesis of
the requirement of a supportive C�H···O interaction for cat-
emer formation, the 2,6-difluoro (5 f) and 2,6-dichloro (6 f)
derivatives must form dimers because they lack a H atom at
the activating position. Indeed, we found that these acids do
crystallize as dimers. Furthermore, there was no evidence
for a catemer polymorph in our crystallization screens. Let
us consider the other difluoro derivatives (5a–e) next. The F


atom is small and is nearly the same size as the H atom. The
monofluoroacids 2a, 3a, and 4a all form syn,anti catemers.
Accordingly, one would expect that acids 5a–e would
behave in the same manner. This is borne out in four of
these acids 5a,b,d and e, all of which have very similar cat-
emer structures (Figure 9). Acids 5a and 5b are isostructur-
al, and have a unit-cell similarity index parameter (P) of
0.021.[54] In both cases, the carboxy groups are disordered,
and the 2-fluoro substituent does not form any specific inter-
actions.[62] This latter observation is not surprising since or-
ganic fluorine is a poor hydrogen-bond acceptor. The other
fluoro substituent (3- in 5a and 4- in 5b) forms C�H···F in-
teractions with a 21-related catemer stack. In the 3,4-deriva-
tive 5d the F atom is equally disordered at the 3- and 5-posi-
tions (the carboxy group is ordered), but the packing is es-
sentially similar to that observed in 5a and 5b. The 3,5-de-
rivative 5e forms a sheet structure (like 3a), and the favored
C�H···F dimer synthon is present. But these are all minor
differences; what is important is that all these four acids
take the syn,anti catemer with a supporting C�H···O interac-
tion.


2,5-Difluorophenylpropiolic acid 5c is distinctive and
needs special mention because it forms the dimer. This ap-
pears to be the preferred outcome because the molecules
are then able to form a layer of unusual compactness.
Within this layer, all H and F atoms in the molecule are
able to form hydrogen bonds (Figure 10). The carboxy
group is ordered, and it is the carbonyl O atom rather than
the carboxy one that accepts a C�H···O interaction (3.48 O,
2.39 O, 1648) from an activated C�H group, as was stated by
Leiserowitz.[6] There is an isolated C�H···F interaction
(3.39 O, 2.41 O, 1508) as well as the favored C�H···F dimer
(3.52 O, 2.48 O, 1608). Undoubtedly, a catemer structure
that is similar to the one observed in the other difluoroacids
could also be envisaged for this compound. Whether this
structure could compete energetically, or whether the place-
ment of substituents is so ideal for this layered dimer struc-
ture such that no other structure is possible, is a matter for
future work. This example indicates that the dimer is an oc-
casional possibility in this family. The catemer is favored;
what we are trying to establish are trends rather than cer-
tainties.


Let us consider the dichloroacids 6a–f next. The data is
limited but hints that steric factors are important with re-
spect to catemer formation. The 2,3- and 3,5- derivatives, 6a


Figure 8. Catemer in 3a showing the C�H···F (2.48 O, 3.50 O, 1568) medi-
ated layer.
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and 6e, failed to give single crystals of diffraction quality,
and the X-ray powder-diffraction spectra were too ill-re-
solved to permit any analysis. The 2,6-acid has been men-
tioned earlier. This leaves the 2,4- (2b), 2,5- (2c) and 3,4-
(2d) derivatives. Each of these acids behaves differently, but
these different outcomes may be satisfactorily rationalized.
Acid 2b forms a syn,syn catemer, 2c gives the dimer, and
2d gives the syn,anti catemer as it is isostructural to the di-
fluoroacids 5a and 5b. It appears that chloro substitution
nearer the hydrogen-bonding sites results in steric hindrance
to the catemer. Therefore the 2,4- derivative gives the
syn,syn catemer in which more space is available to the sub-
stituent group, whereas the less sterically demanding 3,4-
acid gives the syn,anti catemer. 2,5-Disubstitution proves to
be too much of a steric perturbation of the catemer, and the
dimer is formed. This behavior is strongly reminiscent of the
packing patterns adopted by the dichlorophenols. For the
same reasons as those above, we have argued that while 2,3-
and 2,4-dichlorophenols take a trigonal space group, the
less-encumbered 3,4-derivative is tetragonal and the more-
hindered 2,5-compound is monoclinic, all within the boun-
dary condition of O�H···O hydrogen bonding between the
phenolic OH groups.[63] We predict accordingly that 6a will
adopt the syn,syn catemer, but 6e will take the form of the
dimer. The larger size of the Cl relative to the F atom
means that 5a–e are slightly different from 6a–e. Nonethe-
less, certain features are constant in all these disubstituted
derivatives. Every catemer is stabilized by a supporting C�
H···O interaction of short to moderate length.


Nature of the Supporting C�H···O Interaction


Finally, we investigated the nature of the supporting C�
H···O hydrogen bonds in these catemer structures. The evi-
dence presented so far distinctly favors the argument that
the O�H···O catemer is supported by an auxiliary C�H···O
interaction. Acids with electron-withdrawing substituents
generally form the catemer, unless the steric factors are ad-
verse. Except for 2e, no acid with an electron-donating sub-


Figure 9. Catemer motif in the difluorophenylpropiolic acids a) 5a, b) 5b,
c) 5d, and d) 5e. The 3-F atom in the 3,4-difluoroacid 5d is disordered in
the 5-position also, thus giving the impression of 3,4,5-trisubstitution.


Figure 10. Dimer in 5c showing the layer structure. Notice the C�H···O
and C�H···F hydrogen bonds.
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stituent forms the catemer. These observations have been
rationalized on the basis of activation of the pertinent C�H
group with respect to hydrogen-bond donation. However,
the C�H···O interactions were also thought to be so weak
that they cannot be considered to be always structure-deter-
mining.[64,65] These opinions appear to be of a cautionary
nature; given the vast, even overwhelming, body of evidence
that shows unequivocally the importance of weak hydrogen
bonds in organic and biomolecular crystal structures,[3a] the
only question must be one of degree: at what point does a
“weak” hydrogen bond[66] become so weak (and nondirec-
tional) that its effects on crystal packing are negligible.


We determined the crystal structure of one of the acids in
this study at several temperatures between 100 K and room
temperature. Acid 5e was selected for this exercise because
the H atom that is ortho to the ethynyl group, which offers
the supporting C�H···O interaction, is unusually well-acti-


vated by the fluoro substituents (Figure 11). If any C�H···O
interaction in this study is significant, it is the one in this
particular acid. True hydrogen bonds become shorter and
more linear as the temperature is decreased, and if the C�
H···O contact is electrostatic enough, such behavior would
be expected.[67] In contrast, repulsive and destabilizing con-
tacts assume more-distorted geometries at lower tempera-
tures.[68] As a control, we also examined indole-2-carboxylic
acid (1a) at varying temperatures because there is no doubt
in this case that the auxiliary interaction that supports the
formation of the catemer is a true hydrogen bond, namely,
an N�H···O interaction.


Let us consider 5e first. Table 3 gives the variation in the
lengths and angles of the hydrogen bonds (D, d, q) as a


function of temperature. There is not much angular varia-
tion, and this is accounted for by the fact that the catemer is
a rigid 2D pattern. The O�H···O angles are already close to
1808, and any variation in them would cause too many dis-
tortions in the catemer itself. With respect to the hydrogen-
bond lengths, all the interactions (O�H···Osyn, O�H···Oanti,
C�H···O, and C�H···F) undergo significant shortening upon
cooling. This indicates that all four interactions are of the at-
tractive and stabilizing type. Notably, the difference between
the maximum and minimum values for the D value in each
case is around 17s for the O�H···Osyn, 24s for the O�
H···Oanti, 41s for the C�H···O, and 38s for the C�H···F.[69]


The two softer interactions are clearly more compressible.
Notably, the C�H···F interaction behaves similarly to the C�
H···O.


Acid 1a provides a nice confirmation for these effects
(Figure 12). Table 4 gives the corresponding geometrical


properties at various temperatures. There is only one type
of O�H···O bond because this is a syn,syn catemer. Further-
more, there is the supporting N�H···O bond and another C�
H···O bond to a carboxy O atom, which may be considered
as providing secondary support. All three hydrogen bonds
shorten upon cooling, and Figure 12 shows that this may
take place without imposing serious constraints on the pack-
ing. The maximum deformation in hydrogen-bond length is
11s for the O�H···O, 16s for the N-H···O, and 27s for the
C�H···O within the temperature range 100–298 K. Once
again, the relative shortening increases as the bond strength
decreases. In other words, the weaker the interaction, the
greater the relative shortening upon cooling, but all three in-
teractions are of the hydrogen-bond variety.


Figure 11. Catemer in 3,5-difluorophenylpropiolic acid (5e). Interactions
labelled A, B, C, and D were monitored as a function of temperature
(Table 3).


Table 3. Changes in the geometry of the hydrogen bonds with temperature for 5e (Figure 11).


O�H···O syn (A) O�H···O anti (B) C�H···O (C) C�H···F (D)


T [K] d [O] D [O] q [8] d [O] D [O] q [8] d [O] D [O] q [8] d [O] D [O] q [8]
100 1.75(4) 2.6257(17) 167(4) 1.81(4) 2.6112(18) 174(6) 2.71(2) 3.567(2) 150.3(17) 2.55(2) 3.485(2) 159.6(18)
140 1.70(5) 2.6311(17) 163(4) 1.78(4) 2.6112(16) 173(6) 2.69(2) 3.577(2) 150.4(13) 2.59(2) 3.499(2) 160.3(16)
180 1.65(7) 2.631(2) 164(6) 1.77(5) 2.6160(19) 165(8) 2.75(2) 3.592(2) 150.7(17) 2.60(2) 3.513(2) 160.3(19)
220 1.63(10) 2.640(2) 171(9) 1.77(7) 2.618(2) 165(8) 2.77(2) 3.609(3) 149.9(19) 2.65(3) 3.534(3) 160(2)
260 1.83(5) 2.619(3) 173(5) 1.75(7) 2.640(3) 175(8) 2.76(3) 3.619(3) 150(2) 2.66(3) 3.619(3) 150(2)
298 1.84(4) 2.624(2) 164(5) 1.72(7) 2.644(3) 170(6) 2.79(2) 3.634(3) 152.7(19) 2.62(3) 3.546(3) 159(2)


Figure 12. Packing diagram of indole-2-carboxylic acid (1a) showing the
syn,syn catemer. Interactions labelled A, B, and C were monitored as a
function of temperature (Table 4).
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Conclusions


A number of conclusions may be drawn from this study of
substituted phenylpropiolic acids: 1) the O�H···O catemer is
a 1D pattern as opposed to the zero-dimensional dimer and
could be favored kinetically; 2) a necessary ingredient in
catemer formation in this family is a supportive C�H···O hy-
drogen bond from a proximal C�H group located on the
phenyl ring and ortho to the ethynyl group. A similar sup-
portive interaction is required in all types of catemers, and
is probably the deciding factor for catemer formation in
other systems, such as acetic acid; 3) catemers are uncom-
mon because most acids cannot generate this supportive in-
teraction; 4) in the family of acids studied herein, the very
rare syn,anti catemer is the default packing; 5) this syn,anti
catemer results when electron-withdrawing substituents are
present on the phenyl ring and there are no adverse steric
factors present; 6) when steric factors become noteworthy,
alternative patterns such as the syn,syn catemer and, in one
case, the rare cisoid dimer are adopted; 7) when electron-
donating groups, either through inductive effect (e.g. Me) or
resonance (e.g. halogens), are present on the phenyl ring,
the dimer is formed in all but one case; 8) polymorphism
seems not to be an issue, and we continue to maintain that
any given carboxylic acid would not generally crystallize as
both a dimer and a catemer.


A few questions for the future arise from this work: 1) if
there is sufficient C�H activation in the propiolic acid
framework, why does the unsubstituted acid crystallize as
the dimer and not the catemer?[70] 2) Why does the 2-
methyl derivative 2e take the catemer structure? At a philo-
sophical level, why is this complex triple-decker catemer
structure even formed? 3) Why does the 2,5-difluoro acid
5e adopt the dimer? 4) Are these anomalies caused by the
fact that it is only in these compounds that the kinetic and
the thermodynamic crystals are different? 5) Acid 2 f was
shown to be polymorphic. Would more acids in the group
studied here display dimer/catemer polymorphism if suffi-
ciently intensive efforts were made?


In conclusion, a very rare interaction pattern has been re-
produced in more than 15 crystal structures in a particular
family of 25 carboxylic acids. This alone would provide
enough justification for the detailed analysis of other pack-
ing modes in crystal engineering.


Experimental Section


The acids were prepared from the cor-
responding aldehydes by standard lit-
erature procedures or minor variations
thereof. The methoxy acid 1 f was pre-
pared from 2-iodoanisole. The acids
were purified by column chromatogra-
phy. All the acids were subjected to a
polymorph screen by crystallizing
them from each of the following sol-
vents: EtOAc, EtOAc/hexane, MeCN,


MeCN/CCl4, MeCN/CHCl3, MeOH/C6H6, CHCl3/C6H6, AcOH, HCO2H,
EtOH/H2O. The solutions were heated slightly and allowed to cool and
stand for a day or two until crystals appeared. For each acid, crystals
were selected from as many solvents as possible and mounted on the dif-
fractometer. In every case except 2 f, only one crystal form was found.
The dimorphs of 2 f are referred to as 2 f and 2 f’. Generally, AcOH and
HCO2H did not yield crystals of diffraction quality.


XRD data of 2a–f, 3a,c,e, 5b–f, 6b–d, and f were collected with a
Bruker SMART APEX CCD[13] diffractometer (MoKa radiation, l=


0.71073 O) and generally at low temperature. The data were reduced by
the Bruker AXS SAINTPLUS program[13] (version 6.02 A); a multiscan
absorption correction was applied by using the package SADABS.[14]


XRD data for 2g and 5a were collected with an Enraf–Nonius-MACH-3
diffractometer (MoKa radiation, l=0.71073 O). Unit-cell parameters
were determined by the least-squares fit of 25 reflections. The data were
reduced with the program WinGx.[15] No absorption correction was ap-
plied. In all these cases, XPREP[16] was used to determine the space
group. All the crystal structures were solved by direct methods and re-
fined by full matrix least-squares on F2 with SHELXTL software[17] (ver-
sion 6.12A). The positions of the hydrogen atoms bound to the phenyl
ring in all the acids were generated by a riding model on idealized geo-
metries with Uiso(H)=1.2 Ueq(C); the H atoms of the hydroxy groups
were located in difference Fourier maps, and these H atoms were also re-
fined as riding, with Uiso(H)=1.5 Ueq(O). The hydrogen atoms of the hy-
droxy groups in 2a,c,e, f, 3a,b and e were disordered over two sites with
occupancies of 0.5 each. In some cases, the U values were somewhat un-
expected, and this is because of poor crystal quality. This was especially
true for 5 f, which yielded extremely thin (0.03 mm) and poorly diffract-
ing crystals. All the geometry calculations were carried out with
PLATON 2002.[18] XRD data of 3c and 3d were collected at the Univer-
sitRt Duisburg-Essen, Germany under the supervision of Prof. R. Boese
on a SIEMENS SMART diffractometer (MoKa radiation, l=0.71073 O).
Spectroscopic and crystallographic details on all new compounds are
given in the Supporting Information.


CCDC-299745–299767 contain the supplementary crystallographic data
(excluding structure factors) for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre at
http://www.ccdc.cam.ac.uk/data request/cif (see also Table 1).
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Methylation of [Pt2ACHTUNGTRENNUNG(m-SR)ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(PPh3)4]: En Route to
Mixed-Thiolato Bridged Complexes


Siew Huay Chong,[a] Lip Lin Koh,[a] William Henderson,[b] and T. S. Andy Hor*[a]


Introduction


Transition-metal complexes with doubly bridging thiolates,
that is, (m-SR)2, are well known,[1] especially d8 complexes of
[M2ACHTUNGTRENNUNG(m-SR)2L4], which have attracted widespread interest
with respect to their electronic, structural, and conforma-
tional properties.[2–4] The substituents at the bridging sulfide
range from simple alkyl,[5–8] fluoroalkyl,[9] phenyl,[10] fluori-
nated aryl,[11] and amino groups[12] to metal chlorides.[13]


They have been used as synthons for the synthesis of mono-
nuclear PtII complexes,[8] for electronics[14] and catalysis[7] ,
for the synthesis of vinylthiophenol,[15] and as models for
platinum binding to sulfur-functionalized protein residues.[16]


In almost all cases, both SR thiolato bridges are chemically
identical, except that the R groups can be syn or anti ; such
orientation would influence the planarity of the MACHTUNGTRENNUNG(m-S)2M


ring.[2] It is uncertain if the heterogeneity of the bridges
would adversely affect the stability, or how it would influ-
ence the conformation and activity of the dinuclear frame-
work. These fundamental questions could not be answered
experimentally as there is no suitable model for [Pt2ACHTUNGTRENNUNG(m-SR)-
ACHTUNGTRENNUNG(m-SR’)L4] (R¼6 R’), nor there is a general method to pre-
pare such complexes. For example, although it is straightfor-
ward to prepare [Pt2ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(m-SR)L4]


+ and [Pt2ACHTUNGTRENNUNG(m-SR)2L4]
2+


from [Pt2ACHTUNGTRENNUNG(m-S)2L4] (1, L=PPh3) through alkylation with RX,
this method would not lead to heterodialkylation. All at-
tempts to alkylate [Pt2 ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(m-SR)L4]


+ with R’X in which
X=halide have failed to give the desired compounds, even
in the presence of a base such as triethylamine.[17,18] The fail-
ure could be attributed to the exceptionally high stability of
[Pt2ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(m-SR)L4]


+ .
Although both sulfur centers in the {Pt2S2} core are highly


nucleophilic, upon the attachment of R and transformation
to the {Pt2(S)(SR)}+ core, electron delocalization within the
metallo-ring structure and formation of a positively charged
monocation discourages further attack of the unsubstituted
sulfur atom. Use of strong electrophiles or more forcing
conditions only leads to significant decomposition. Dialkyla-
tion of both sulfides is possible but only with dihalides
having spacer length of up to six carbon atoms between the
two alkylating groups,[17,19] which also results in symmetrical


Abstract: Sequential and independent
alkylation of [Pt2 ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4] by RX
followed by methylation with Me2SO4


led to the first successful isolation of
novel diplatinum complexes [Pt2ACHTUNGTRENNUNG(m-
SR) ACHTUNGTRENNUNG(m-SCH3)ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 (3) (R=


CH2C6H5 (a), CH2CHCH2 (b),
C5H10CO2CH2CH3 (c), C2H4CO2-
CH2CH3 (d), CH2CH2CN (e), C2H4CH-
(O)2C2H4 (f), and C2H4SC6H5 (g)) with
asymmetric thiolato bridges. The syn-
thetic methodology can tolerate a
range of electronically and sterically
contrasting thiolate substituents with


different chemical functionalities. The
X-ray crystal structures of 3a–c, g con-
firm the unusual heterodialkylation
with two different thiolato bridging li-
gands in a syn–exo conformation. A
secondary product [Pt2(m-SC2H4SC6H5)
ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)3]ACHTUNGTRENNUNG(PF6)2 (4), which
arises from intramolecular phosphine
displacement by the thio pendant at


the neighboring SC2H4SC6H5 bridge,
has been trapped and characterized.
This is an unusual diplatinum complex
with three different bridging thio li-
gands and three different phosphines.
The heteroalkylation is screened in situ
by ESI-MS, and the resultant spectral
data provide a convenient guide for
one-pot syntheses of {M2(SR) ACHTUNGTRENNUNG(SR’)}
from ACHTUNGTRENNUNG{M2S}. The isolation and X-ray
crystal structure of a homoalkylated
analogue [Pt2ACHTUNGTRENNUNG(m-SCH3)2 ACHTUNGTRENNUNG(PPh3)4]ACHTUNGTRENNUNG(PF6)2


(6) is included for comparison.
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dithiolates.[6,20] Reactions with C1 substrates such as CH2Cl2
could lead to dialkylation, which is followed by bridge cleav-
age and formation of a number of mononuclear and decom-
position species.[21] An alternative approach to start from
mononuclear [Pt(SR) ACHTUNGTRENNUNG(SR’)L2] (with PtL2


2+) is also not feasi-
ble because there is no simple means to prepare such
mixed-thiolato substrates.


Our recent work in the electrospray mass spectrometry
(ESI-MS) based survey of the alkylation and arylation of
[Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4] (1)[18] suggested that the outcome of alky-
lation indeed depends on the strength of the electrophile.
The spectral study provided an effective means for us to
screen a range of electrophiles and their activities towards 1.
The spectral data thus obtained could then guide us in the
bench-top syntheses. We present herein the first successful
heterodialkylation of the two bridging sulfides of 1 as a gen-
eral means to prepare mixed-thiolato bridging complexes.
Isolation and crystallographic identification of a number of
diplatinum binuclear structures with different thiolate sub-
stituents suggested that different chemical entities can be
grafted onto the {Pt2S2} core.


Results and Discussion


Syntheses and structural studies of heterodialkylation of
[Pt2ACHTUNGTRENNUNG(m-S)2 ACHTUNGTRENNUNG(PPh3)4] (1)


The reaction of alkyl bromides with 1 occurs rapidly to give
the monoalkylated complex [Pt2 ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(PPh3)4]


+ (2),
and the second alkylation is immediately followed by fur-
ther nucleophilic attack by bromide leading to [Pt2ACHTUNGTRENNUNG(m-SR)2


ACHTUNGTRENNUNG(PPh3)3Br]+ . However, if the reaction is intercepted upon
the formation of 2, by introducing dimethyl sulfate
(Me2SO4), a second alkylation on the free sulfide takes
place to give the desired heteroalkylation product [Pt2ACHTUNGTRENNUNG(m-
SR) ACHTUNGTRENNUNG(m-SCH3)ACHTUNGTRENNUNG(PPh3)4]


2+ (3). Complex 3 represents a new
class of diplatinum mixed-thiolate complexes. This is signifi-
cant in the alkylation and arylation chemistry of [Pt2 ACHTUNGTRENNUNG(m-
S)2L4] complexes in which even a simple derivative such as


[Pt2ACHTUNGTRENNUNG(m-SCH3)2 ACHTUNGTRENNUNG(PPh3)4]
2+ has, to date, eluded isolation, al-


though the SCF3 analogue is known.[9] Alkylation of other
metal systems (such as Mo[1b–e] and Rh[1f]) are known but
they are beyond the scope of this paper.


By applying such methodology, we were able to synthesize
and isolate a series of heterodialkylated platinum sulfide
complexes with different R functionalities, including benzyl,
allyl, ester, nitrile, and dioxolane (Table 1). The syntheses
were prescreened by positive-ion ESI-MS of the reaction
mixtures which suggested the formation of positively charg-
ed products. Within an hour of adding Me2SO4, methylation
occured to give 3. Addition of NH4PF6 gave the correspond-
ing PF6 salt. The single-crystal X-ray diffraction analyses of
the following complexes [Pt2(m-SCH2C6H5) ACHTUNGTRENNUNG(m-SCH3)ACHTUNGTRENNUNG(PPh3)4]
ACHTUNGTRENNUNG(PF6)2 (3a), [Pt2(m-SCH2CHCH2) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]ACHTUNGTRENNUNG(PF6)2


(3b), and [Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]ACHTUNGTRENNUNG(PF6)2


(3c) conclusively show the different thiolate bridges in the
[Pt2(SR) ACHTUNGTRENNUNG(SR’)] core. The molecular structures of complexes
3a–c are shown in Figures 1–3, respectively. Notably, the
preparation can be generally applied to systems in which the
two thiolato substituents are chemically, electronically, and
sterically diverse. For example, one can increase the steric
demand of the second substituent (e.g. from CH3 to
CH2C6H5 as in 3a) or introduce an extended tail structure
(e.g. C5H10CO2CH2CH3 as in 3c) or an additional functional
moiety to the second substituent (such as CN in 3e,
CH2CHCH2 in 3b, and C2H4CH(O)2C2H4 in 3 f). The pres-
ence of significantly different thiolato residues does not
appear to affect the complex stability adversely or their
preparation significantly. This illustrates the potential of
grafting different organic moieties onto the {Pt2S2} core,
which is well-known to receive different metal systems. The
multipolymetallic chemistry can thus be extended to a rich
thiolato chemistry. The central {Pt2S2} ring is inevitably
folded (with a dihedral angle of 1558, 1488, and 1498 for 3a,
3b, and 3c, respectively) and adaptable to different bridge
demands. The two thiolate ligands adopt a syn–exo confor-
mation, pointing away from the bulky triphenylphosphine
groups, which is typical for a bent [M2ACHTUNGTRENNUNG(m-XR)2L4] mole-
cule.[3]


The 31P{1H} NMR spectra of all complexes 3 show a
common feature. The two sets of chemically different phos-
phines, being trans to different thiolates, have very similar
chemical shifts but different Pt–P couplings. In complex 3a,
two sets of overlapping doublets at dP=19.5 and 19.4 ppm
with the associated Pt–P coupling constants 1JPt�P(1)=


2924 Hz and 1JPt�P(2)=2974 Hz are observed. The phosphine
ligand trans to the more-strongly electron-withdrawing m-
SCH2C6H5 should have a higher 1JPt�P value of 2974 Hz. The
2JP�P coupling is not defined owing to the overlap of these
two doublets. The 31P{1H} NMR spectrum of 3b shows a
similar pattern to that of 3a with overlapping doublets at
dP=19.6 and 19.5 ppm (1JPt�P(1)=2918 Hz and 1JPt�P(2)=


2975 Hz). However, for complexes 3c and 3d, with the ester
thiolate ligand, a broad singlet is observed in each of the
spectra: dP=20.3 ppm (1JPt�P(1)=2913 Hz, 1JPt�P(2)=2945 Hz)
for 3c and dP=20.0 ppm (1JPt�P(1)=2923 Hz, 1JPt�P(2)=
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2964 Hz) for 3d. The different phosphine environments can
still be identified from the two sets of 1JPt�P values, and the
phosphine group trans to the more-strongly electron-with-
drawing m-SCnH2nCO2CH2CH3 (3c : n=5; 3d : n=2) should
result in a greater 1JPt�P value. The 31P{1H} NMR spectrum
of [Pt2(m-SC2H4CH(O)2C2H4) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]ACHTUNGTRENNUNG(PF6)2 (3 f),
which bears a dioxolane functionality, displays a multiplet
centered at dP=20.2 ppm, and the associated satellites for
these signals overlap to give a pair of broad satellites result-
ing in a coupling constant of 1JPt�P=2933 Hz for the two
peaks. Table 2 summarizes the 31P{1H} NMR results of com-
plexes 3a–f.


Phosphine displacement in
[Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]


2+ (3)


The reactions of 1 with alkyl halides invariably lead to tri-
phenylphosphine dissociation as a secondary process.[18, 19]


The vacated site is usually taken up by the halide (X) result-
ing in [Pt2 ACHTUNGTRENNUNG(m-SRS)ACHTUNGTRENNUNG(PPh3)3X]+ or [Pt2ACHTUNGTRENNUNG(m-SR)2ACHTUNGTRENNUNG(PPh3)3X]+ . This
problem of phosphine displacement was controlled in this
case by the use of Me2SO4, as the resulting methyl sulfate
anions are sufficiently non-nucleophilic. However, if R con-
tains a nucleophilic functionality, it could also encourage an
intramolecular phosphine displacement. This phenomenon is
exemplified in the reaction of 2-bromoethyl phenyl sulfide.
The expected heterodialkylated complex is observed with


Table 1. ESI-MS assisted preparation of heterodialkylated platinum
sulfide complexes.


RBr ACHTUNGTRENNUNG[Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-
S)ACHTUNGTRENNUNG(PPh3)4]


+


(2) (m/z)


ACHTUNGTRENNUNG[Pt2 ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-
SCH3) ACHTUNGTRENNUNG(PPh3)4]


2+


(3) (m/z)


2a (1594) 3a (804)


2b (1544) 3b (779)


2c (1645) 3c (830)


2d (1603) 3d (809.5)


2e (1556) 3e (786)


2 f (1604) 3 f (809)


Figure 1. A 50% thermal ellipsoid representation of the cation of [Pt2(m-
SCH2C6H5)ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 (3a). The phenyl rings of PPh3 and
hydrogen atoms are omitted for clarity.


Figure 2. A 50% thermal ellipsoid representation of the cation of [Pt2(m-
SCH2CHCH2)ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]ACHTUNGTRENNUNG(PF6)2 (3b). The phenyl rings of PPh3 and
hydrogen atoms are omitted for clarity.


Figure 3. Molecular structure of the cation of [Pt2(m-SC5H10CO2CH2CH3)
ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 (3c). The phenyl rings of PPh3 and hydrogen
atoms are omitted for clarity.
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the loss of one triphenylphosphine group as [Pt2(m-
SC2H4SC6H5)ACHTUNGTRENNUNG(m-SCH3)ACHTUNGTRENNUNG(PPh3)3]


2+ (4) in the ESI mass spec-
trum (m/z 696.5, 100%). In this case, the expected peak for
[Pt2(m-SC2H4SC6H5) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)3Br]+ (m/z 1473) is
absent in the mass spectrum, suggesting that nucleophilic
attack from the bromide does not take place. Complex 4
was subsequently isolated as a secondary product in the re-
action mixture, which contained primarily 3g.


Single-crystal X-ray diffraction analyses revealed the ex-
pected dinuclear structure of both [Pt2(m-SC2H4SC6H5)ACHTUNGTRENNUNG(m-
SCH3) ACHTUNGTRENNUNG(PPh3)3]


2+ (4) (Figure 4) and [Pt2(m-SC2H4SC6H5)ACHTUNGTRENNUNG(m-
SCH3) ACHTUNGTRENNUNG(PPh3)4]


2+ (3g) (Figure 5). The former has lost a
phosphine group, and the vacant site thus created is taken
up by the sulfide of the bridging ethylphenyl thioether. This
constitutes an intramolecular ligand substitution driven by a
basic pendant (alkylphenyl)sulfide and the formation of a
stable five-membered metallo–sulfur ring, which fuses with
the {Pt2S2} four-membered ring at the Pt(2)�S(2) bond. It
gives rise to an unusual diplatinum complex with three dif-
ferent bridging thio ligands and three different phosphine
groups. Among the Pt�S bonds, the Pt(2)�S(1), which is
trans to the thio (Ph�S�CH2-) with the weakest trans influ-
ence, is the shortest (2.295 N) and presumably strongest.
The associated Pt(1)�S(1) (2.381 N) is hence the weakest.
The Pt(2)�S(2) (2.324(3) N) and Pt(2)�S(3) (2.325(3) N) are
comparable, suggesting that the stronger thiolate sulfur
(S(2)) (compared to the thioether S(3)) is offset by its bridg-
ing function. These can be reflected in the corresponding
Pt�P lengths, for which Pt(1)�P(2) is the strongest
(2.282(3) N) and Pt(1)�P(1) the weakest (2.300(3) N), al-
though the differences are not significant. The thiolates S(2)
and S(3) adopt an anti conformation with respect to the S(1)
ligand. The X-ray crystal structure of 3g (Figure 5) is similar


to that of 3a–c with a bent {Pt2S2} ring and a dihedral angle
of 150o, as well as a syn–exo conformation adopted by the
two thiolate ligands.


The 31P{1H} NMR spectrum of 4 in CD2Cl2 is consistent
with its solid-state structure, giving three distinct resonances
at dP=15.3–15.4 ppm (dd, 1JPt�P=3364 Hz, 2JP(1)�P(2)=6 Hz,
4JP(2)�P(3)=6 Hz), dP=14.4 ppm (br s, 1JPt�P=3142 Hz) and
dP=13.3 ppm (t, 1JPt�P=3074 Hz, 2JP(1)�P(2)=13 Hz). Its spec-
trum also shows the presence of 3g (broad singlet at dP=


20.0 ppm (1JPt�P(1)=2927 Hz, 1JPt�P(2)=2969 Hz)). Complete
separation of 4 and 3g proved to be difficult. 1H NMR spec-
troscopic and elemental microanalysis of the sample also
suggested the coexistence of 3g and 4 (observed carbon con-


Table 2. Comparison of 31P{1H} NMR characteristics for complexes 3a–g,
4, and 6.[a]


Complex Solvent d (31P{1H}) [ppm], J [Hz]


3a CD2Cl2 overlapping doublets at dP=19.4 and 19.5 ppm
ACHTUNGTRENNUNG(1JPt�P(1)=2924 Hz, 1JPt�P(2)=2974 Hz)


3b CDCl3 overlapping doublets at dP=19.5 and 19.6 ppm
ACHTUNGTRENNUNG(1JPt�P(1)=2918 Hz, 1JPt�P(2)=2975 Hz)


3c CD2Cl2 broad singlet, dP=20.3 ppm (1JPt�P(1)=2913 Hz,
1JPt�P(2)=2945 Hz)


3d CD2Cl2 broad singlet, dP=20.0 ppm (1JPt�P(1)=2923 Hz,
1JPt�P(2)=2964 Hz)


3e CDCl3 broad singlet, dP=18.7 ppm (1JPt�P(1)=2926 Hz,
1JPt�P(2)=2979 Hz)


3 f CD2Cl2 multiplet, dP=20.2 ppm (1JPt�P=2933 Hz)
3g CD2Cl2 broad singlet, dP=20.0 ppm (1JPt�P(1)=2927 Hz,


1JPt�P(2)=2969 Hz)
4 CD2Cl2 3 PPh3 resonances; doublet of doublets, dP=15.3–


15.4 ppm (1JPt�P=3364 Hz, 2JP(1)�P(2)=9 Hz,
4JP(2)�P(3)=6 Hz); broad singlet, dP=14.4 ppm
(1JPt�P=3142 Hz); triplet, dP=13.3 ppm
(1JPt�P=3074 Hz, 2JP(1)�P(2)=13 Hz)


6 CD2Cl2 singlet, dP=20.4 ppm (1JPt�P=2918 Hz)


[a] The 2JP�P coupling constants for complexes 3a, 3b, 3 f, and 6 could not
be defined.


Figure 4. A 50% thermal ellipsoid representation of the cation of [Pt2(m-
SC2H4SC6H5) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)3] ACHTUNGTRENNUNG(PF6)2 (4). The thiolate ligands adopt an
anti conformation. The phenyl rings of PPh3 and hydrogen atoms are
omitted for clarity.


Figure 5. A 50% thermal ellipsoid representation of the molecular struc-
ture of [Pt2(m-SC2H4SC6H5) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]


2+ (3g). The phenyl rings of
PPh3 and hydrogen atoms are omitted for clarity.
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tent is intermediate (47.76%) between those of 3g
(49.55%) and 4 (44.48%)). The ESI spectrum of 3g gives 4
as the sole peak, suggesting further that 4 is a secondary
product of 3g and that phosphine replacement and ring for-
mation occur readily in solution. When PPh3 is replaced by
a chelating phosphine group such as 1,3-bis(diphenylphos-
phino)propane (dppp) in a derivative of 1, that is, [Pt2ACHTUNGTRENNUNG(m-
SR) ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(dppp)2]


+ , phosphine displacement can be sup-
pressed, and the formation of [Pt2(m-SC2H4SC6H5) ACHTUNGTRENNUNG(m-SCH3)
ACHTUNGTRENNUNG(dppp)2]


2+ (5) (m/z 715.5, 100%) can be detected in the ESI
mass spectrum.


Dimethylation of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4] (1)


The results described above suggest that Me2SO4 is useful
for the methylation of the unreactive sulfide of the monoal-
kylated complex 2. Furthermore, the methylsulfate anions
generated from Me2SO4 are sufficiently non-nucleophilic to
stabilize the dicationic dialkylated species. In fact, Me2SO4


is powerful enough to result in the dimethylation of complex
1 and hence lead to the isolation of the first dimethylated
platinum species, [Pt2ACHTUNGTRENNUNG(m-SCH3)2ACHTUNGTRENNUNG(PPh3)4]ACHTUNGTRENNUNG[PF6]2 (6) of the type
[Pt2ACHTUNGTRENNUNG(m-SR)2L4]. The 31P{1H} NMR spectrum of complex 6 in
CD2Cl2 shows a singlet at dP=20.4 ppm (1JPt�P=2918 Hz)
for all four chemically equivalent phosphine groups. Confir-
mation of its identity by an X-ray diffraction study
(Figure 6) shows that the two methylthiolate ligands adopt a
syn–exo conformation, pointing away from the bulky triphe-
nylphosphine groups. The geometry of the central {Pt2S2}
ring is hinged with a dihedral angle of 157o. The fluoroalkyl
derivative [Pt2ACHTUNGTRENNUNG(m-SCF3)2ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(BF4)2, however, has both
syn and anti isomers, as determined by 19F NMR spectro-
scopic studies, which indicates that the equilibrium between
these isomers is not labile under normal conditions.[9] Its
crystal structure has not been reported. A comparison of the
metal–thiolate bonds in 6 and 3c suggest that a long and
hindering thiolate tail (as in 3c) does not lead to any signifi-
cant weakening (relative to 6) of the metal–thiolate links:
(Pt�S 2.355–2.368(2) N) in 3c and Pt�S 2.348–2.366(2) N in
6).


Conclusion


Successful and stepwise conversion of sulfide into thiolate
and then mixed thiolates has provided a rare and simple
route to dinuclear mixed-thiolato complexes, which current-
ly have no established synthetic pathway. The isolation and
good stability of diplatinum complexes that carry two hetero
bridges of diverse electronic and steric “tails” are somewhat
surprising. Its ability to carry functional moieties suggested
that we are one step closer to our long-term target of graft-
ing the {Pt2S2} core onto solid surfaces and developing the
“heterogeneous chemistry” of molecular platinum sulfide.
We can also apply the heteroalkylation to construct a new
series of bridging entities that carry different constituent
functionalities for different functions. Since the bridge-cleav-
age reactions of [Pt2 ACHTUNGTRENNUNG(m-SR)2L4]


2+ to Pt(SR)2L2 (+ PtX2L2) is
known, our method immediately paves a means to prepare
mononuclear mixed-dithiolato complexes, which are also
difficult to prepare easily by known methods. Full details of
such syntheses will be reported in due course.


Experimental Section


Methods and Materials


All manipulations were carried out at room temperature under an atmos-
phere of dinitrogen. Solvents used were generally analytical grade
(Tedia), dried, and deoxygenated before use. Complex 1 was synthesized
by metathesis of cis-[PtCl2 ACHTUNGTRENNUNG(PPh3)2] with Na2S·9H2O (Riedel–de HaRn) in
benzene. ESI-MS (80% MeOH, 20% H2O): m/z=1503 [M + H+]. The
following chemicals were used as supplied from Aldrich: allyl bromide,
benzyl bromide, 3-bromopropionitrile, 2-(2-bromoethyl)-1,3-dioxolane,
and ammonium hexafluorophosphate. Ethyl 6-bromohexanoate and ethyl
3-bromopropionate were obtained from TCI, 2-bromoethyl phenyl sul-
fide from Alfa Aesar, and dimethyl sulfate from Merck.


Elemental analyses were performed on a Perkin–Elmer PE 2400 CHNS
elemental analyzer. Complexes 3a, 3b, 3d, 3e, 3g, and 4 were isolated
and analyzed as monohydrates. 1H NMR and 13C NMR spectra were re-
corded at 25 8C on a Bruker ACF 300 spectrometer (at 300 and
75.47 MHz, respectively) with Me4Si as internal standard. The 31P NMR
spectra were recorded at 25 8C at 121.50 MHz with 85% H3PO4 as exter-
nal reference. Electrospray mass spectra were obtained in the positive-
ion mode with a Finnigan/MAT LCQ mass spectrometer coupled with a
TSP4000 HPLC system and the crystal 310 CE system. The mobile phase
was 80% methanol/20% H2O (flow rate: 0.4 mLmin�1). The capillary
temperature was 150 8C. Peaks were assigned from the m/z values and
from the isotope-distribution patterns.


Syntheses


3a : Compound 1 (81.5 mg, 0.054 mmol) was introduced into degassed
methanol (35 mL), followed by addition of benzyl bromide (0.10 mL,
144 mg, 0.840 mmol, 15 equiv). The mixture readily changed from an
orange suspension to a yellow solution. The solution was left to stir for
1.5 h, followed by the addition of Me2SO4 (0.08 mL, 107 mg, 0.846 mmol,
15 equiv). The mixture was stirred for another 2 h, and excess NH4PF6


(20.0 mg, 0.123 mmol) was added to the pale yellow solution, which
turned into a white suspension. Deionized water (70 mL) was added to
induce further precipitation. A white powder was obtained by using
vacuum suction filtration and washed with deionized water (100 mL) and
diethyl ether (100 mL) to yield 3a (87.5 mg, 85%). 1H NMR (300 MHz,
CD2Cl2): dH=0.83 (br s, 3H; SCH3), 3.01 (br s, 2H; SCH2), 6.40–6.43 (m,
5H; C6H5), 7.16–7.17 (m, 5H; C6H5), 7.25–7.52 ppm (m, 60H; 12C6H5);
31P{1H} NMR (121.5 MHz, CD2Cl2): dP=19.4 ppm (d, 1JPt�P=2974 Hz),


Figure 6. A 50% thermal ellipsoid representation of the cation of [Pt2 ACHTUNGTRENNUNG(m-
SCH3)2 ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 (6). The phenyl rings of PPh3 and hydrogen atoms
are omitted for clarity.
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19.5 (d, 1JPt�P=2924 Hz); ESI-MS (MeOH/H2O): m/z (%): 804.4 (100,
[M2+]); elemental analysis: calcd (%) for Pt2S2C80H72OP6F12 (1917.54): C
50.10, H 3.73, S 3.34; found: C 49.42, H 3.77, S 3.52. Colorless crystals of
[Pt2(m-SCH2C6H5) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 suitable for X-ray crystallo-
graphic analysis were obtained from dichloromethane/ethanol (1:1).


3b: A procedure similar to that used above was employed. Allyl bromide
(0.02 mL, 28.0 mg, 0.231 mmol, 11 equiv) and 1 (30.7 mg, 0.020 mmol) in
methanol (15 mL) gave a yellow solution after 10 min. The mixture was
stirred for 1.5 h, and then Me2SO4 (0.03 mL, 40.0 mg, 0.317 mmol,
15 equiv) was added, and the solution was stirred for 2 h. Excess NH4PF6


(15.0 mg, 0.092 mmol) was added into the colorless solution, readily turn-
ing it into a white suspension. Deionized water (40 mL) was used to com-
plete precipitation. The white precipitate of 3b (32.8 mg, 89%) obtained
by using vacuum suction filtration was washed with deionized water
(100 mL) and diethyl ether (100 mL). 1H NMR (300 MHz, CD2Cl2): dH=


0.89 (br s, 3H; SCH3), 2.53 (br s, 2H; SCH2), 4.85–4.91 (m, 1H;
SCH2CH), 4.44–4.53 (m, 1H; CHCHaHb), 4.85 (br s, 1H; CHCHaHb),
7.20–7.50 ppm (m, 60H; 12C6H5);


31P{1H} NMR (121.5 MHz, CDCl3):
dP=19.5 ppm (d, 1JPt�P=2975 Hz), 19.6 (d, 1JPt�P=2918 Hz); ESI-MS
(MeOH/H2O): m/z (%): 779.0 (100, [M2+]); elemental analysis: calcd
(%) for Pt2S2C76H70OP6F12 (1867.48): C 48.90, H 3.72, S 3.43; found: C
48.91, H 3.71, S 3.42. Colorless crystals of [Pt2(m-SCH2CHCH2) ACHTUNGTRENNUNG(m-SCH3)
ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 suitable for X-ray crystallographic analysis were obtained
from dichloromethane/ethanol (1:1).


3c: Complex 1 (41.4 mg, 0.028 mmol) was introduced into degassed meth-
anol (15 mL) followed by the addition of ethyl 6-bromohexanoate
(60.6 mg, 0.272 mmol, 10 equiv). The mixture was stirred for 2.5 h,
Me2SO4 (0.03 mL, 40.0 mg, 0.317 mmol, 11 equiv) was added, and the
yellow solution was decolorized after 2 h. Excess NH4PF6 (15.0 mg,
0.092 mmol) was then added, resulting in a white suspension. Deionized
water (40 mL) was used to complete precipitation. The white precipitate
of 3c (38.0 mg, 71%) obtained by vacuum suction filtration was washed
with deionized water (100 mL) and diethyl ether (100 mL). 1H NMR
(300 MHz, CD2Cl2): dH=0.89 (br s, 3H; SCH3), 0.84 (t, J=7 Hz, 2H;
SCH2), 1.22–1.29 (m, 2H; SCH2CH2), 1.11–1.20 (m, 2H; SCH2CH2CH2),
2.06–2.11 (m, 2H; CH2CH2CO), 2.19 (br s, 2H; CH2CO), 4.09–4.16 (q,
J=7 Hz, 2H; OCH2), 1.26 (t, J=7 Hz, 3H; OCH2CH3), 7.21–7.47 ppm
(m, 60H; 12C6H5);


13C NMR (75.47 MHz, CD2Cl2): dC=14.4, 16.4, 24.5,
28.2, 32.1, 34.0, 35.8, 60.5, 126.8, 129.4, 132.6, 134.6, 173.6 ppm; 31P{1H}
NMR (121.5 MHz, CD2Cl2): dP=20.3 (br s, 1JPt�P(1)=2913 Hz, 1JPt�P(2)=


2945 Hz); ESI-MS (MeOH/H2O): m/z (%): 830.3 (100, [M2+]); elemental
analysis: calcd (%) for Pt2S2C81H76O2P6F12 (1949.58): C 49.90, H 3.93, S
3.29; found: C 49.56, H 4.19, S 3.22. Colorless crystals of [Pt2(m-
SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 suitable for X-ray crystallo-
graphic analysis were obtained from dichloromethane/benzene (2:1).


3d: Complex 1 (50.0 mg, 0.033 mmol) was introduced into degassed
methanol (25 mL) followed by the addition of ethyl 3-bromopropionate
(0.05 mL, 63.0 mg, 0.348 mmol, 10 equiv). The mixture was stirred for
2 h, and then Me2SO4 (0.05 mL, 66.7 mg, 0.528 mmol, 16 equiv) was
added to the yellow solution and stirred for a further 1.5 h. Excess
NH4PF6 (15.0 mg, 0.092 mmol) was then added, resulting in a white sus-
pension. Deionized water (50 mL) was used to complete precipitation.
The white precipitate of 3d (55.2 mg, 87%) obtained by vacuum suction
filtration was washed with deionized water (100 mL) and diethyl ether
(100 mL). 1H NMR (300 MHz, CD2Cl2): dH=0.92 (br s, 3H; SCH3), 0.58
(t, J=7 Hz, 2H; SCH2), 2.56 (br s, 2H; CH2CO), 4.04–4.11 (q, J=7 Hz,
2H; OCH2), 1.22 (t, J=7 Hz, 3H; OCH2CH3), 7.20–7.50 ppm (m, 60H;
12C6H5);


13C NMR (75.47 MHz, CD2Cl2): dC=14.2, 16.3, 29.7, 33.6, 61.2,
126.7, 129.4, 132.6, 134.6, 170.9 ppm; 31P{1H} NMR (121.5 MHz, CD2Cl2):
dP=20.0 ppm (br s, 1JPt�P(1)=2923 Hz, 1JPt�P(2)=2964 Hz); ESI-MS
(MeOH/H2O): m/z (%): 809.5 (100, [M2+]); elemental analysis: calcd
(%) for Pt2S2C78H74O3P6F12 (1927.53): C 48.60, H 3.87, S 3.33; found: C
48.63, H 3.92, S 3.22.


3e: 3-bromopropionitrile (0.03 mL, 48.5 mg, 0.362 mmol, 12 equiv) and
complex 1 (44.6 mg, 0.030 mmol) in degassed methanol (20 mL) gave a
yellow solution after 10 min. The mixture was stirred for 1.5 h, Me2SO4


(0.04 mL, 53.3 mg, 0.423 mmol, 15 equiv) was added, and the solution
was stirred for a further 1.5 h. Excess NH4PF6 (20.0 mg, 0.123 mmol) was


added to the pale yellow solution, turning it into a suspension. Deionized
water (40 mL) was added to complete the precipitation. The pale yellow
precipitate of 3e (50.6 mg, 92%) obtained by vacuum suction filtration
was washed with deionized water (100 mL) and diethyl ether (100 mL).
1H NMR (300 MHz, CD2Cl2): dH=0.91 (br s, 3H; SCH3), 0.65 (br s, 2H;
SCH2), 2.43 (br s, 2H; CH2CN), 7.26–7.51 ppm (m, 60H; 12C6H5);
13C NMR (75.47 MHz, CD2Cl2): dC=16.7, 18.0, 30.5, 118.7, 126.2, 129.4,
132.8, 134.7 ppm; 31P{1H} NMR (121.5 MHz, CDCl3): dP=18.7 ppm (br s,
1JPt�P(1)=2926 Hz, 1JPt�P(2)=2979 Hz); ESI-MS (MeOH/H2O): m/z (%):
786.0 (100, [M2+]); elemental analysis: calcd (%) for Pt2S2C76H69NOP6F12


(1880.48): C 48.54, H 3.70, S 3.41, N 0.74; found: C 48.55, H 3.58, S 3.26,
N 0.71.


3f: Complex 1 (44.5 mg, 0.030 mmol) was introduced into degassed meth-
anol (20 mL) followed by the addition of 2-(2-bromoethyl)-1,3-dioxolane
(0.03 mL, 46.3 mg, 0.256 mmol, 9 equiv). The mixture was stirred over-
night to yield a yellow solution. Me2SO4 (0.03 mL, 40.0 mg, 0.317 mmol,
11 equiv) was then added, and the solution was stirred for a further 1.5 h.
Excess NH4PF6 (20.0 mg, 0.123 mmol) was added to the pale yellow solu-
tion, turning it into a suspension. Deionized water (40 mL) was added to
complete the precipitation. The pale yellow precipitate of 3 f (42.3 mg,
75%) obtained by vacuum suction filtration was washed with deionized
water (100 mL) and diethyl ether (100 mL). 1H NMR (300 MHz,
CD2Cl2): dH=0.86 (br s, 3H; SCH3), 2.20–2.31 (m, 4H; SCH2CH2), 4.39
(t, J=4 Hz, 1H; CH2CH(O)2), 3.77–3.81 (m, 4H; OCH2CH2O), 7.24–
7.48 ppm (m, 60H; 12C6H5);


13C NMR (75.47 MHz, CD2Cl2): dC=16.2,
30.3, 35.3, 65.3, 101.8, 126.7 129.5, 132.7, 134.5 ppm; 31P{1H} NMR
(121.5 MHz, CD2Cl2): dP=20.2 ppm (m, 1JPt�P=2933 Hz); ESI-MS
(MeOH/H2O): m/z (%): 809.4 (100, [M2+]); elemental analysis: calcd
(%) for Pt2S2C78H72O2P6F12 (1909.52): C 49.02, H 3.80, S 3.36; found: C
48.78, H 3.79, S 3.03.


3g and 4 : Complex 1 (40.7 mg, 0.027 mmol) was introduced into degassed
acetone (18 mL) followed by the addition of 2-bromoethyl phenyl sulfide
(48.2 mg, 0.222 mmol, 8 equiv). The mixture was stirred for 1.75 h to
yield a yellow solution. Me2SO4 (0.02 mL, 26.7 mg, 0.211 mmol, 8 equiv)
was then added, and the solution was stirred overnight. Excess NH4PF6


(20.0 mg, 0.123 mmol) was added to the faint yellow solution, turning it
into a suspension. Deionized water (40 mL) was added to complete the
precipitation. The white precipitate (39.6 mg, 87%) obtained by vacuum
suction filtration was washed with deionized water (100 mL) and diethyl
ether (100 mL). 1H NMR (300 MHz, CD2Cl2): dH=0.61 (br s, 3H; SCH3


of 3g), 1.07 (t, J=8 Hz, 2H; SCH2CH2S of 3g), 2.19 (br s, 2H;
SCH2CH2S of 3g), 1.61–1.67 (m, 4H; SCH2CH2S of 4), 7.09–7.44 ppm
(m, 115H; 23C6H5 of 3g and 4); 31P{1H} NMR (121.5 MHz, CD2Cl2): dP=


20.0 ppm (br s, 1JPt�P(1)=2927 Hz, 1JPt�P(2)=2969 Hz) for 3g ; dP=15.3–15.4
(dd, 1JPt�P=3364 Hz, 2JP(1)�P(2)=9 Hz, 4JP(2)�P(3)=6 Hz), dP=14.4 (br s, 1JPt�


P=3142 Hz), 13.3 ppm (t, 1JPt�P=3074 Hz, 2JP(1)�P(2)=13 Hz) for 4 ; ESI-
MS (MeOH/H2O): m/z (%): 696.2 (100) for 4. Colorless crystals suitable
for X-ray analysis were obtained from dichloromethane/benzene (1:1).


6: Excess Me2SO4 (0.02 mL, 26.7 mg, 0.211 mmol, 10 equiv) was intro-
duced into an orange solution of 1 (39.4 mg, 0.026 mmol) in methanol
(18.0 mL). The solution was mixed for 2 h, and excess NH4PF6 (15.0 mg,
0.092 mmol) was added to the pale yellow solution, which was then stir-
red for a further 1 h to give a white suspension. Deionized water (40 mL)
was added to complete precipitation. The product obtained by vacuum
suction filtration was washed with deionized water (100 mL) and diethyl
ether (100 mL) to give 6 (43.7 mg, 91%) as a white powder. 1H NMR
(300 MHz, CD2Cl2): dH=1.02 (br s, 6H; 2 SCH3), 7.23–7.49 (m, 60H;
12C6H5);


31P{1H} NMR (121.5 MHz, CD2Cl2): dP=20.4 ppm (s, 1JPt�P=


2918 Hz); ESI-MS (MeOH/H2O): m/z (%): 766.2 (100, [M2+]); elemental
analysis: calcd (%) for Pt2S2C74H66P6F12 (1823.43): C 48.74, H 3.65, S
3.52; found: C 48.26, H 3.43, S 3.79. Colorless crystals of [Pt2 ACHTUNGTRENNUNG(m-SCH3)2


ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 suitable for X-ray analysis were obtained from dichloro-
methane/methanol (1:1).


X-ray Crystal-Structure Determination and Refinement


Selected bond lengths and angles for 3a–c, 3g, 4, and 6 are given in
Table 3. All measurements were made at 223 K on a Bruker AXS
SMART APEX diffractometer equipped with a CCD area detector by
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using MoKa radiation (l=0.71073 N). The software SMART[22] was used
for the collection of data frames, for indexing reflections, and to deter-
mine lattice parameters; SAINT[22] was used for the integration of the in-
tensity of the reflections and for scaling; SADABS[23] was used for empir-


ical absorption correction; and
SHELXTL[24] was used for space-
group and structure determination, re-
finements, graphics, and structure re-
porting. The structure was refined by
full-matrix least squares on F2 with
anisotropic thermal parameters for
non-hydrogen atoms. A summary of
crystallographic parameters for the
data collections and refinements is
given in Table 4. For 3a, there are dis-
ordered solvent molecules of dichloro-
methane, which explains the high R
values. There are four dichlorome-
thane molecules, with three and two
halves at special positions. The titled
cation is disordered, with the two sub-
stituted SR groups switching positions.
One of the three chloroform solvent
molecules is disordered in 3b, and
there is one molecule of ethanol in
the asymmetric unit as well. For 3c,
the asymmetric unit contains 2.5 mole-
cules of dichloromethane and half of a
molecule of benzene. The two substi-
tuted SR groups switch positions
(50:50), causing disorder in the crystal
packing. The atoms of these disor-
dered parts were located from differ-
ence maps. Restraints in bond lengths
and thermal parameters were applied
during least-squares refinement. Crys-
tals of 3g and 4 were obtained from
the same crop of sample. For 3g, some
atoms did not behave well on refine-
ment, and some benzene rings were
refined as hexagons. Restraints in dis-
tances and thermal parameters were
applied. The atoms of the C2H4SC6H5


chain had very high thermal parame-
ters and the possibility of disorder for
this chain could not be ruled out. For
4, there are 1.5 dichloromethane mol-
ecules, one of which was assigned less
weight to give more realistic thermal
parameters. This is probably the result
of the crystal losing solvent. For 6, the
structure was solved by using Patter-
son methods and developed normally.
There are five dichloromethane mole-
cules of solvation in the asymmetric
unit, reasonably well-ordered by H-
bonding interactions to the PF6


�


anions. CCDC-292463 (3a), 292464
(3b), 299556 (3c), 299557 (3g),
299558 (4), 292465 (6) contain the
supplementary crystallographic data
for this paper. These data can be ob-
tained free of charge via www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-
033; or deposit@ccdc.cam.ac.uk).


Table 3. Selected bond lengths (N) and angles (8) for complexes.


3a
Pt(1)�P(1) 2.302(3) Pt(1)�S(2) 2.368(3) S(2)�C(8) 1.838(14)
Pt(1)�P(2) 2.293(3) Pt(2)�S(1) 2.367(3) S(1)�C(1) 1.843(15)
Pt(1)�S(1) 2.354(3) Pt(2)�S(2) 2.350(3)


Pt(1)�S(1)-�Pt(2) 95.02(11) P(1)�Pt(1)�-S(1) 168.94(11) C(1)�S(1)�Pt(1) 107.8(4)
Pt(1)�S(2)�Pt(2) 95.09(11) P(1)�-Pt(1)�S(2) 87.58(11) C(1)�S(1)-�Pt(2) 113.4(4)
S(1)�Pt(1)�S(2) 81.79(10) P(2)�Pt(1)�S(1) 92.38(11) C(8)�S(2)�Pt(1) 113.8(4)
P(1)�Pt(1)�P(2) 97.90(12) P(2)�Pt(1)�S(2) 172.11(12) C(8)�S(2)�Pt(2) 108.8(4)


3b
Pt(1)�P(3) 2.288(2) Pt(1)�S(2) 2.356(2) S(2)�C(1) 1.835(11)
Pt(1)�P(4) 2.308(2) Pt(2)�S(1) 2.360(2) S(1)�C(2) 1.847(11)
Pt(1)�S(1) 2.376(2) Pt(2)�S(2) 2.377(2)


Pt(1)�S(1)�Pt(2) 92.75(8) P(3)�Pt(1)-S(1) 175.33(8) C(2)�S(1)�Pt(1) 108.1(4)
Pt(1)�S(2)�Pt(2) 92.84(7) P(3)�Pt(1)�S(2) 93.34(8) C(2)�S(1)�Pt(2) 104.2(3)
S(1)�Pt(1)�S(2) 82.16(7) P(4)�Pt(1)�S(1) 87.49(8) C(1)�S(2)�Pt(1) 104.8(3)
P(3)�Pt(1)�P(4) 97.08(8) P(4)�Pt(1)�S(2) 168.85(8) C(1)�S(2)�Pt(2) 110.3(4)


3c
Pt(1)�P(3) 2.289(2) Pt(1)�S(2) 2.344(2) S(2)�C(21) 1.863(15)
Pt(1)�P(2) 2.302(2) Pt(2)�S(1) 2.355(2) S(1)�C(11) 1.828(16)
Pt(1)�S(1) 2.368(2) Pt(2)�S(2) 2.365(2)


Pt(1)�S(1)�Pt(2) 93.28(8) P(3)�Pt(1)�S(1) 173.98(8) C(11)�S(1)�Pt(1) 106.9(5)
Pt(1)�S(2)�Pt(2) 93.64(8) P(3)�Pt(1)�S(2) 92.13(8) C(11)�S(1)�Pt(2) 106.7(4)
S(1)�Pt(1)�S(2) 81.89(8) P(2)�Pt(1)�S(1) 87.26(8) C(21)�S(2)�Pt(1) 105.3(4)
P(2)�Pt(1)�P(3) 98.68(8) P(2)�Pt(1)�S(2) 168.83(8) C(21)�S(2)�Pt(2) 106.0(5)


3g
Pt(1)�P(1) 2.273(5) Pt(1)�S(2) 2.356(5) S(2)�C(3) 1.88(3)
Pt(1)�P(2) 2.297(5) Pt(2)�S(1) 2.360(5) S(1)�C(1) 1.74(2)
Pt(1)�S(1) 2.345(5) Pt(2)�S(2) 2.354(4)


Pt(1)�S(1)�Pt(2) 93.82(17) P(1)�Pt(1)�S(1) 93.24(17) C(1)�S(1)�Pt(1) 104.4(8)
Pt(1)�S(2)�Pt(2) 93.67(18) P(1)�Pt(1)�S(2) 175.12(15) C(1)�S(1)�Pt(2) 104.2(9)
S(1)�Pt(1)�S(2) 81.95(17) P(2)�Pt(1)�S(1) 169.13(18) C(3)�S(2)�Pt(1) 109.7(8)
P(1)�Pt(1)�P(2) 97.38(17) P(2)�Pt(1)�S(2) 87.39(17) C(3)�S(2)�Pt(2) 103.9(6)


4
Pt(1)�P(1) 2.300(3) Pt(1)�S(2) 2.361(3) S(1)�C(1) 1.811(14)
Pt(1)�P(2) 2.282(3) Pt(2)�S(1) 2.295(3) S(2)�C(2) 1.834(13)
Pt(2)�P(3) 2.288(3) Pt(2)�S(2) 2.324(3) S(3)�C(3) 1.837(13)
Pt(1)�S(1) 2.381(3) Pt(2)�S(3) 2.325(3) S(3)�C(1J) 1.766(14)


Pt(1)�S(1)�Pt(2) 90.03(10) P(1)�Pt(1)�S(1) 88.37(10) C(2)�S(2)�Pt(1) 111.2(5)
Pt(1)�S(2)�Pt(2) 89.81(10) P(1)�Pt(1)�S(2) 165.80(10) C(2)�S(2)�Pt(2) 97.9(4)
S(1)�Pt(1)�S(2) 80.07(10) P(2)�Pt(1)�S(1) 169.45(10) C(3)�S(3)�Pt(2) 103.0(5)
S(2)�Pt(2)�S(3) 88.13(11) P(2)�Pt(1)�S(2) 94.85(10) C(3)�S(3)�C(1J) 102.6(7)
P(1)�Pt(1)�P(2) 97.85(10) C(1)�S(1)�Pt(1) 102.5(5)
P(3)�Pt(2)�S(3) 96.03(11) C(1)�S(1)�Pt(2) 102.2(5)


6
Pt(1)�P(1) 2.281(2) Pt(1)�S(2) 2.348(2) S(1)�C(1) 1.814(8)
Pt(1)�P(2) 2.299(2) Pt(2)�S(1) 2.352(2) S(2)�C(2) 1.809(8)
Pt(1)�S(1) 2.366(2) Pt(2)�S(2) 2.366(2)


Pt(1)�S(1)�Pt(2) 95.28(5) P(1)�Pt(1)�P(2) 96.69(5) C(1)�S(1)�Pt(1) 109.4(2)
Pt(1)�S(2)�Pt(2) 95.39(5) P(1)�Pt(1)�S(1) 173.81(5) C(1)�S(1)�Pt(2) 101.7(2)
S(1)�Pt(1)�S(2) 82.07(5) P(1)�Pt(1)�S(2) 92.09(5)
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Luminescent Molecular Copper(I) Alkynyl Open Cubes:
Synthesis, Structural Characterization, Electronic Structure, Photophysics,


and Photochemistry


Chui-Ling Chan, Kai-Leung Cheung, Wai Han Lam, Eddie Chung-Chin Cheng,
Nianyong Zhu, Sam Wing-Kin Choi, and Vivian Wing-Wah Yam*[a]


Introduction


The photophysical and photochemical properties of the
cubane-type tetranuclear copper(I) complexes have been ex-
tensively studied for more than two decades. The lumines-
cence behavior of [Cu4X4L4] (X=halide, L=pyridine) was
first reported by Hardt and co-workers.[1] Subsequently,
Oelkrug and co-workers reported the presence of two emis-
sive states in the solid state of [Cu4I4py4], with a low-energy
(LE) yellow emission band prevailing at room temperature
and a high-energy (HE) blue emission band predominating
at lower temperature.[2] The emission properties of the com-
plexes [Cu4I4L4] (L=pyridine, morpholine) in benzene were
studied by Vogler and co-workers, who proposed that the
red luminescence originates from a metal-centered 3d94s1


excited state of copper(I) that has been strongly modified
by Cu–Cu interaction.[3] Later, Ford and co-workers exten-
sively investigated the photophysical and photochemical
properties of the associated classes of clusters.[3b,4] Ab initio
calculations on [Cu4I4py4] supported the assignments that
the HE emission is attributed to an iodide-to-pyridine
charge transfer (XLCT) origin, whereas the LE emission
originates from the cluster-centered (CC) excited state (a
mixture of iodide-to-copper charge transfer (XMCT) and
metal-centered (MC) [d!s/p] orbital parentage).[4b]


Recently, various extensive series of polynuclear cop-
per(I) and silver(I) alkynyl complexes, such as [M3ACHTUNGTRENNUNG(P


_
P)3-


(C�CR)n](3�n)+ (M=Cu, Ag; P
_
P=diphosphine; n=1, 2),


[Cu3ACHTUNGTRENNUNG(dppm)3ACHTUNGTRENNUNG(C�CtBu)Cl]+, [M3ACHTUNGTRENNUNG(dppm)3(C�CC6H4-p-C�C)-
M3ACHTUNGTRENNUNG(dppm)3]


4+ (M=Cu, Ag), [Cu4ACHTUNGTRENNUNG(dppm)4(m4-h
1,h2-C�C)]2+,


and [Cu4 ACHTUNGTRENNUNG(PR3)4ACHTUNGTRENNUNG{(C�C)n-R’}4] [n=1 or 2] were isolated[5,6]


and their luminescence properties subjected to detailed in-
vestigations.[6] These complexes all exhibit intense and long-
lived luminescence upon photoexcitation. In view of the in-
teresting structural and photophysical properties of these
classes of complexes and as an extension of our previous
communication on a tetranuclear copper(I) alkynyl com-
plex, [Cu4 ACHTUNGTRENNUNG(PPh3)4(m3-h


1,h1,h2-C�C-p-MeOC6H4)3]PF6 (1),
which has an unusual open-cube structure,[7] we report
herein the synthesis, characterization, and photophysical and
photochemical properties of a series of related tetranuclear
copper(I) open cubes, [Cu4ACHTUNGTRENNUNG(PR3)4(m3-h


1,h1,h2-C�CR’)3]PF6


Abstract: A novel class of tetranuclear
copper(I) alkynyl complexes with an
“open-cube” structure was synthesized.
The crystal structure of [Cu4{PACHTUNGTRENNUNG(p-
MeC6H4)3}4(m3-h


1,h1,h2-C�C-p-MeO-
C6H4)3]PF6 was determined. These
complexes were found to display dual
emission behavior. Through systematic
comparison studies on the electronic


absorption and photoluminescence
properties of a series of [Cu4ACHTUNGTRENNUNG(PR3)4(m3-
h1,h1,h2-C�CR’)3]+ complexes, together
with density functional theory (DFT)


calculations at the PBE1PBE level on
the model complex [Cu4ACHTUNGTRENNUNG(PH3)4-
(m3-h


1,h1,h2-C�C-p-MeOC6H4)3]
+ , the


nature of their emission origins was
probed. Their photochemical proper-
ties were also investigated by oxidative
quenching experiments and transient
absorption spectroscopy.
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density functional calculations ·
luminescence · photochemistry
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(R=Ph, R’=p-EtOC6H4 (2), p-nBuOC6H4 (3), p-nHex-
OC6H4 (4), p-nHeptOC6H4 (5), p-MeC6H4 (6), p-nBuC6H4


(7), p-nHexC6H4 (8), p-nHeptC6H4 (9), p-nOctC6H4 (10), p-
PhC6H4 (11), p-ClC6H4 (12), C4H3S (13); R’=p-MeOC6H4,
R=p-MeC6H4 (14), p-CF3C6H4 (15)) (Scheme 1). It is hoped
that through a systematic and judicious choice of alkynyl li-


gands and ancillary phosphine ligands, together with DFT
calculations, further insight into the role played by these li-
gands in the spectroscopic origin of this class of complexes
could be provided. The excited-state properties were also in-
vestigated by oxidative quenching experiments and transient
absorption spectroscopy.


Results and Discussion


Synthesis and Characterization


Reaction of [Cu ACHTUNGTRENNUNG(MeCN)4]PF6 with triaryl phosphine (PR3)
and the appropriate gold(I) alkynyl polymer, [AuACHTUNGTRENNUNG(C�CR’)]1
in dichloromethane under a stream of dry nitrogen afforded
the tetranuclear copper(I) alkynyl complexes, [Cu4ACHTUNGTRENNUNG(PR3)4(m3-
h1,h1,h2-C�CR’)3]PF6. All the newly synthesized copper(I)
complexes appear as pale yellow crystals, which are both
air- and moisture-stable in the solid state. However, they are
stable only for a few weeks in the absence of light in solu-
tion in dichloromethane and acetone, with the exception of
the 4-chlorophenylalkynyl counterpart which is only stable
for 3–4 days. Moreover, in the course of the preparation of


these tetranuclear copper(I) alkynyl complexes, [Au-
ACHTUNGTRENNUNG(PPh3)2]


+ was isolated as a by-product.
All the newly synthesized copper(I) complexes gave satis-


factory elemental analyses, and were characterized by
1H NMR spectroscopy, IR spectroscopy, and positive-ion
FAB and ESI mass spectrometry.
The IR spectra of all the copper(I) alkynyl complexes re-


vealed a strong band at �840 cm�1, characteristic of PF6
- ab-


sorption. The C�C stretching modes were, however, too
weak to be observed.
The positive-ion FAB and ESI mass spectra of all the cop-


per(I) alkynyl complexes showed similar patterns. In most
of the mass spectra, peaks corresponding to the respective
{[Cu4ACHTUNGTRENNUNG(PR3)4 ACHTUNGTRENNUNG(C�CR’)3]}+ ions appeared. An exception was
found for 15 for which the mass peak of the parent cation
([M�PF6]+) was not observed, which may be attributed to
the relatively more labile nature of the trifluoromethylphen-
yl-substituted phosphine as a result of its poorer electron-
donating properties. Instead, peaks corresponding to the
[Cu3{P(p-CF3C6H4)3}3(C�C-p-MeOC6H4)3]


+ and [Cu4{P(p-
CF3C6H4)3}2(C�C-p-MeOC6H4)3]


+ ion clusters were ob-
served in the FAB and ESI mass spectra, respectively.
In addition, the X-ray crystal structures of 1 and 14 were


determined. The X-ray crystal structure of 1 has already
been communicated.[7] Single crystals of 14 were obtained
by slow vapor diffusion of diethyl ether into a concentrated
solution of the complex in dichloromethane. Figure 1 depicts
the perspective view of the complex cation of 14 with its
atomic numbering scheme; the crystal and structure-deter-
mination data as well as selected bond distances and angles
are summarized in Table 1 and Table 2, respectively. Both
crystal structures revealed that the complex cation adopts
an open-cube structure, that is, a cubane structure similar to


Abstract in Chinese:


Scheme 1. Tetranuclear copper(I) alkynyl “open-cube” complexes.


Figure 1. Perspective drawing of the complex cation of 14 with atomic
numbering scheme. Thermal ellipsoids are shown at the 30% probability
level. Hydrogen atoms and the tolyl groups have been omitted for clarity.
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that of [Cu4X4L4] (X=halogen, L=N, P as donor; X=al-
kynyl, L=P donor)[6a–c,8] but with a vertex missing. Such an
open-cube structure, which is known to exist in a number of
metal clusters such as those of iron and molybdenum, is
rarely found in copper(I).[9] To the best of our knowledge, in
addition to the previously communicated complex 1,[7] the
only known examples reported are those found in [Cu4Cl-
ACHTUNGTRENNUNG(PPh2)3ACHTUNGTRENNUNG(PPh2nPr)3]


[10a] and [Cu4Cl ACHTUNGTRENNUNG(PPh2)3 ACHTUNGTRENNUNG(PMe3)4],
[10b] with


no precedents in alkynyl complexes. The complex cation of
14 consists of a puckered Cu3C3 six-membered ring, which is
bridged by a central Cu1 and three alkynyl groups in m3-
bridging modes. The Cu1�Cu2, Cu1�Cu3, and Cu1�Cu4 dis-
tances of 2.4607(9)–2.4791(10) P are found to be much
shorter than the Cu···Cu distances found within the Cu3C3


ring (3.80–3.88 P). This suggests the electron-deficient
nature of the three-center-two-electron Cu1�C�Cu bonding.
The slightly longer Cu···Cu distances in 14 than those in 1
(2.446(2)–2.467(2) P) are in line with the higher electron
richness of the ancillary phosphines. The acute Cu1�C�Cu
angles of 71.65(16)–72.71(18)8 further indicate the electron
deficiency of these three-center-two-electron bonds. The
copper atoms in the Cu3C3 ring, on the other hand, are rela-
tively less electron-deficient owing to possible p-electron


donation by side-on coordination of the C�CR’ ligand to
each of the copper centers in the ring. Interestingly, the
structure of 14 differs from that of the related organocop-
per(I) cluster, [Cu4{PACHTUNGTRENNUNG(p-MeC6H4)3}4(m3-h


1-C�CPh)4],[5b]
which has a distorted close-cubane geometry. The Cu···Cu
distances found in 14 [2.4607(9)–2.4791(10) P] are compara-
ble to those found in [Cu4Cl ACHTUNGTRENNUNG(PPh2)3ACHTUNGTRENNUNG(PMe3)4] [2.4836(8)–
2.5345(8) P],[10b] but much shorter than those found in
close-cubane-type complexes such as [CuACHTUNGTRENNUNG(PPh3)X]4 (X=Cl,
Br, I) [2.874(5)–3.541(2) P][8b,d] and [Cu4ACHTUNGTRENNUNG(PAr3)4(m3-h


1-
C�CPh)4] (Ar=Ph, p-FC6H4F, p-MeC6H4) [2.5092(5)–
2.6635(8) P].[5b] Such short Cu···Cu distances are not uncom-
mon in organocopper systems, particularly those that are
electron deficient, and may not necessarily indicate a metal–
metal interaction.[11] The presence of side-on p bonding be-
tween the C�C groups and the copper(I) centers gives rise
to the bent C�C�C geometry (C1�C2�C3 163.7(6)8, C10�
C11�C12 159.6(5)8, C19�C20�C21 161.9(5)8).
In view of the electron-deficient nature and the interest-


ing open-cube structures of 1–15, attempts to utilize these
complexes as precursors to synthesize close-cubane-type
complexes through the ligation of an additional anionic
ligand, such as an alkynyl or a thiolate, to the unoccupied
vertex were made but have been unsuccessful so far.


Electronic Absorption Spectroscopy


All the copper(I) alkynyl complexes are soluble in dichloro-
methane and give pale-yellow solutions. The electronic ab-
sorption spectral data are collected in Table 3. The electron-
ic absorption spectra of all the copper(I) alkynyl complexes


Table 1. Crystal and structure determination data for 14.


Formula C111H105Cu4F6O3P5·
1=2H2O


FW 2018.97
T [K] 301(2)
a [P] 15.720(3)
b [P] 29.485(6)
c [P] 22.687(5)
b [deg] 98.26(3)
V [P3] 10406(4)
Crystal system monoclinic
Space group P21/n (No. 14)
Z 4
F ACHTUNGTRENNUNG(000) 4180
1calcd [gcm


�3] 1.289
Crystal color/shape pale yellow crystal
Crystal dimensions [mm] 0.40R0.40R0.15
l [P] (graphite monochromat-
ed, MoKa)


0.71073


M [cm�1] 9.43
V range for data collection 1.48 to 25.508
Index ranges h : �18 to 18; k : �35 to 35, l : �27 to 26
Data collection mode 28 oscillation (101 images), 120-mm


distance, 300-s exposure
No. of data collected 48264
No. of unique data 15613
Rint 0.0508
No. of data used in refinement
[n]


15613


No. of parameter refined [p] 1163
R(Fo)


[a] 0.0547
Rw(Fo)


[b] 0.1584
S[c] 0.942
Maximum shift [(D/s)max] 0.003 (av. 0.001)
Residual extrema in final
difference map [eP�3]


1.782, �0.736


[a] Rint=� j jFo j� jFc j j /� jFo j . [b] Rw= {�[w(F
2
o�F2


c)
2]/�[w(F2


o)
2]}1/2 with


w=1/[s2(F2
o)+ (aP)


2+bP], where P= [2F2
c+Max(F


2
o,0)]/3. [c] S=


{�[w(F2
o�F2


c)
2]/(n�p)}1/2.


Table 2. Selected bond lengths [P] and bond angles [deg] for 14 with es-
timated standard deviations in parentheses.


Bond lengths (P)


Cu1�C1 2.063(6) Cu3�C1 2.054(5)
Cu1�C19 2.099(5) Cu3�C10 2.105(5)
Cu1�C10 2.109(5) Cu3�C11 2.151(6)
Cu1�P1 2.2544(16) Cu3�P3 2.2358(16)
Cu1�Cu4 2.4607(9) Cu4�C10 2.041(5)
Cu1�Cu3 2.4660(9) Cu4�C19 2.109(5)
Cu1�Cu2 2.4791(10) Cu4�C20 2.128(5)
Cu2�C19 2.026(6) Cu4�P4 2.2281(15)
Cu2�C1 2.089(5) C1�C2 1.236(7)
Cu2�C2 2.139(6) C10�C11 1.231(7)
Cu2�P2 2.2333(15) C19�C20 1.238(7)


Bond angles (deg)


C2�C1�Cu3 137.8(4) Cu3�C10�Cu1 71.65(16)
C2�C1�Cu1 147.6(4) Cu4�C10�Cu1 72.71(18)
Cu3�C1�Cu1 73.58(19) C10�C11�C12 159.6(5)
C2�C1�Cu2 75.2(3) C10�C11�Cu3 71.1(3)
Cu3�C1�Cu2 137.6(3) C20�C19�Cu2 143.7(4)
Cu1�C1�Cu2 73.32(17) C20�C19�Cu1 142.0(4)
C1�C2�C3 163.7(6) Cu2�C19�Cu1 73.86(19)
C1�C2�Cu2 70.8(4) C20�C19�Cu4 73.9(3)
C11�C10�Cu4 140.2(4) Cu2�C19�Cu4 133.3(3)
C11�C10�Cu3 75.3(4) Cu1�C19�Cu4 71.59(15)
Cu4�C10�Cu3 138.3(3) C19�C20�C21 161.9(5)
C11�C10�Cu1 146.3(4) C19�C20�Cu4 72.2(3)


Chem. Asian. J. 2006, 1 – 2, 273 – 286 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 275


Luminescent Molecular Copper(I) Alkynyl Open Cubes







at 298 K are characterized by a
high-energy absorption band
at �252–270 nm and a band
at �328–340 nm with a tail ex-
tending to 400 nm. Additional
shoulders are observed for
complexes 5–11 and 15 at
�268–282 nm, with vibrational
progressional spacings of
�1100–1300 cm�1, which are
typical of the skeletal vibra-
tional modes of the aromatic
rings. The high-energy absorp-
tion band at �252–260 nm is
assigned as the intraligand
transition of the phosphine li-
gands as the free ligands also
absorb strongly in this region.
The only absorption spectral
feature unique to these open-
cube complexes is the long-
wavelength absorption at
�328–340 nm that tails to
�400 nm. These low-energy
absorptions may be due to
metal-to-ligand charge transfer
(MLCT) [3d(Cu)!
p* ACHTUNGTRENNUNG(C�CAr)] (Ar=aromatic
ring), metal-perACHTUNGTRENNUNGturbed intrali-
gand (IL) [p!p* ACHTUNGTRENNUNG(C�CAr)],
ligand-to-metal charge transfer
(LMCT) [pACHTUNGTRENNUNG(C�CAr)!
4s/p(Cu)], and metal-centered
(MC) [3d!4s/p(Cu)] transi-
tions. However, since the ab-
sorption patterns are rather
broad and featureless, the ab-
sorption spectra provide no
convincing evidence about the
nature of the transitions in-
volved, and no further attempts
were made to assign these LE
bands unambiguously.


Steady-State Emission Spectroscopy


Excitation of solid or fluid solutions of all the open-cube
copper(I) alkynyl complexes at l>350 nm produced long-
lived, intense luminescence. Their photophysical data are
tabulated in Table 3. The solid state emission spectra of rep-
resentative complexes 4 and 10 at 298 K and 77 K are dis-
played in Figure 2 and Figure 3, respectively. The solid-state
emission spectra of all the open-cube complexes show a
high-energy emission band at �443–541 nm. The intense
high-energy bands are structured at 77 K with vibrational
progressional spacings of �1200–1640 cm�1, typical of the
n ACHTUNGTRENNUNG(CPC) stretches in the ground state.


Table 3. Photophysical and electrochemical data for the tetranuclear copper(I) alkynyl open-cube complexes.


Complex lmax [nm] Emission
(emax [dm


3mol�1 cm�1])[a] Medium (T [K]) lem [nm] (t0 [ms])


1[b] 252 sh (88550), 330 (48925) solid (298) 445, 630 (20.7)
solid (77) 445
CH2Cl2 (298) 675 (2.7)


2 256 sh (132190), 336 (26670) solid (298) 455, 627 (7.5)
solid (77) 448, 465
CH2Cl2 (298) 668 (2.4)


3 258 sh (99310), 334 (43500) solid (298) 453, 485 (2.6)
solid (77) 449, 470
CH2Cl2 (298) 670 (1.7)


4 260 sh (78260), 332 (45750) solid (298) 453, 623 (5.7)
solid (77) 446, 482
CH2Cl2 (298) 670 (2.5)


5 258 sh (99370), 278 (49410),
332 (39610)


solid (298) 455 (8.76), 630 (3.22)
solid (77) 446, 483
CH2Cl2 (298) 670 (2.84)


6 254 sh (67640), 268 sh (52680),
276 sh (50890), 330 (36920)


solid (298) 458 (1.28), 633 (3.74)
solid (77) 453, 487, 665
CH2Cl2 (298) 666 (2.84)


7 254 sh (87450), 274 (40150),
334 (29790)


solid (298) 449, 480 (7.6)
solid (77) 446, 484
CH2Cl2 (298) 665 (3.7)


8 256 sh (96540), 282 (48870),
328 (59890)


solid (298) 456, 626 (4.3)
solid (77) 448, 485
CH2Cl2 (298) 668 (3.9)


9 258 sh (75370), 281 (45280),
328 (37480)


solid (298) 455, 634 (5.7)
solid (77) 450, 500
CH2Cl2 (298) 670 (4.0)


10 258 sh (85290), 278 (69350),
326 (41590)


solid (298) 450, 482 (9.5)
solid (77) 448, 480
CH2Cl2 (298) 664 (3.6)


11 252 sh (66360), 276 sh (59070),
286 sh (57270), 340 (62620)


solid (298) 509, 541 (7.83)
solid (77) 500, 540
CH2Cl2 (298) 675 (3.56)


12 254 sh (59510), 334 (44430) solid (298) 461, 490 (30.0)
solid (77) 456, 492
CH2Cl2 (298) 666 (3.32)


13 270 sh (39060), 278 sh (33210),
298 sh (25270), 314 (16930),
342 (9960)


solid (298) 549 (11.7), 665 (5.7)
solid (77) 546, 660
CH2Cl2 (298) 700 (2.0)


14 258 sh (93180), 332 (15090) solid (298) 466, 483 (8.7)
solid (77) 454, 495
CH2Cl2 (298) 670 (3.1)


15 260 sh (62370), 278 (49510),
328 (21570)


solid (298) 444 (5.6), 631 (0.7)
solid (77) 440, 479
CH2Cl2 (298) 680 (2.4)


[a] Absorption in CH2Cl2 at 298 K. [b] From reference [7].


Figure 2. Solid-state emission spectra of 4 at 298 K (c) and 77 K
(g).
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For some of the open-cube complexes such as 1, 2, 4, 5, 6,
8, 9, 13, and 15, an additional low-energy emission band at
�623–665 nm was observed in the solid-state emission spec-
tra. These two emissions were believed to have different ori-
gins as their excitation spectra were substantially different
despite some overlap in the spectra. For example, complex 6
exhibits excitation band maxima at �400 and �350 nm for
the green and orange emissions, respectively. The results in-
dicate that the Stokes shift for the low-energy emission is
considerably larger than that for the high-energy emission,
as the excitation band corresponding to the low-energy
emission is at a higher energy than that of the high-energy
emission. A similar observation was also made in the
[Cu4I4L4] system.


[4]


In contrast, all the open-cube complexes exhibit only the
orange phosphorescence in solution in dichloromethane at
ambient temperature. The emission spectrum of 10 in di-
chloromethane is depicted in Figure 4 as a representative
example. All the spectra show a single structureless band
centered at �665–700 nm. The consistent red shift in the
emission energy of such orange phosphorescence in fluid
solutions of 1, 2, 4, 5, 6, 8, 9, 13, and 15 compared to that in
solid samples of the respective complexes is indicative of
the presence of rigidochromism. The lifetime of the excited
state in the microsecond range suggests that the emission is
most likely associated with a spin-forbidden transition from
a triplet state. The observation of a single emission band
and the close analogies of the photophysical properties of


these complexes in solution further confirm that the com-
plexes maintain their molecular integrity and remain intact
in solution.
In general, the high-energy emission energies follow an


order with R’=alkoxyphenyl�alkylphenyl>chlorophenyl>
biphenyl> thienyl. This trend is in agreement with the
energy gap between the p and p* orbitals of the substituted
ethynyl ligands. Attachment of an electron-donating group
such as alkyl and alkoxy to the phenylethynyl ligand would
give rise to a larger p–p* energy gap, whereas an extended
p conjugation in biphenylethynyl would lower the p–p*
energy gap. The thienyl group is expected to have a smaller
p-p* energy gap than the aryl moieties owing to the weaker
p-bonding interaction of the C�S bond relative to the C�C
bond, resulting from the poor p overlap between the more
diffuse S 3p and C 2p orbitals. Therefore, it is possible that
this high-energy emission originates from the intraligand p–
p* state of the alkynyl ligand. Nevertheless, one could not
eliminate the possibility of an emission origin that has a sub-
stantial MLCT [Cu!p* ACHTUNGTRENNUNG(RC�C)] character.
An involvement of copper(I) character in the LUMO


could be inferred from the emission energy trend of the
low-energy orange phosphorescence in dichloromethane:
14�1>15, in which the more-electron-rich phosphine li-
gands would render the copper(I) centers more electon-rich
and hence make the associated metal-centered acceptor or-
bitals higher-lying in energy. Furthermore, for the complexes
with the ancillary PPh3 ligands, the energy of the orange
emission in CH2Cl2 at 298 K follows the order R’=chloro-
phenyl�alkylphenyl>alkoxyphenyl>biphenyl> thienyl, in
line with an assignment of an emissive state derived from a
LMCT [p ACHTUNGTRENNUNG(C�CAr)!4s/p(Cu)] origin. The large Stokes shift
of this low-energy emission implies a significant distortion
of the associated excited state relative to the ground state. It
could be possible that such an excited state involves the
population of electron density in the bonding orbital with
respect to the Cu···Cu interactions within the Cu4 cluster
core, causing a significant structural distortion of the Cu4
core. With reference to the spectroscopic works by the
groups of Vogler, Ford, and Yam on the related polynuclear
copper(I) systems,[3–5] it is likely that the low-energy emis-
sion originates from the LMCT [RC�C·!Cu4] excited
states, mixed with the copper(I)-centered d-s/d-p characters
that have been modified by Cu···Cu interaction owing to
configurational mixing of the filled orbitals of 3d parentage
with the appropriate empty orbitals derived from the higher
energy 4 s and 4p atomic orbitals of the tetrameric copper
unit (d!s/d!p), or alternatively, the metal cluster-centered
excited states. A detailed assignment of the spectroscopic
origins will be discussed in light of the studies on the elec-
tronic structures by DFT calculations.


Electronic Structure Calculations


In view of the interesting solid-state dual luminescence be-
havior found in some of the complexes and the large Stokes
shift observed for the low-energy band at �623–665 nm,


Figure 3. Solid-state emission spectrum of 10 at 298 K (c) and 77 K
(g).


Figure 4. Emission spectrum of 10 in degassed dichloromethane at 298 K.
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DFT calculations at the PBE1PBE level were employed to
study the electronic structures of the ground and excited
states of this class of tetranuclear copper(I) alkynyl open-
cube complexes, and to provide some insight into the extent
of the distortion in the excited states relative to that of the
ground state. To decrease the time and costs of computation,
a model complex [Cu4ACHTUNGTRENNUNG(PH3)4(m


3-h1,h1,h2-C�C-p-
MeOC6H4)3]


+ (1a) was employed to mimic 1, in which all
the phenyl rings on the phosphine ligands were replaced by
hydrogen atoms. Geometry optimizations of 1a were per-
formed both in the presence and absence of a C3-symmetry
constraint (taking the C3 axis to be along the Cu1�P1 bond),
from which both cases led to the same resultant geometry
and energy. Thus only the electronic structure of 1a with the
C3 symmetry will be discussed. Figure 5 depicts the calculat-


ed geometry for 1a, where the open-cube structure is repro-
duced. Selected calculated structural parameters for 1a and
comparison with the crystal structural data of 1 are also
shown in Figure 5. The optimized structural parameters are
in excellent agreement with the experimental values, indicat-
ing that the model and the level of theory that we applied
are appropriate and reliable. On the basis of the experimen-
tal and calculated structural parameters, a simple bonding
picture for the tetranuclear copper open-cube cluster is sug-
gested (Scheme 2). The central copper atom exhibits distort-
ed tetrahedral geometry and is coordinated by a phosphine
ligand as well as three three-center-two-electron bonds
among the Cucenter, Ca, and Cuperipheral atoms. On the other


hand, the three peripheral
copper atoms have a distorted
trigonal-planar arrangement,
with each of them coordinated
by a phosphine ligand and a
three-center-two-electron bond
originating from side-on
p bonding of the C�C unit.
The selected frontier orbi-


tals, together with their per-
centage contributions estimat-
ed from the Mulliken popula-
tion analysis, are shown in
Figure 6. The three highest oc-
cupied and three lowest unoccupied orbitals were found to
be localized mainly on the C�C-p-MeOC6H4 units, with
small to moderate contributions (�10–33%) from the
copper orbitals. The occupied orbitals can be described as a
linear combination of the three highest-occupied p orbitals
of the C�C-p-MeOC6H4 units, forming the high-energy de-


Figure 5. Selected structural parameters for 1a (C3 symmetry) optimized
at the PBE1PBE level of theory, together with the experimental structur-
al parameters of 1 in parentheses. The distances and angles are in P and
degrees, respectively. Hydrogen atoms are omitted for simplicity.


Scheme 2. Simplified bonding
picture for 1–15.


Figure 6. Spatial plots (isovalue=0.03) of the three HOMOs and three
LUMOs for 1a at the ground-state optimized geometry, with their orbital
energy (eV) in square brackets. The percentage contributions are ex-
pressed in terms of the four copper atoms (Cu), four phosphine ligands
(PH3), and three C�C-p-MeOC6H4 ligands in parentheses (Cu: PH3: C�
C-p-MeOC6H4).
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generate orbitals of e symme-
try and a low-energy orbital of
a symmetry, whereas the unoc-
cupied orbitals are the linear
combinations of the three p*
orbitals of the C�C-p-
MeOC6H4 units, forming the
low-energy degenerate orbitals
of e symmetry and a high-
energy orbital of a symmetry.
On the basis of the frontier or-
bitals of 1a, the lowest energy
absorptions of [Cu4 ACHTUNGTRENNUNG(PR3)4(m


3-
h1,h1,h2-C�CR’)3]+ are mainly
from the IL [p–p*] transitions
of the C�CR’ ligand.
The luminescence lifetimes


of complexes 1–15 in the mi-
crosecond range indicate that
both emissions originate from
excited states of triplet parent-
age. Since the three highest oc-
cupied orbitals and lowest un-
occupied orbitals are all close
in their orbital energies, it is
hard to predict which excita-
tion would correspond to the
lowest-energy excited state. In
view of this, the lowest-energy
triplet excited state was calcu-
lated by using time-dependent
(TD) DFT based on the
ground-state optimized geome-
try of 1a. It has been found
that this state is multiconfi-
gurational, involving mainly
[HOMO!LUMO],
[HOMO�1!LUMO+1], and
[HOMO�2!LUMO+2] exci-
tations with transition coeffi-
cients of �0.32, �0.42, and 0.42, respectively. On the basis
of the three main excitations in the T1 state obtained from
TD-DFT calculations, the unrestricted Kohn–Sham ap-
proach (UPBE1PBE) was used to optimize the three triplet
excited states in order to determine the energy and relative
ordering of the triplet excited states at relaxed molecular ge-
ometries.
The optimizations involving [HOMO!LUMO] excitation


with no symmetry constraint display small geometrical
changes, relative to that of the ground state. Figure 7a
shows the optimized structure of the triplet state from
[HOMO!LUMO] excitations and selected changes in the
structural parameters relative to that of the ground state.
The major geometrical changes occur mainly in one of the
C�C-p-MeOC6H4 units and some of the Cu�C bond
lengths. Inspection of the two singly occupied molecular or-
bitals (SOMO) of the optimized triplet excited state from


[HOMO!LUMO] excitation (Figure 8a) reveals that the
lower- and higher-energy SOMOs are contributions mainly
from p and p* orbitals of the C�C-p-MeOC6H4 units, re-
spectively, each with some participation from the metal orbi-
tals. This provides a clear indication that the excited state
contained the metal perturbed IL [p!p*(C�C-p-
MeOC6H4)] character. Attempts to optimize the excited
state involving the [HOMO�1!LUMO+1] excitation
failed. Optimization started with an initial guess for
[HOMO�1!LUMO+1] excited state led to a geometry
close to that obtained from the calculations based on the
[HOMO!LUMO] excited state.
Optimization of the triplet state involving [HOMO�2!


LUMO+2] excitation has led to a significant structural dis-
tortion relative to that of the ground state, and this excited
state is slightly higher in energy than the 3IL [HOMO!
LUMO] excited state by 2.3 kcalmol�1.[12] Figure 7b illus-


Figure 7. Selected structural parameters of the optimized a) [HOMO!LUMO] and b) [HOMO�2!LUMO+


2] triplet excited states with the change in structural parameters with respect to the ground state in parenthe-
ses. Bond lengths and angles are in P and 8, respectively. Hydrogen atoms are omitted for simplicity.
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trates the optimized geometry of the triplet excited state of
1a derived from [HOMO�2!LUMO+2] excitation. Such
distortion is illustrated in Scheme 3 and can be described as


an “umbrella-opening” distortion (as under a strong wind),
which has been previously discussed in tetracoordinate tran-
sition-metal complex distortions.[13] The central Cu1 atom is
surrounded by one phosphine ligand and three peripheral
copper atoms with side-on p-bonding coordination from the
C�C-p-MeOC6H4 units, forming a distorted Cu4 tetrahe-
dron. The excited-state structure is distorted in such a way
that all the three P1�Cu1�Cu bond angles are opened up by
22.5–24.28 and the Cu···Cu distances within the bottom tri-
angular face (DCu2–Cu2’–Cu2’’) are significantly shortened
by 1.047–1.061 P (Figure 8b) relative to the ground-state ge-
ometry.
To understand the significant distortion in this excited


state, the two SOMOs of the triplet state from
[HOMO�2!LUMO+2] excitation are shown in Figure 8b.
The lower-energy SOMO is mainly the contribution from
the p orbitals of the C�CAr units, with the metal orbitals
contributing to a lesser extent. The higher-energy SOMO is
mainly constituted of the in-phase combination of the sp-hy-
bridized orbitals at the three peripheral Cu centers in the


distorted trigonal-planar geom-
etry, pointing outward from the
bottom Cu3 triangular face of
the distorted Cu4 tetrahedron,
and the three p* orbitals of the
three C�C-p-MeOC6H4 li-
gands. The p orbitals at the a


and b alkynyl carbon atoms
have positive and negative
overlaps with the in-phase
combination, respectively, in
this higher-energy SOMO, and
a simplified bonding picture is
given in Scheme 4. Upon the
population of electron density
in this orbital, it is expected that the three Cu�Ca bond
lengths and Cu···Cu separations amongst DCu2–Cu2’–Cu2’’
are shortened, whereas the Cu�Cb bonds are lengthened,
relative to those in the ground state (Figure 8b). Such re-
sults indicate that the triplet state derived from
[HOMO�2!LUMO+2] excitation exhibits both the
LMCT [p(C�C-p-MeOC6H4)!4 s/p(Cu)] and MC [3d!4s/
p(Cu)] characters, or alternatively, a 3LMCT excited state
mixed with metal cluster-centered character (3LMCT/3MC),
as both excitations would give rise to an excited-state struc-
ture with distortions mainly localized within the cluster core.
The theoretical emission maxima of the 3IL and


3LMCT/3MC triplet excited states of 1a, estimated from the
differences between the triplet- and ground-state energies at
their corresponding excited-state equilibrium geometries,
are 516 nm and 633 nm, respectively. These results match
well with the high-energy emission band at 445 nm and low-
energy emission band at 630 nm in 1 upon photoexcitation.
Furthermore, the structural distortion energies of the 3IL
and 3LMCT/3MC states, which are calculated as the differ-
ence between the ground-state and excited state energies at
the corresponding excited-state equilibrium geometries, are
10 and 23 kcalmol�1, respectively. These indicate that the
3LMCT/3MC excited state exhibits more significant structur-
al distortion than that for the 3IL state, which is in good
agreement with the observation of a larger Stokes shift in
the low-energy emission band. Although the 3LMCT/3MC
state is slightly higher in energy than the 3IL state, the sig-
nificant structural distortion presented at this 3LMCT/3MC
state relative to that of the ground state accounts for the ob-
servation of the low-energy emission derived from it. The
more distorted 3LMCT/3MC excited state could also account
for the observed rigidochromism of the low-energy emission
band, since a more rigid medium would certainly increase
the energy of such a highly distorted excited state.


Photochemical Properties


Oxidative Quenching Studies


The photo-redox behavior of these tetranuclear copper(I)
alkynyl complexes was also investigated. A study of elec-


Figure 8. Spatial plots (isovalue=0.03) of the lowest (left) and highest
(right) SOMOs for 1a at the optimized geometry of the a) [HOMO!
LUMO] and b) [HOMO�2!LUMO+2] triplet excited states.


Scheme 3. Schematic diagram showing the “umbrella-opening” distortion
(as under a strong wind) in the excited state of 1a derived from the
[HOMO�2!LUMO+2] excitation.


Scheme 4. Simple picture of
the higher-energy SOMO in
the [HOMO�2!LUMO+2]
triplet excited state of 1a.
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tron-transfer quenching of the
phosphorescent state of 1 by a
series of structurally related
pyridinium acceptors of varia-
ble reduction potentials, EACHTUNGTRENNUNG(A+/0),
was carried out and communi-
cated.[7] As the triplet-state en-
ergies of these pyridinium salts
are too high for any apprecia-
ble energy-transfer reaction to
occur, the quenching of the ex-
cited state of 1 most probably
occurs through an electron-
transfer mechanism. An excited-state reduction potential,
Eo


ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG(PPh3)4(m3-h
1,h1,h2-C�C-p-MeOC6H4)3


2+ /+*] of
�1.71 V versus that of a saturated sodium chloride calomel
electrode (SSCE) [l=1.36 eV] was estimated by a three-pa-
rameter, nonlinear least-squares fit to Equation (1),


RT
F
ln k0


q ¼
RT
F
lnKkn� l


4
1þ DG�0


l


� �� �2
ð1Þ


which was derived from the Marcus quadratic Equa-
tion (2),[14]


DGz ¼ l


4
1þ DG�0


l


� �� �2
ð2Þ


where kq’ is the rate constant corrected for the diffusional
effects, K=kd/k�d and is approximately 1–2 dm


3mol�1, kd is
the diffusion-limited rate constant (taken to be 1.0R
1010 dm3mol�1 s�1), k is the transmission coefficient, n is the
nuclear frequency, and l is the reorganization energy for
electron transfer, DG� is the free energy of activation, and
DGo’ is the standard free energy change of the reaction cor-
rected for work terms for association of reactants and disso-
ciation of the products, which is given by Equation (3) for
oxidative quenching,


DG� ¼ E� Cu2þ=þ�� �
� E�ðAþ=0Þ þ wr � wp ð3Þ


where wr and wp are work terms for bringing the reactants
and products to the mean separation for reaction. These
work terms are usually very small and are neglected in the
analysis of the electron-transfer-rate data. It is envisaged
that 1 is a strong reductant in the excited state in view of its
highly negative excited-state reduction potential. The close
agreement between the experimental data and the predic-
tion from the Marcus theory suggests that electron transfer
is the predominant luminescence quenching mechanism of
[Cu4ACHTUNGTRENNUNG(PPh3)4(m3-h


1,h1,h2-C�C-p-MeOC6H4)3]
+* and pyridini-


um salts. This is consistent with the prediction that energy
transfer does not contribute to a significant extent, as the
triplet energies of the quenchers are too high for energy
transfer to be competitive with electron-transfer quenching.
Similar studies on 14 have also been performed, and Table 4
summarizes the associated bimolecular rate constants.[15]


The excited-state reduction potential, Eo
ACHTUNGTRENNUNG[Cu4{PACHTUNGTRENNUNG(p-


MeC6H4)3}4(m3-h
1,h1,h2-C�C-p-MeOC6H4)3


2+ /+*], was found
to be �1.76 V versus that of the SSCE [l=1.23 eV]. A plot
of ln kq’ versus Eo


ACHTUNGTRENNUNG(A+/0) for the oxidative quenching of
[Cu4{P ACHTUNGTRENNUNG(C6H4Me-p)3}4(m3-h


1,h1,h2-C�C-p-MeOC6H4)3]
+* is


shown in Figure 9. It can be concluded that 14 is an even


stronger reductant in the excited state than 1, consistent
with the fact that the presence of the more-strongly elec-
tron-donating tolyl groups in 14 than the phenyl rings in 1
increases the electron-richness of the copper(I) centers and
hence results in a more-negative excited-state reduction po-
tential.


Transient Absorption Spectroscopy


In order to establish the electron-transfer nature of this
quenching reaction, nanosecond transient absorption spec-
troscopic study was carried out to provide direct spectro-
scopic evidence for such a mechanism. Laser flash photolysis
of a degassed solution of 1 (3.8R10�5 moldm�3) in acetone
(0.1 moldm�3 nBu4NPF6) with 4-methoxycarbonyl-N-meth-
ylpyridinium hexafluorophosphate (5.0R10�3 moldm�3) gen-
erated the transient absorption difference spectrum shown
in Figure 10. It is dominated by two absorption bands, one
at �400 nm, and a lower-intensity broad absorption band at


Table 4. Bimolecular rate constants for the oxidative quenching of [Cu4{P(p-MeC6H4)3}4(m3-h
1,h1,h2-C�C-p-


MeOC6H4)3]
+* by pyridinium acceptors in degassed acetone (0.1 moldm�3 nBu4NPF6).


Quencher[a] E(A+ /0)[b]


[V vs. SSCE]
kq
[dm3mol�1 s�1]


kq’
[c]


[dm3mol�1 s�1]
ln kq’


4-cyano-N-methylpyridinium �0.67 4.07R109 6.88R109 22.65
4-methoxycarbonyl-N-methylpyridinium �0.78 3.92R109 6.46R109 22.59
4-aminoformyl-N-ethylpyridinium �0.93 1.58R109 1.88R109 21.35
3-aminoformyl-N-methylpyridinium �1.14 3.19R108 3.30R108 19.61
N-ethylpyridinium �1.36 6.29R107 6.33R107 17.96
4-methyl-N-methylpyridinium �1.49 3.88R106 3.88R106 15.17


[a] All the compounds are hexafluorophosphate salts. [b] From reference [15]. [c] (1/kq’)= (1/kq)�(1/kd) where
kd is the diffusion-limited rate constant, taken to be 1.0R10


10 dm3mol�1 s�1.


Figure 9. Plot of ln kq’ versus E ACHTUNGTRENNUNG(A+/0) for the oxidative electron-transfer
quenching of [Cu4{P ACHTUNGTRENNUNG(p-MeC6H4)3}4(m3-h


1,h1,h2-C�C-p-MeOC6H4)3]
+* by


pyridinium acceptors in degassed acetone (0.1 moldm�3 nBu4NPF6): (*)
experimental; (c) theoretical.
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�750 nm. The high-energy absorption band is characteristic
of the pyridinyl radical and matches well with the reported
spectrum of the 4-methoxycarbonyl-N-methylpyridinyl radi-
cal.[16] The mechanism for the photoinduced reaction is pro-
posed in Scheme 5.
The 750-nm absorption band was not typical of the pyri-


dinyl radical, but should be characteristic of the one-elec-
tron oxidized form of the cluster, [CuICuICuICuII ACHTUNGTRENNUNG(PPh3)4(m3-
h1,h1,h2-C�C-p-MeOC6H4)3]


2+ . The extinction coefficient of
the band was estimated to be �2800 dm3mol�1 cm�1, assum-
ing that both [Cu4ACHTUNGTRENNUNG(PPh3)4(m3-h


1,h1,h2-C�C-p-MeOC6H4)3]
+


and [Cu4 ACHTUNGTRENNUNG(PPh3)4(m3-h
1,h1,h2-C�C-p-MeOC6H4)3]


2+ do not
undergo significant absorption at �400 nm. A probable as-
signment for this absorption is the intervalence-transfer (IT)
transition:


CuICuICuICuII þ hn ! CuICuICuIICuI�


There have been a number of reports on the observation
of intervalence-transfer transitions in a variety of mixed-va-
lence copper ACHTUNGTRENNUNG(I,II) systems. For example, the 756-nm absorp-


tion band (e=5000 dm3mol�1 cm�1) of a dinuclear complex
[CuICuIIL]3+ with a macrocyclic ligand L=N(CH2CH2N=C�
C=NCH2CH2)3N has been assigned as an intervalence-trans-
fer transition.[17a] A similar assignment was also suggested in
other mixed-valence CuICuII systems with thiolato,[17b]


halo[17c] , and other N,O-containing macrocyclic ligands.[17d,e]


Similar low-energy transient-absorption bands in the near-
infrared region for the mixed-valence copper species were
also observed in the photoinduced electron-transfer reac-
tions of a series of trinuclear alkynylcopper(I) and tetranu-
clear copper(I) chalcogenido complexes with various pyridi-
nium acceptors by using nanosecond transient absorption
difference spectroscopy, and their origin was attributed to
IT transitions.[5a,c,18]


Furthermore, the transient absorption spectroscopic stud-
ies can also provide important information on the back-elec-
tron-transfer (bet) reaction. The decay trace of the 400-nm
absorption band, which is due to the absorptions of the pyri-
dinyl radical, displayed absorption signals that returned to
the baseline eventually, indicative of no substantial side re-
actions, other than that of back electron transfer (inset in
Figure 10). A plot of [1/DA] versus time gave a straight line
(Figure 11), indicating that the decay followed second-order


Figure 10. Transient absorption difference spectrum recorded 2 ms after
laser flash for the reaction of [Cu4 ACHTUNGTRENNUNG(PPh3)4(m3-h


1,h1,h2-C�C-p-
MeOC6H4)3]


+* and 4-methoxycarbonyl-N-methylpyridinium in degassed
acetone (0.1 moldm�3 nBu4NPF6). The insert shows the decay trace of
the pyridinyl radical at 400 nm.


Scheme 5. Photoinduced oxidative electron-transfer mechanism for the reaction of 1 with 4-methoxycarbonyl-N-methylpyridinium acceptor.


Figure 11. Plot of (1/DA) versus time at 400 nm for the reaction of [Cu4
ACHTUNGTRENNUNG(PPh3)4(m3-h


1,h1,h2-C�C-p-MeOC6H4)3]
+* and 4-methoxycarbonyl-N-


methylpyridinium in degassed acetone (0.1 moldm�3 nBu4NPF6).
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kinetics. The back-electron-transfer rate constant, kbet, can
be determined from Equation (4).


kbet ¼ b mDe ð4Þ


The path length b of the optical cell is 0.4 cm, m is the
slope of the straight line obtained from the plot [1/DA]
versus time, and De=Seproducts�Sereactants. A kbet value of 1.0R
107 dm3mol�1 s�1 was determined on the basis of the decay
of the mixed-valence species, and this value agrees well with
that obtained from the CuICuICuICuII mixed-valence species
decay trace at 750 nm.
Similar transient absorption difference spectra were also


observed for the photoinduced electron-transfer reaction be-
tween 1 and methyl viologen (MV2+) hexafluorophosphate
(Figure 12). The spectrum is dominated by two absorption


bands, one sharp band at �400 nm and a broad band at
�605 nm. Both are attributable to the reduced methyl viol-
ogen radical based on its reported spectrum.[19] The expect-
ed absorption band of the mixed-valence CuICuICuICuII spe-
cies was not clearly observed and might be obscured by the
intense absorption of MV+ ·.


Conclusions


A novel class of tetranuclear copper(I) alkynyl complexes
with an “open-cube” structure was synthesized, and the
crystal structure of [Cu4{P ACHTUNGTRENNUNG(p-MeC6H4)3}4(m3-h


1,h1,h2-C�C-p-
MeOC6H4)3]PF6 was determined. These complexes display
dual-emission behavior. Through systematic comparison
studies of the electronic absorption and photoluminescence
properties of a series of [Cu4ACHTUNGTRENNUNG(PR3)4(m3-h


1,h1,h2-C�CR’)3]+ ,
together with density functional theory calculations at the
PBE1PBE level on the model complex [Cu4 ACHTUNGTRENNUNG(PH3)4(m3-
h1,h1,h2-C�C-p-MeOC6H4)3]


+ , the nature of their emission
origins was probed. Their photochemical properties were


also investigated by oxidative-quenching experiments and
transient-absorption spectroscopy.


Experimental Section


Materials and Reagents


Potassium tetrachloroaurate ACHTUNGTRENNUNG(III) and trans-dichlorobis(triphenylphos-
ACHTUNGTRENNUNGphine)palladium(II) were obtained from Strem Chemicals Inc. All the
substituted phenylacetylenes were obtained from Maybridge Chemical
Company, Ltd. [CuACHTUNGTRENNUNG(MeCN)4]PF6,


[20] 2-ethynylthiophene,[21] and [Au-
ACHTUNGTRENNUNG(C�CR)]1[22] were prepared according to literature procedures. All sol-
vents were purified and distilled under a nitrogen atmosphere by using
standard procedures prior to use. All other reagents were of analytical
grade and were used as received. The pyridinium salts for quenching
studies were prepared by heating the corresponding pyridine and alkylat-
ing agent in acetone/ethanol (1:1 v/v) at reflux for 4 h, followed by a
metathesis reaction with ammonium hexafluorophosphate in water, and
subsequent recrystallization from acetonitrile/diethyl ether. Tetra-n-bu-
ACHTUNGTRENNUNGtylammonium hexafluorophosphate (Aldrich) was recrystallized three
times from hot ethanol and dried under vacuum for 24 h prior to use.


Physical Measurements and Instrumentation


1H NMR spectra were recorded on a Bruker DPX-300 (300 MHz) FT-
NMR spectrometer, with chemical shifts (d, ppm) reported relative to
Me4Si (TMS). Elemental analyses of all the newly synthesized metal
complexes were performed either at the Butterworth Laboratories Ltd.
or on a Carlo Erba 1106 elemental analyzer at the Institute of Chemistry,
the Chinese Academy of Sciences in Beijing. All positive-ion FAB and
electrospray ionization (ESI) mass spectra were recorded on Finnigan
MAT95 and Finnigan LCQ mass spectrometers, respectively. All elec-
tronic absorption spectra were recorded on a Hewlett–Packard 8452 A
diode array spectrophotometer. Steady-state emission and excitation
spectra recorded at room temperature and at 77 K were obtained on a
Spex Fluorolog-2 Model F111 fluorescence spectrophotometer with or
without corning filters. All solutions for photophysical studies were pre-
pared in a two-compartment cell consisting of a 10-cm3 Pyrex bulb equip-
ped with a side-arm to a 1-cm-pathlength quartz cuvette, and sealed from
the atmosphere by a Rotaflo HP6/6 quick-release Teflon stopper. Solu-
tions were degassed under high vacuum (limiting pressure <10�3 torr)
with no less than four successive freeze–pump–thaw cycles. Solid-state
photophysical measurements were carried out with solid samples loaded
in a quartz tube inside a quartz-walled Dewar flask. Liquid nitrogen was
placed in the Dewar flask for low-temperature (77 K) solid-state and
glass photophysical measurements. Emission lifetime measurements were
performed with a conventional laser system. The excitation source was
the 355-nm-output (third harmonic) of a Spectra-Physics Quanta-Ray Q-
switched GCR-150-10 pulsed Nd-YAG laser. Luminescence decay signals
were recorded on a Tektronix model TDS620 A digital oscilloscope, and
analyzed by using a program for exponential fits.


Syntheses


All reactions were carried out by using standard Schlenk techniques
under an inert atmosphere of nitrogen.


1:[7] [CuACHTUNGTRENNUNG(MeCN)4]PF6 (0.10 g, 0.27 mmol) was suspended in dichloro-
ACHTUNGTRENNUNGmethane (20 mL), and triphenylphosphine (0.21 g, 0.81 mmol) was added.
Stirring was continued until the triphenylphosphine dissolved completely.
[Au(C�C-p-MeOC6H4)]1 (88 mg, 0.27 mmol) was added, and the yellow
suspension changed rapidly into a clear yellow solution. Stirring was con-
tinued for 15 min, and the resulting solution was filtered. The volume of
the filtrate was decreased under reduced pressure, followed by diffusion
of diethyl ether vapor into the preconcentrated solution of the complex
in dichloromethane to yield 1 as air-stable pale-yellow crystals. Yield:
85 mg (69%). IR (Nujol): ñ=842 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
[D6]acetone, 298 K, TMS): d=3.71 (s, 9H; OCH3), 6.38 (d, 3J ACHTUNGTRENNUNG(H,H)=
10 Hz, 6H; C�CC6H4), 6.48 (d,


3J ACHTUNGTRENNUNG(H,H)=10 Hz, 6H; C�CC6H4), 7.10–
7.38 ppm (m, 60H; PPh3); MS (positive-ion FAB): m/z : 1696 [M�PF6]+ ;


Figure 12. Transient absorption difference spectrum recorded 2 ms after
laser flash for the reaction of [Cu4 ACHTUNGTRENNUNG(PPh3)4(m3-h


1,h1,h2-C�C-p-
MeOC6H4)3]


+* and methyl viologen in degassed acetone (0.1 moldm�3


nBu4NPF6).
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elemental analysis: calcd (%) for C99H81Cu4F6O3P5·
1=2CH2Cl2 (1884.2): C


63.42, H 4.35; found: C 63.42, H 4.46.


2: The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-EtOC6H4)]1 (92 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 2 as air-stable pale-yellow crystals
(90 mg, 56%). IR (KBr): ñ=842 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=1.37 (t,


3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; CH3), 3.89 (q,
3J-


ACHTUNGTRENNUNG(H,H)=6.9 Hz, 6H; OCH2), 6.24–6.32 (m, 12H; C6H4), 7.01–7.23 ppm
(m, 60H; PPh3); MS (positive-ion FAB): m/z : 1737 [M�PF6+H]+ ; MS
(positive ESI): m/z : 1736 [M�PF6]+ ; elemental analysis: calcd (%) for
C102H87Cu4F6O3P5·CH2Cl2 (1968.8): C 62.84, H 4.56; found: C 62.94, H
4.79.


3 : The procedure was similar to that used in the preparation of 1 except
that [Au(C�C-p-nBuOC6H4)]1 (100 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 3 as air-stable pale-yellow crystals
(93 mg, 53%). IR (KBr): ñ=841 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.97 (t,


3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; CH3), 1.43–1.48
(m, 6H; CH2CH3), 1.72–1.76 (m, 6H; OCH2CH2), 3.81 (t, 3J ACHTUNGTRENNUNG(H,H)=
6,5 Hz, 6H; OCH2), 6.24–6.32 (m, 12H; C6H4), 6.99–7.22 ppm (m, 60H;
PPh3); MS (positive-ion FAB): m/z : 1559 [M�PF6�PPh3]+ ; MS (positive
ESI): m/z : 1821 [M�PF6]+ ; elemental analysis: calcd (%) for
C108H99Cu4F6O3P5·1/5 CH2Cl2 (1985.0): C 65.47, H 5.05; found: C 65.47, H
5.08.


4 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nHexOC6H4)]1 (107 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 4 as air-stable pale-yellow crystals
(100 mg, 54%). IR (KBr): ñ=841 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.91 (t,


3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 9H; CH3), 1.18–1.45
(m, 18H; CH2CH2CH2CH3), 1.68–1.75 (m, 6H; OCH2CH2), 3.80 (t,


3J-
ACHTUNGTRENNUNG(H,H)=6.5 Hz, 6H; OCH2), 6.24–6.32 (m, 12H; C6H4), 7.01–7.22 ppm
(m, 60H; PPh3); MS (positive-ion FAB): m/z : 1906 [M�PF6+H]+ ; MS
(positive ESI): m/z : 1905 [M�PF6]+ ; elemental analysis: calcd (%) for
C114H111Cu4F6O3P5·CH2Cl2 (2137.1): C 64.63, H 5.33; found: C 64.41, H
5.26.


5 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nHeptOC6H4)]1 (111 mg, 0.27 mmol) was used instead
of [Au(C�C-p-MeOC6H4)]1, yielding 5 as air-stable pale-yellow crystals
(105 mg, 56%). IR (KBr): ñ=841 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, Me4Si): d=0.89 (t,


3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; CH3), 1.23–1.42
(m, 6H; CH2CH3), 1.68–1.75 (m, 24H; OCH2CH2CH2CH2CH2), 3.82 (t,
3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 6H; OCH2), 6.24–6.32 (m, 12H; C6H4), 6.98–7.30 ppm
(m, 60H; PPh3); MS (positive-ion FAB): m/z : 1685 [M�PPh3�PF6+H]+ ;
MS (positive ESI): m/z : 1945 [M�PF6]+ ; elemental analysis: calcd (%)
for C117H117Cu4F6O3P5·5/4 CH2Cl2 (2200.4): C 64.55, H 5.47; found: C
64.57, H 5.25.


6 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-MeC6H4)]1 (84 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 6 as air-stable pale-yellow crystals
(87 mg, 72%). IR (nujol): ñ=840 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
[D6]acetone, 298 K, TMS): d=2.19 (s, 9H; CH3), 6.42 (d,


3J ACHTUNGTRENNUNG(H,H)=9 Hz,
6H; C�CC6H4), 6.64 (d,


3J ACHTUNGTRENNUNG(H,H)=9 Hz, 6H; C�CC6H4), 7.06–7.38 ppm
(m, 60H; PPh3); MS (positive-ion FAB): m/z : 1646 [M�PF6+H]+ ; MS
(positive ESI): m/z : 1646 [M�PF6+H]+ ; elemental analysis: calcd (%)
for C99H81Cu4F6P5 (1793.7): C 66.29, H 4.55; found: C 65.94, H 4.57.


7: The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nBuC6H4)]1 (96 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 7 as air-stable pale-yellow crystals
(83 mg, 48%). IR (KBr): ñ=839 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.90 (t,


3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 9H; CH3), 1.27–1.32
(m, 6H; CH2CH3), 1.40–1.50 (m, 6H; CH2CH2CH3), 2.42 (t,


3J ACHTUNGTRENNUNG(H,H)=
7.6 Hz, 6H; C6H4CH2), 6.30 (d,


3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H; C6H4), 6.57 (d,
3J-


ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H; C6H4), 7.02–7.23 ppm (m, 60H; PPh3); MS (positive-
ion FAB): m/z : 1511 [M�PPh3�PF6+H]+ ; MS (positive ESI): m/z 1772
[M�PF6]+ ; elemental analysis: calcd (%) for C108H99Cu4F6P5·CH2Cl2
(2004.9): C 65.30, H 5.08; found: C 65.08, H 5.12.


8 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nHexC6H4)]1 (103 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 8 as air-stable pale-yellow crystals


(84 mg, 47%). IR (KBr): ñ=840 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.87 (t,


3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 9H; CH3), 1.18–1.25
(m, 18H; CH2CH2CH2CH3), 1.44–1.48 (m, 6H; C6H4CH2CH2), 2.40 (t,


3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; C6H4CH2), 6.30 (d, J=7.9 Hz, 6H; C6H4), 6.57 (d,


3J-
ACHTUNGTRENNUNG(H,H)=7.9 Hz, 6H; C6H4), 7.05–7.23 ppm (m, 60H; PPh3); MS (positive-
ion FAB): m/z : 1595 [M-PPh3-PF6+H]


+ ; MS (positive ESI): m/z : 1857
[M�PF6+H]+ ; elemental analysis: calcd (%) for
C114H111Cu4F6P5·


3=4CH2Cl2 (2067.8): C 66.65, H 5.48; found: C 66.45, H
5.27.


9 : The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-nHeptC6H4)]1 (107 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 9 as air-stable pale-yellow crystals
(86 mg, 47%). IR (KBr): ñ=840 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=0.88 (t,


3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 9H; CH3), 1.32–1.36
(m, 24H; CH2CH2CH2CH2CH3), 1.45–1.53 (m, 6H; C6H4CH2CH2), 2.41
(t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 6H; C6H4CH2), 6.29 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H;
C6H4), 6.57 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H; C6H4), 6.92–7.22 ppm (m, 60H;
PPh3); MS (positive-ion FAB): m/z : 1637 [M�PPh3�PF6+H]+ ; MS (posi-
tive ESI): m/z : 1899 [M�PF6+H]+ ; elemental analysis: calcd (%) for
C117H117Cu4F6P5·


1=2CH2Cl2 (2088.7): C 67.57, H 5.69; found: C 67.68, H
5.67.


10 : The procedure was similar to that used in the preparation of 1,
except that [Au(C�C-p-nOctC6H4)]1 (111 mg, 0.27 mmol) was used in-
stead of [Au(C�C-p-MeOC6H4)]1, yielding 10 as air-stable pale-yellow
crystals (92 mg, 49%). IR (KBr): ñ=840 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR
(300 MHz, CDCl3, 298 K, TMS): d=0.87 (t,


3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 9H; CH3),
1.18–1.25 (m, 30H, CH2CH2CH2CH2CH2CH3), 1.44–1.48 (m, 6H,
C6H4CH2CH2), 2.38–2.43 (m, 6H; C6H4CH2), 6.30 (d,


3J ACHTUNGTRENNUNG(H,H)=8.0 Hz,
6H; C6H4), 6.56 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 6H; C6H4), 6.92–7.22 ppm (m,
60H; PPh3); MS (positive-ion FAB): m/z : 1940 [M�PF6]+ ; MS (positive
ESI): m/z : 1941 [M�PF6+H]+ ; elemental analysis: calcd (%) for
C120H123Cu4F6P5·


1=5CH2Cl2 (2105.3): C 68.57, H 5.91; found (%): C 68.73,
H 5.67.


11: The procedure was similar to that used in the preparation of 1, except
that [Au(C�C-p-C6H5C6H4)]1 (100 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 11 as pale-yellow crystals (93 mg,
70%). IR (Nujol): ñ=837 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
[D6]acetone, 298 K, TMS): d=6.49 (d,


3J ACHTUNGTRENNUNG(H,H)=9 Hz, 6H; C�CC6H4),
6.94 (d, 3J ACHTUNGTRENNUNG(H,H)=9 Hz, 6H; C�CC6H4), 6.97–7.39 ppm (m, 75H; C6H5);
MS (positive-ion FAB): m/z : 1836 [M�PF6+H]+ ; MS (positive ESI):
m/z : 1835 [M�PF6]+ ; elemental analysis: calcd (%) for C114H87Cu4F6P5
(1980.0): C 69.15, H 4.43; found: C 69.38, H 4.37.


12 : The procedure was similar to that for 1, except that [Au(C�C-p-
ClC6H4)]1 (89 mg, 0.27 mmol) was used instead of [Au(C�C-p-
MeOC6H4)]1, yielding 12 as pale-yellow crystals (92 mg, 74%). IR
(nujol): ñ=837 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz, [D6]acetone, 298 K,
TMS): d=6.52 (d, 3J ACHTUNGTRENNUNG(H,H)=9 Hz, 6H; C�CC6H4), 6.78 (d,


3J ACHTUNGTRENNUNG(H,H)=
9 Hz, 6H; C�CC6H4), 7.10–7.44 ppm (m, 60H; PPh3); MS (positive-ion
FAB): m/z : 1710 [M�PF6+H]+ ; MS (positive ESI): m/z : 1709 [M�PF6]+ ;
elemental analysis: calcd (%) for C96H72Cu4Cl3F6P5·


1=4CH2Cl2 (1876.2): C
61.61, H 3.89; found C 61.68, H 3.81.


13 : The procedure was similar to that used in the preparation of 1,
except that [Au ACHTUNGTRENNUNG(C�CC4H3S)]1 (82 mg, 0.27 mmol) was used instead of
[Au(C�C-p-MeOC6H4)]1, yielding 13 as air-stable pale-yellow crystals
(75 mg, 47%). IR (KBr): ñ=838 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d=6.04 (dd,


3J ACHTUNGTRENNUNG(H,H)=1.2, 4.3 Hz, 3H; 3-thienyl
protons), 6.44 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.3, 5.1 Hz, 3H; 4-thienyl protons), 6.82 (dd,
3J ACHTUNGTRENNUNG(H,H)=1.2, 5.1 Hz, 3H; 5-thienyl protons), 7.10–7.23 ppm (m, 60H;
PPh3); MS (positive-ion FAB): m/z : 1623 [M�PF6]+ ; MS (positive ESI):
m/z : 1623 [M�PF6]+ ; elemental analysis: calcd (%) for
C90H69Cu4F6P5S3·CH2Cl2 (1854.7): C 58.93, H 3.86; found: C 58.65, H
3.69.


14 : The procedure was similar to that used in the preparation of 1,
except that tri ACHTUNGTRENNUNG(p-tolyl)phosphine (0.21 g, 0.81 mmol) was used instead of
triphenylphosphine, yielding 14 as air-stable pale-yellow crystals (123 mg,
51%). IR (KBr): ñ=843 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz, CDCl3,
298 K, TMS): d=2.18 (s, 36H; CH3), 3.68 (s, 9H; OMe), 6.16 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.7 Hz, 6H; C6H4O), 6.30 (d, 3J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 6 H C6H4O),
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6.74–6.77 (m, 24H, C6H4), 6.94–6.98 ppm (m, 24H; C6H4). MS (positive-
ion FAB): m/z : 1865 [M�PF6]+ ; MS (positive ESI): m/z : 1865 [M�PF6]+ ;
elemental analysis: calcd (%) for C111H105Cu4F6O3P5 (2010.1): C 66.33, H
5.27; found: C 66.05, H 5.27.


15 : The procedure was similar to that used in the preparation of 1,
except that P(p-CF3C6H4)3 (0.38 g, 0.81 mmol) was used instead of triphe-
nylphosphine, yielding 15 as air-stable pale-yellow crystals (120 mg,
50%). IR (KBr): ñ=838 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); 1H NMR (300 MHz, CDCl3,
298 K, TMS): d=3.59 (s, 9H; OMe), 6.13 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 6H;
C6H4O), 6.61 (d,


3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 6H; C6H4O), 7.30–7.34 ppm (m, 48H;
p-CF3C6H4); MS (positive-ion FAB): m/z : 1980 [M�Cu�P-
ACHTUNGTRENNUNG(C6H4CF3)3�PF6]+ ; MS (positive ESI): m/z : 1577 [M�2P-
ACHTUNGTRENNUNG(C6H4CF3)3�PF6]+ ; elemental analysis: calcd (%) for
C111H69Cu4F42O3P5·CH2Cl2 (2742.7): C 49.05, H 2.61; found: C 49.10, H
2.53.


Crystal-Structure Determination


A pale yellow crystal of 14 of dimensions 0.40R0.40R0.15 mm3, obtained
by recrystallization from dichloromethane/diethyl ether, was mounted in
a glass capillary and was used for data collection at 28 8C on a MAR dif-
fractometer with a 300-mm image plate detector with graphite-mono-
chromated MoKa radiation (l=0.71073 P). Data collection was made
with 28 oscillation steps of f, 300-s exposure time, and scanner distance
at 120 mm. 101 images were collected. The copper and most of the non-
H atoms were located according to the direct methods. The positions of
the other non-hydrogen atoms were found after successful refinement by
full-matrix least-squares using program SHELXL-97 on PC.[23] The O
atom of a water molecule was located at a special position. According to
the SHELXL-97 program,[23] all 15613 independent reflections (Rint=


0.0508, 9401 reflections larger than 4s(Fo)) from a total of 48264 reflec-
tions were included in the full-matrix least-squares refinement against F2.
These reflections were in the range h : �18 to 18; k : �35 to 35; l : �27 to
26 with 2qmax=51.008. One crystallographic asymmetric unit consists of
one formula unit, inclusive of one half of a water molecule. In the final
stage of least-squares refinement, all non-hydrogen atoms were refined
anisotropically. H atoms (except those on the O atom of water mole-
cules) were generated by the program SHELXL-97.[23] The positions of
the H atoms were calculated based on the riding mode with thermal pa-
rameters equal to 1.2 times that of the associated C atoms, and
included in the calculation of final R indices. (D/s)max=
0.003, av. 0.001 for 1136 variable parameters by full-matrix least-squares
refinement on F2 leads to R1=0.0547 and wR2=0.1584 with a goodness-
of-fit of 0.942, the parameters a and b for the weighting scheme are
0.1131 and 0.0. The final difference Fourier map shows maximum rest
peaks and holes of 1.782 and �0.736 eP�3, respectively. CCDC-298052
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge at www.ccdc.cam.ac.uk/data request.-
cif.


Computational Details


Calculations were carried out with the Gaussian03 software package.[24]


Density functional theory (DFT) at the hybrid Perdew, Burke, and Ern-
zerhof functional (PBE1PBE) level[25] was used to optimize the singlet
ground-state (S0) geometries of the model complex, [Cu4 ACHTUNGTRENNUNG(PH3)4(m3-
h1,h1,h2-C�C-p-MeOC6H5)3]


+ (1a), with the constraint of C3 symmetry.
The Stuttgart/Dresden effective core potentials (ECPs)[26] on Cu were
used to replace the inner core electrons, while the SDD basis set[27] was
applied to describe the outer core (3s23p6) and the valence 3d electrons.
To increase the accuracy, an f polarization function (zf(Cu)=3.525) was
employed for Cu.[28] For all the other atoms (P, C, H, and O), the 6–
31G(d) basis set[29] was used. Time-dependent (TD) DFT (PBE1PBE)
was employed to calculate the lowest-energy triplet excited state based
on the ground-state optimized geometry, by using the same basis set with
PBE1PBE functional. On the basis of the three excitations in the first ex-
cited state from the TD-DFT calculation, geometry optimizations for the
three triplet excited states in 1a without symmetry constraints were per-
formed by using unrestricted UPBE1PBE. Vibrational frequencies were


calculated for all optimized geometries to verify that each was a mini-
mum on the potential energy surface.
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Abstract: “Miniaturization” is one of the most important
aspects in today*s technology. Organic chemistry is no ex-
ception. The search for highly effective, controllable, envi-
ronmentally friendly methods for preparing products is of
prime importance. The development of multiphase organ-
ic reactions in microchannel reactors has gained signifi-
cant importance in recent years to allow novel reactivity,
and has led to many fruitful results that are not attainable


in conventional reactors. This Focus Review aims to shed
light on how effectively multiphase organic reactions can
be conducted with microchannel reactors by providing ex-
amples of recent remarkable studies, which have been
grouped on the basis of the phases involved.


Keywords: heterogeneous catalysis · microchannel reac-
tors · multiphase reactions · surfaces · synthetic methods


1. Introduction


Multiphase catalytic reactions have played an important
role not only in research laboratories but also in chemical
and pharmaceutical industries.[1] Multiphase reactions are
defined as reactions that are composed of different phases,
that is, gas phase, liquid phase, and solid phase, and are clas-
sified according to the phases involved, such as gas–liquid,
gas–liquid–liquid, or gas–liquid–solid reactions. Although
numerous multiphase catalytic reactions are known and
many are used in industry, these reactions are still more dif-
ficult to conduct than homogeneous reactions, because the
efficiency of the interactions and mass transfer between dif-
ferent phases must be taken into consideration. Whereas
several types of devices for multiphase reactions have been
developed so far to overcome these problems (e.g. mechani-
cally agitated reactors, cocurrent or countercurrent packed-
bed reactors, bubble-column or spray-column reactors),
most are designed to increase the interfacial area between
the phases by vigorous stirring or by means of additional
equipment.[1,2] Although these reactors are specially de-
signed for multiphase reactions, the development of more-
effective and simple devices that can produce such a high in-
terfacial area has been a much-sought-after goal.
A microchannel reactor, which has been used mainly in


the field of analytical chemistry, was recently also applied in
the field of organic chemistry.[3–5] A microchannel reactor is
a device that has a very small channel (generally nanometer


to micrometer range in width and depth and centimeter to
meter range in length) etched in a solid material. This reac-
tor can provide many fundamental and practical advantages
for organic synthesis stemming from its small size as well as
flow-reactor chemical processes. There are many general ad-
vantages to using microchannel reactors in organic synthe-
sis:


* One of the most important features of microchannel re-
actors is a high surface-area/volume ratio. The specific
surface areas of microchannel reactors lie between
10000 and 50000 m2m�3, whereas those of traditional re-
actors are generally about 100 m2m�3 and in rare cases
reach 1000 m2m�3. This feature allows suitable environ-
ments for multiphase reactions to be established on the
interfacial area between different phases such as liquid–
liquid, gas–liquid, and gas–liquid–solid reactions.


* Peculiar flow regimes of microchannel reactors that are
not attainable in ordinary column reactors can be realiz-
ed, such as laminar flow (liquid–liquid), pipe flow (gas–
liquid), and so on. An effective mass transfer between
different phases can be expected based on such flow sys-
tems. Also, the chemical properties of the inner surface
of the channel (for example, owing to the silanol groups
of the glass) sometimes affect the reactions greatly.


* The short molecular-diffusion distance as a result of the
very narrow channel space allows the rapid mixing of
the reaction mixture. This can lead to high reaction
rates.


* Highly efficient heat transfer allows rapid heating and
cooling and makes it easy to control the temperature of
a reaction mixture. The development of hot spots is sup-
pressed, and undesirable side reactions are hindered.


* The reaction system can be scaled up readily by using a
number of microchannel reactors in parallel (“number-
ing up”). In this case, the optimization of the reaction
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conditions, which is required every time for scaling up
conventional batch systems, is not necessary.


* As the products are flowing constantly out of a channel,
the concentration of starting materials should be always
constant, thus leading to high efficiency for reactions.


* The products are obtained in the required amounts on
demand. If a catalyst is immobilized in the channel, the
products are isolated from the catalyst without any treat-
ment.


* The actual reaction space is very small, and thus the re-
actions can be conducted more safely when explosive
compounds are used.


These advantages have enabled us to conduct organic re-
actions more effectively, smoothly, and easily, and, above all,
many types of multiphase organic reactions have been ex-
plored and developed accordingly. Herein we show exam-
ples of multiphase organic reactions in microchannel reac-
tors and demonstrate how microchannel reactors are truly
effective for multiphase catalysis. Reactions are categorized
on the basis of the phases involved.


2. Two-Phase Reactions


2.1. Gas–Liquid Reactions


2.1.1. Fluorination


Direct fluorination with molecular fluorine is accompanied
by the generation of much heat, and its control is difficult.
In 1999, direct fluorination with molecular fluorine in a mi-
crochannel reactor (width and depth: �500 mm) was exam-
ined.[6] The microchannel reactor was made of nickel, and
fluorine gas (diluted in nitrogen gas) was introduced into
the channel through a mass-flow controller. The view of the
inside of the channel was cylindrical flow (the liquid forms
an outer cylinder, coating the reactor surface, with the gas
flowing through the center), which leads to a large interfa-
cial area. The system was found to be effective for the syn-
thesis of ACHTUNGTRENNUNGfluorinated sulfide derivatives and for the fluorina-
tion of ketoesters. In the case of less-reactive substrates,
products were obtained in higher yields in a microchannel
reactor than in a batch system. Perfluorination was also
demonstrated.


The direct fluorination of toluene with molecular fluorine
was investigated in gas/liquid microreactors: a falling-film
microreactor (FFMR) and a micro bubble column (MBC)
made of stainless steel (Figure 1).[7] The FFMR, developed
for this study, generates a thin falling film (several 10 mm
thick), which flows as a result of gravitational forces. This is
performed on a platelet comprising a large number of mi-
crochannels (cross-section: 100 mmJ300 mm). The MBC
consists of a mixing unit equipped with 20-mm deep gas- and
liquid-feeding channels with widths of 7 and 20 mm, respec-
tively, and a reaction unit comprising an array of parallel mi-
crochannels. Two types of reaction unit were utilized


Abstract in Japanese:


Juta Kobayashi received his PhD in 2006
from the Graduate School of Pharmaceuti-
cal Sciences, The Univ. of Tokyo (Japan).
His research interests in his PhD course fo-
cused on the development of multiphase or-
ganic reactions in microchannel reactors.
Other than chemistry, he is also interested in
piano playing, reading, sports (cycling, bas-
ketball), photography, and fishing.


Yuichiro Mori was born in 1972 in Kanaza-
wa, Japan. He earned his PhD on the devel-
opment of catalyst systems in water under
the supervision of Prof. Shū Kobayashi in
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(50 mmJ300 mm and 300 mmJ100 mm channel cross-section).
The experiments included measurements at high substrate
concentrations and high fluorine content diluted in a nitro-
gen carrier gas. The results were compared with the perfor-
mance of a laboratory bubble column, which served as a
technological benchmark. Owing to the formation of liquid
layers, the microreactors provide very large interfacial areas,
up to 40000 m2m�3, which by far exceed those of a laborato-
ry bubble column as well as all other devices applied. It was
found that the reactor performance, expressed as space–
time yield and represented in a selectivity–conversion dia-
gram, was by far superior to that of the laboratory bench-
mark owing to enhanced mass and heat transfer.
A novel microchannel reactor was designed, and the


direct fluorination of toluene was demonstrated.[8] The reac-
tor was constructed from silicon and pyrex instead of
metals, and thin silicon oxide and nickel films were used as
anticorrosion coatings (Figure 2). Gas–liquid contacting pat-
terns in the microchannels were systematically characterized
by flow visualization, and a “flow-regime map” was repre-
sented by changing the flow rates of the gas and the liquid
and observing the distribution of the gas and liquid phases
(annular, wavy annular, slug, bubbly, and annular dry). The
monofluorinated product was obtained with the highest se-
lectivity when acetonitrile was used as a solvent. When the
conversion of toluene was 58%, the selectivity of the mono-
fluorinated product was 24%.


2.1.2. Carbonylative Coupling Reaction


The synthesis of secondary amides by carbonylative cross-
coupling of aryl halides with benzylamine with carbon mon-
oxide (gas) was conducted in a glass microstructured reactor
and represents the first reported gas–liquid carbonylation
reaction.[9] The reaction channel is 5 m long and has an aver-
age width and depth of 200 mm and 75 mm, respectively
(Figure 3). Three different aryl halide substrates (iodoben-
zene, 4-iodoanisole, and 2-bromopyridine) were used to test
the microreaction carbonylation procedure. The liquid and
gaseous reagents are mixed on the chip by using a mixing-
tee configuration. An annular flow regime is imposed on the
system whereby a thin film of the liquid is forced to the sur-


Figure 1. a) Falling-film microreactor. b) Micro bubble column. Reprint-
ed, with permission, from reference [7].


Figure 2. a) Packaging scheme of the reactor chip used for carrying out
fluorination. b) Cross-sectional scanning electron micrograph of the mi-
crochannels in the central region.[8]


Figure 3. A photograph of the microfluidic chip used in the carbonylation
reactions (prior to chromium removal and bonding during the course of
chemical wet etching). The area taken up by the microchannel footprint
on the glass substrate is approximately 50J50 mm2.[9]


Chem. Asian. J. 2006, 1 – 2, 22 – 35 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 25


Organic Synthesis in Microchannel Reactors







face wall of the microchannel while the gas flows through
the center, thus generating a very high interfacial area. The
mean residence time of the microreactions was estimated to
be less than 2 min for all the flow rates examined. Batch re-
actions were carried out over a 10-min time period to assess
the performance of the microreactor. As a result, the micro-
reactions, even with their much shorter residence times, al-
lowed higher yields than batch reactions. The increase in
yields of the microreactions can be attributed to two factors:
the increased interfacial gas–liquid contact area generated
within the microstructured reactor and the increase in
carbon monoxide pressure resulting from the back pressure
produced in the system.


2.2. Gas–Solid Reactions


2.2.1. Hydrogenation


The gas-phase partial hydrogenation of cis,trans,trans-1,5,9-
cyclododecatriene was also realized in microreactors.[10] Mi-
crostructured wafers made of aluminum were anodically oxi-
dized to form a surface alumina layer with appropriate regu-
lar pore systems, followed by impregnation with a palladi-
um-containing precursor, as well as drying, calcining and re-
ducing in hydrogen. Thus, catalytic activated wafers were
stacked and caged in a stainless-steel housing equipped with
diffusors and connectors for reactant inlet and product
outlet, finally resulting in a microchannel reactor.
Hydrogenation of cyclododecatriene was carried out in


the microchannel reactor, and partially hydrogenated cyclo-
dodecene (CDE) was obtained in 90% yield at a conversion
of 98%. The excellent product yield was attributed to lack
of temperature and velocity gradients over the whole pas-
sage through the microchannels, which stemmed from the
mm dimension of the uniform flow channels.


2.3. Liquid–Liquid Reactions


2.3.1. Aldol Reaction


To date, fluorous biphasic catalysis has attracted a great
deal of attention particularly with respect to environmental-
ly friendly chemical processes.[11] The first example of fluo-
rous biphasic catalysis in a microchannel was reported, and
a dramatic increase in reactivity of Mukaiyama aldol reac-
tions in fluorous media through a “fluorous nanoflow”
system was shown.[12] Even at low concentrations (<
0.0001m) of a Lewis acid catalyst (Sc[N ACHTUNGTRENNUNG(SO2C8F17)2]3) in
nonpolar fluorous solvents, the reaction was complete
within seconds of a biphasic contact time. A borosilicate mi-
croreactor was used (60 mm in width, 30 mm in depth, 1, 2,
and 3 cm in length), and the substrates in a hydrocarbon sol-
vent and the catalyst in a fluorocarbon solvent were intro-
duced through two inlets. In this case, laminar flow some-
times resulted and allowed a very short diffusion of mole-
cules with a large interfacial area between the two phases.
The aldol reaction of benzaldehyde with the trimethylsilyl


enol ether derived from methyl 2-methylpropanoate was
completed within seconds, even in the presence of only
0.0625 mol% of the catalyst. They also conducted a control
experiment with a normal batch system, which gave only a
poor yield after vigorous stirring at 55 8C for 2 h under the
same catalyst and substrate concentrations. Further experi-
ments revealed that a narrower width and longer length of
the channel and longer contact time gave better results.
Quite recently, the authors also succeeded in the application
of their nanoflow system to a Baeyer–Villiger oxidation.[13]


2.3.2. Alkylation


Phase-transfer alkylation reactions proceeded smoothly in
the presence of an ammonium salt in a glass microchannel
reactor (200 mm in width, 100 mm in depth, 45 cm in length)
(Scheme 1).[14] An organic phase containing a substrate (b-


ketoester) and an alkylating agent (e.g. benzyl bromide) and
an aqueous phase containing a phase-transfer catalyst (tetra-
butylammonium bromide) and sodium hydroxide were in-
troduced into the microchannel reactor through each inlet
(Figure 4). Optical microscopic studies showed that the or-
ganic phase formed small droplets (segments) inside the
aqueous tube and that the interfacial area was extended.
The extended interfacial area seemed to accelerate the reac-
tions, and the reaction rate was higher in the microchannel
reactor than in a round-bottomed flask with vigorous stir-
ring. In the microchannel reactor, the reactions of various
substrates and alkylation agents proceeded in high yields
within ten minutes. The width of the microchannel reactor
was also important as the reaction rate was higher in a thin-
ner microchannel reactor.


2.3.3. Isomerization of Allylic Alcohols


High-throughput screening (HTS) of catalysts is of great im-
portance for rapid processes in pharmaceutical and chemical
industries. A new concept allows the HTS of catalysts in a
liquid–liquid and a gas–liquid reaction in a microreactor.[15]


Two test reactions were chosen for the demonstration (iso-
merization of allylic alcohols (liquid–liquid) and asymmetric
hydrogenation (gas–liquid). A micromixer and a tubular re-
actor were assembled for a liquid–liquid HTS test system,
and pulse injections of the catalyst (aqueous phase) and the
substrate (n-heptane phase) were operated (Figure 5). The
pulses allowed perfect mixing in the micromixer, and an n-
heptane/water emulsion was formed that was stable for
more than 10 min without noticeable separation. The system
was used to screen a catalyst library for isomerization (in-
cluding rhodium, ruthenium, palladium, and nickel catalysts


Scheme 1. Phase-transfer benzylation reaction of ethyl 2-oxocyclopen-
ACHTUNGTRENNUNGtanecarboxylate with benzyl bromide. (TBAB= tetra-n-butylammonium
bromide)
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combined with several sulfonated phosphane or diphos-
phane ligands). As a consequence, the results obtained in
the microreactor were in good agreement with those in a
traditional well-mixed batch reactor, proving the validity of
the concept. The concept was also extended to gas–liquid
asymmetric hydrogenation reactions. The success was ascri-
bed to good mass and heat transport in the microreactor, to
which many enantio- and regioselective reactions are sensi-
tive. Some advantages over traditional parallel batch opera-


tions include smaller sample amounts, a larger range of op-
erating conditions, and fewer, simpler electromechanical
moving parts.


2.4. Liquid–Solid Reactions


2.4.1. Kumada–Corriu Reaction


A pressure-driven microchannel reactor (internal diameter
100–200 mm) was used for the Kumada–Corriu reaction.[16]


The nickel catalyst was immobilized on Merrifield resin po-
lymer beads and was held in place within the channel by
plugs of glass wool (typical catalyst bed lengths ranged from
2 to 10 mm) (Scheme 2). The reaction was performed by
feeding a mixture of equimolar solutions of the aryl halide
and a Grignard reagent through the reactor at known flow
rates. The reaction rates in flow reactors and in batch reac-
tions were compared, and the reaction rate of the flow
system was found to be over three orders of magnitude
higher than that of a batch reaction.


2.4.2. Suzuki–Miyaura Coupling Reaction


Suzuki–Miyaura coupling reactions were conducted in a mi-
crochannel (300 mm width and 115 mm depth) etched into
glass and sealed with a top plate.[17] A microporous silica
structure was immobilized within the channels, which acted
as both a micropump when electroosmotic flow (EOF) was
used for the mobilization and as an immobilization tech-
nique for the catalyst bed (1.8% palladium on silica). This
was the first report of the combined use of EOF with the
microporous silicate structure in a flow injection microreac-
tor to perform palladium-catalyzed organic synthesis.
A T-shaped microchannel reactor with reservoirs at the


end of each channel was used. These were reservoirs for the
substrate solutions (phenylboronic acid and 4-bromobenzo-
nitrile, both in aqueous THF (75%)). The coupling reaction
was conducted by using EOF for mobilization, and the
effect of various kinds of flow injection methods on the
yields of 4-cyanobiphenyl were investigated (Scheme 3). In-
terestingly, it was found that the addition of a base was not
required, presumably because the water associated with the
aqueous THF undergoes partial ionization to form hydrox-
ide species. A control experiment showed that the system
gave the desired product in higher yield than did the corre-
sponding batch system. Furthermore, the palladium contam-
inant in the crude product was in the range of 1.2–1.6 ppb,


Figure 5. Schematic representation of the principle used for high-through-
put sequential screening of i catalysts and N substrates. The substrate S is
thus converted into product P.[15]


Scheme 2. Immobilization of nickel catalyst onto Merrifield resin for
Kumada–Corriu reaction.


Figure 4. a) An experimental system for phase-transfer alkylation. b) The
profile of the alkylation in a microreactor and standard batch systems.
c) The shape of the segment (optical microscope).[14]
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indicating a very low rate of leaching from the catalytic bed.
More recently, a microwave based technique was also re-
ported that is capable of delivering heat locally to a hetero-
geneous Pd-supported catalyst located within a microreactor
device.[18]


2.4.3. Dehydration of Alcohols


The dehydration of alcohols was catalyzed by sulfated zirco-
nia in a glass microchannel reactor.[19] The channels were
200 mm wide, 80 mm deep, and 30 mm long (in a Z-shaped
configuration). The top plate was prepared from a polydi-
methylsiloxane (PDMS) resin, the mating face of which was
coated with a thin layer of PDMS and activated catalyst
dusted over the surface. Finally, a reactor was prepared in
which one wall of the channel was catalytically active. The
in situ heater was fabricated from nichrome wire immobi-
lized in a PDMS top plate.
Hexan-1-ol was pumped through the reactor chip at a


flow rate of 3 mLmin�1 at 155 8C (reaction temperature).
The conversion of hexan-1-ol into hexene averaged between
85 and 95%, whereas 30% conversion is common in large-
scale reactors. Furthermore, the reactor was used constantly
over 3 days with no decrease in performance. Ethanol was
also used as a substrate and allowed the successful produc-
tion of ethene, ethane, and methane.


2.4.4. Photoreduction


Methylene blue was reduced in a microcapillary that had
TiO2 as a photocatalyst on the inner wall.


[20] A colloid solu-
tion of TiO2-coated SiO2 with a core–shell structure was first
prepared by using a surfactant to generate a surface charge
on the particles (Figure 6). Silica capillaries with a glass
inner wall (length: 5 cm, internal diameter: 530 and 200 mm)
were used as the microreactors. The capillary was filled with
the solution and dried overnight at 88 8C. The TiO2 was in-
troduced and coated on the inner wall of the microcapillary
by the self-organization of SiO2. Control experiments were
also conducted in a capillary simply coated with TiO2 with-
out SiO2 and in one without any coating. The capillary with
the TiO2/SiO2 coating gave the best conversion rate among
those tried; the corresponding batch system gave a lower
conversion rate. The higher conversion rate attained with
the TiO2/SiO2-coated capillary was attributed not only to a
larger surface/volume ratio but also to the absorption prop-
erties of SiO2.
Furthermore, a simple method for the preparation of a


nanostructure on a microchannel surface for immobilization
of an enzyme was also developed, and the enzyme-immobi-
lized microreactor showed high efficiency for hydrolysis.[21]


2.4.5. Esterification


A systematic study of the influence of the channel surface in
glass microchips was carried out and is illustrated for the
acid-catalyzed esterification of 9-pyrenebutyric acid.[22] The
on-chip reactions were carried out in a 197-mm long, 200-
mm wide, and 100-mm deep borosilicate microchannel under
pressure-driven flow conditions. The reagent flows were
controlled by two 100-mL syringes. The products were trans-
ferred directly from the outlet silica fiber to a MALDI-TOF
mass spectrometer sample plate in a continuous-flow fash-
ion, and HPLC was used for the quantitative determination
of the conversions. The target reaction was performed both
in glass microchips and in conventional laboratory-scale
glassware under the same conditions with solutions of 9-pyr-
enebutyric acid in ethanol (10�4m) and sulfuric acid in etha-
nol (10�4m), both at room temperature and at 50 8C. No
ester was formed in the laboratory-scale experiment, even at
50 8C, whereas the ester was obtained in high yield in the
on-chip experiment. The experiments were also repeated in
a glass fiber whose inner surface had been coated by the re-
action of the silanol groups with lipophilic octadecyltrichlo-
ACHTUNGTRENNUNGrosilane. In this case no product formation could be detect-
ed, substantiating the effect of the microchannel surface on
the reaction, such as activation of ethanol by a large number
of acidic hydroxy groups within the glass microreactor and
the uncoated silica fiber. The results demonstrated the im-
portant contribution of surface phenomena to the “chip
effect” which lead to higher yields in much shorter reaction
times than observed on a conventional laboratory scale.


2.4.6. Oxidation


A simple capillary microreactor with a porous gold catalyst
was developed for the oxidation of glucose.[23] A glass capil-
lary tube for a microreactor (i.d.: 400 mm, length: 5 cm) and


Figure 6. a) Schematic representation of the preparation of SiO2/TiO2
core–shell particles. The anionic TiO2 (black spots) was readily attached
to the surface of the cationic polyethylenimine-covered SiO2 and gradual-
ly neutralized it. b) Coating the inner wall of the microcapillary with
TiO2. One end of the capillary was connected to a syringe, and the other
was placed in the colloid solution. The capillary was filled with solution
by drawing a vacuum with the syringe. With one end closed, the capillary
was dried at 88 8C.[20]


Scheme 3. Reaction scheme for the coupling of 4-bromobenzonitrile and
phenylboronic acid in a microreactor.
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a porous seastar skeleton as a template for fabricating a
porous gold catalyst (pore diameter: 10–20 mm) were em-
ployed. The capillary tube and reservoirs connected at both
ends of the capillary were filled with a phosphate buffer so-
lution of d-glucose mixed with the porous gold catalyst.
Electrokinetic pumping was used to introduce the glucose
through the channels in which the porous gold catalyst was
present. Under the optimal conditions, the yield of gluconic
acid reached 99%, whereas conventional methods afford
gluconic acid in only 48% yield. The higher reactivity was
ascribed to the formation of active sites on the surface of
the gold catalyst under an applied voltage as well as to the
higher surface area of the porous sponge catalyst. Further-
more, no significant loss of activity of the catalyst was ob-
served after repeated use (five times).


3. Three-Phase Reactions


3.1. Gas–Liquid–Liquid Reactions


3.1.1. Hydrogenation


Ru-catalyzed chemoselective hydrogenation of an a,b-unsa-
turated aldehyde in capillary microreactors was reported
(Scheme 4).[24] Polytetrafluoroethylene (PTFE) capillaries


(i.d.: 500, 750, 1000 mm; length: 3, 6, 12 m, respectively) that
could withstand high pressures of up to 3.0 MPa were used.
An aqueous solution of RuCl3 and TPPTS was pretreated
under a hydrogen atmosphere to make an active RuII-
TPPTS complex, and 3-methylcrotonaldehyde and citral
were dissolved in organic solvents. The aqueous phase and
the organic phase were introduced into a T-shaped mixer.
After the flow, the mixture was exposed to hydrogen gas
through another T-shaped mixer. Repeating units of gas–
liquid–liquid then reached a capillary reactor, where the re-
action proceeded. They examined the effects of several pa-
rameters such as flow rate of the aqueous phase and hydro-
gen, temperature, and inner diameter of the capillary. Under
the optimal conditions alternate slugs composed of two
liquid phases were formed; hydrogen bubbles were con-
tained in the organic phase (Figure 7). The inner diameter
of the capillary reactor plays a key role in mass-transfer-lim-
ited reactions such as hydrogenation. Narrower channels in-
crease specific interfacial area and strengthen inner circula-
tion within the organic slugs.


3.2. Gas–Liquid–Solid Reactions


3.2.1. Hydrogenation


It should be noted again that one of the most important fea-
tures of microchannel reactors is high specific interfacial
area. The power of this technique is demonstrated in gas–
liquid–solid triphase reactions as follows, in which the inter-
facial area between each phase plays a crucial role for accel-
erating the reactions. An effective and simple device for hy-
drogenation reactions in microchannel reactors was devel-
oped.[25] A glass microchannel reactor with a 200-mm wide,
100-mm deep, and 45-cm long channel was used, and the pal-
ladium catalyst was immobilized on the surface of the chan-
nel. The solution of the substrate and hydrogen gas were al-
lowed to flow into the channel from the two inlets
(Figure 8). An ideal flow system is that in which the gas
flows through the center of the channel and the liquid along
the inner surface of the channel where the catalyst is present
(pipe flow). This system allows an efficient gas–liquid–solid
interaction owing to the large interfacial areas and the short
path required for molecular diffusion in the very narrow
channel space, which is not attainable in normal batch sys-
tems.
Although there had been several reports concerning the


immobilization of metals on a glass wall, lowered reactivity
and leaching of the metals during reactions were sometimes
serious problems. In this work, a new method for the immo-
bilization of the Pd catalyst was developed to overcome
such problems.[26,27]


Microencapsulated (MC) Pd, prepared from [Pd ACHTUNGTRENNUNG(PPh3)4]
and a functionalized copolymer, was used as the Pd source
by following the method originally developed for immobili-
zation. Amine groups were introduced in advance onto the
surface of the glass channel, a solution of the MC Pd was
then passed through the microchannel to allow the reaction
with the amine group, and after calcination at 150 8C to
ensure cross-linking of the polymer, the desired Pd-immobi-
lized microchannel reactor was successfully prepared. Mi-


Scheme 4. Multiphase catalytic chemoselective hydrogenation of a,b-un-
saturated aldehyde with RuII–TPPTS. TPPTS= sodium triphenylphos-
ACHTUNGTRENNUNGphanetrisulfonate.


Figure 7. Gas–liquid–liquid flow in the capillary reactor.[24]
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croscope observation showed that the inner surface of the
channel was covered by the polymer containing the palladi-
um catalyst.


Hydrogenation of benzalace-
tone was carried out in the Pd-
immobilized microchannel reac-
tor thus prepared. When the
flow rate of hydrogen was rela-
tively slow, alternate slugs of
the liquid and gas were ob-
served, and the yield was insuf-
ficient. The reaction was then
carried out with an increased
flow rate of hydrogen and a de-
creased flow rate of the sub-
strate, and the ideal flow
system (pipe flow) was found to
afford the product quantitative-
ly. In that case, the mean resi-
dence time (which equals the
reaction time) of the starting
materials was only 2 min.
Reduction of other olefins


and alkynes was examined, and
also the removal of a benzyl
ether and of a carbamate group
was conducted (Table 1). It was
found that the reactions pro-
ceeded smoothly in all cases to
afford the corresponding prod-
ucts in quantitative yields. Fur-
thermore, chemoselective re-
duction was also successfully
conducted, and a triple-bond
moiety was reduced without re-
moval of a benzyl ether moiety.
Comparison with the reaction
kinetics of the ordinary batch
system showed that the reaction
proceeded much faster in the
case of the microchannel reac-
tor. Furthermore, in most cases
Pd was not detected in the
product solutions by inductively
coupled plasma (ICP) analysis,
and the microchannel reactors
were reused several times with-
out loss of activity.
One might say that micro-


channel reactors are a draw-
back for the reaction scale due
to the inherent micro-property.
Although it is theoretically pos-
sible to scale up reactions by
using a number of chips in par-
allel (numbering up), practical
and spatial problems are still


encountered; examples of numbering up have been report-
ed.[28,29] Quite recently, the suitability of microchannel reac-
tors even for large-scale synthesis in hydrogenation was


Figure 8. a) Experimental hydrogenation system in a microchannel reactor. b) Immobilization of the Pd cata-
lyst. c) View of the microchannel reactor without and with the Pd catalyst and the appearance of the reaction
system. See Table 1 for substrate scope.[25]
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demonstrated by utilizing capillary column reactors, which
are inexpensive, easy to handle, and occupy less space.[30]


A fused silica capillary (i.d.: 200 mm, length: 40 cm) in-
stead of the microchannel system was selected, and immobi-
lization of the Pd catalyst was conducted by using the same
method mentioned above. Nine Pd-immobilized capillaries
were then assembled and connected to each other in parallel
by using an ordinary 1=16’’ SUS connector and fixed with a
standard epoxy resin-glue (Figure 9). Hydrogenation was
conducted with 1-phenyl-1-cyclohexene as a model substrate
in the assembled capillaries. Under optimal conditions, the
reaction proceeded well to give the desired product in quan-
titative yield. In that case, the productivity was about 280
times that of the previous microchannel system. Since capil-
laries themselves occupy only approximately 0.4 mL


(0.11 mL if calculated based on the volume of the space
inside the capillaries), quite high space–time yields have
been achieved (18.3 mgmin�1mL�1), demonstrating the fea-
sibility of the system for practical chemical synthesis.
The overall mass-transfer coefficients for gas–liquid ab-


sorption in a microfabricated packed-bed reactor were com-
pared with traditional multiphase packed-bed reactors.[31] A
microchemical system, which was made of silicon and pyrex
glass, consisted of a microfluidic distribution manifold, a mi-
crochannel array, and a 25-mm microfilter for immobilizing
solid particle materials within a reactor chip (Figure 10).
The hydrogenation reaction of cyclohexene catalyzed by Pt/
Al2O3 was selected as a model multiphase reaction. The cat-
alyst was loaded into the main reaction part, and the reac-
tion was conducted by introducing the substrate and hydro-


gen into the channel. Analysis
showed the overall mass-trans-
fer coefficients to be two orders
of magnitude larger than values
for standard laboratory-scale
reactors.
Hydrogenation of nitroben-


zene was catalyzed by palladi-
um by using a falling-film reac-
tor, which was made of stainless
steel and had 64 straight, paral-
lel channels (300 mm wide,
100 mm deep, 78 mm long sepa-
rated by 100-mm walls)
(Figure 11).[32] This device em-
ployed thin liquid films less
than 100 mm thick that were
created by a liquid feed falling
under gravity, leading to rapid
heat and mass transfer. Several
methods to immobilize a palla-
dium catalyst on the wall of the


Table 1. Substrate scope of the hydrogenation reaction in a Pd-immobilized microchannel reactor.


Substrate Product Yield [%][a] Substrate Product Yield [%]


97[b] quant.


quant.
quant.


quant.
quant.[d]


quant.


quant.[d]


quant.


quant.[e]


quant.[c]


quant.[e]


97[f]


[a] Yields were determined by 1H NMR spectroscopy. [b] 4-Phenyl-2-butanol (3%) was also obtained. [c] Yield of isolated product: 97%. [d] EtOH was
used as solvent. Flow rate of the substrate: 0.05 mLh�1. The reaction was carried out at approximately 50 8C. Actual residence time was less than 1 min.
[e] The reaction was conducted at about 50 8C. [f] Conditions: H2 (2 mLmin


�1, 1,2-dichloroethane, �50 8C.


Figure 9. a) System for hydrogenation reaction in Pd-immobilized capillary. b) Assembled Pd-immobilized ca-
pillaries for larger-scale synthesis.[30]
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channel, such as sputtering, UV decomposition of palladium
acetate, incipient wetness, or impregnation, were examined.
Among them incipient wetness gave the highest loading of
the catalyst and retained stable activity for a much longer
time than any of the other cata-
lysts. This system was found to
produce larger amounts of ani-
line per unit volume under
milder conditions than those by
a batch system.
Efficient hydrogenation reac-


tions with the use of a gas–
liquid–solid microflow system
under elevated pressure were
developed.[33] A stainless-steel
tube (o.d.: 6.3 mm, i.d.: 1.0 mm,
length: 25 cm) with two filters
at both ends so as to keep the
Pd/C inside the column was
used as a reactor (Figure 12).
Both the substrate solution and
the hydrogen gas are intro-
duced continuously into one
end of the fine column packed
with Pd/C. From the other end,
the hydrogenated product solu-
tion emerges continuously. The
substrate solution was mixed
with the hydrogen gas in a T-
shaped mixer, and a forming


Figure 10. a) The single-channel reactor loaded with activated carbon.
b) Multichannel reactor design for hydrogenation. A: Top silicon layer il-
lustrating fluid manifold to 10 parallel fixed-bed reaction channels. B:
Photomicrograph of multichannel reactor chip.[31]


Figure 12. Schematic drawing of the gas–liquid–solid flow reactor.[33]


Figure 11. Components and schematic of the
microstructured falling-film reactor. Reprint-
ed, with permission, from reference [32].
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plug flow (alternate gas and liquid layers) was then intro-
duced into the tube column packed with Pd/C. The hydro-
gen pressure was regulated at around 2.5MPa. The resi-
dence time in the column was only 2 min. The substrate so-
lution and hydrogen gas travel through very narrow chan-
nels, which are formed between and within the Pd/C porous
particles (diameter: 20�10 mm), giving rise to enhanced
mass transfer between different phases relative to conven-
tional batch reaction systems. The hydrogenation reaction of
4-cyanobenzaldehyde was chosen as a model to evaluate the
efficiency of the system, and control experiments were also
conducted in a batch system for comparison. It was found
that the flow system resulted in a more-efficient hydrogena-
tion reaction than the batch system, promising high poten-
tial and wide applicability for many organic reactions with
heterogeneous catalysts.


4. Others


4.1. Supercritical Fluids


Supercritical carbon dioxide (scCO2) has recently attracted
much interest as an ideal solvent because of its abundance,
low cost, and nontoxicity.[34] Although scCO2 has a liquidlike
aspect and allows the dissolution of many organic com-
pounds, it also has a gaslike aspect and is high miscible with
gases, including hydrogen. Therefore, scCO2 provides an ef-
fective environment for hydrogenation reactions. Hydroge-
nation reactions in scCO2 as a reaction medium in micro-
channel reactors has been developed.[35] A 200-mm wide,
100-mm deep, and 40-cm long microchannel reactor in which
the palladium catalyst was immobilized (or encapsulated)
within a copolymer matrix on the channel surface was used
(the same channel as that used in normal hydrogenation re-
actions mentioned above). The overall system for hydroge-


nation reactions in scCO2 is shown in Figure 13. A cell into
which substrates were injected was connected to a 200-mL
autoclave, which was used to make scCO2 containing dis-
solved hydrogen. The pressure inside the channel was con-
trolled by a backpressure regulator, which was positioned at
the end of the microchannel reactor. To perform hydrogena-
tion reactions, the substrate was supplied into the cell at
50 8C. scCO2 containing dissolved hydrogen was prepared by
supplying hydrogen and CO2 into the autoclave. The result-
ing fluid was then transferred through the high-pressure cell
into the microchannel reactor at 60 8C, where the dissolved
substrate was converted into the desired product. During
the reaction, CO2 was supplied continuously at a constant
flow rate, and the product was collected at the exit for anal-
ysis. This system allowed the hydrogenation of a variety of
substrates in almost quantitative yields. Significantly, aver-
age residence (reaction) times were estimated to be less
than 1 s for all reactions. These initial results demonstrated
that the substrate, hydrogen, and the catalyst interact effi-
ciently owing to the large surface area of the catalyst and
the greatly increased solubility of hydrogen by using scCO2
as the reaction medium.


4.2. Multistep Synthesis


Although many types of reactions have been found to pro-
ceed highly efficiently in microreactors because of the en-
hanced heat performance, faster diffusion times and reaction
kinetics, and improved reaction product selectivity, challeng-
es still remain in applying microreactors to sequential syn-
theses of fine chemicals and pharmaceuticals. An integrated
microfluidic device was developed for the multistep synthe-
sis of a radiolabeled imaging probe.[36] The synthesis of the
18F-labeled molecular-imaging probe 2-deoxy-2-[18F]fluoro-
d-glucose ([18F]FDG), a widely used radiolabeled molecular


probe, was chosen as a model
reaction. It should be noted
that because of the brief half-
life of 18F, rapid synthesis of
doses is essential. Five sequen-
tial processes—18F concentra-
tion, water evaporation, radio-
fluorination, solvent exchange,
and hydrolytic deprotection—
were involved and proceeded in
an integrated microfluidic
device with high radiochemical
yield and purity and with a
shorter synthesis time than con-
ventional automated synthesis
(Figure 14). Although some of
the components required for
conducting sequential chemical
processes within microfluidics
are similar to those previously
demonstrated for biological
analysis, two additional techni-Figure 13. System for hydrogenation in scCO2 in a Pd-immobilized microchannel reactor.


[35]
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cal advances should be noted: an in situ ion-exchange
column combined with a rotary pump to concentrate radioi-
sotopes and the use of the gas-permeable poly(dimethyl-
ACHTUNGTRENNUNGsiloxyane) (PDMS) matrix as a basic material of the micro-
reactor, which allows solvent exchange to occur within the
microfluidic channel through direct evaporation. The se-
quential production of [18F]FDG was completed in an auto-
mated fashion within 14 min. Another chemical reaction cir-
cuit was designed with the capacity to allow the synthesis of
larger amounts of [18F]FDG, and a sufficient amount of
[18F]FDG was produced for several mouse experiments for


micro-PET- and micro-CT-based (PET=positron emission
tomography, CT=computed tomography) molecular imag-
ing.


5. Summary and Outlook


This Focus Review has summarized the recent progress in
the field of multiphase organic synthesis in microchannel re-
actors. Many types of multiphase organic reactions have
been much improved by making the best use of the proper-
ties of microchannel reactors in a variety of aspects. Al-
though the examples shown here all concern multiphase re-
actions, it is remarkable that homogeneous reactions have
also been explored recently, further demonstrating a bright
future for microchannel reactors.[3–5] Organic chemistry has
dramatically influenced society, especially in recent decades,
with advances in and inventions of medicinal products and
functionalized materials. However, experimental tools, sys-
tems used, their characteristics, concepts, and properties
have remained unchanged for over 100 years. Microchannel
reactors have opened the door to innovation in the future of
organic synthesis.


[1] P. L Mills, R. V. Chaudhari, Catal. Today 1997, 37, 367.
[2] a) V. L. Mehta, A. Kokossis, Comput. Chem. Eng. 1997, 21, S325.
[3] a) J-i. Yoshida, S. Suga, A. Minato in Microreactor, Epoch-making


Technology for Synthesis (Eds.: J-i. Yoshida), CMC, Japan, 2000,
pp. 99–116; b) I. Ryu, M. Sato in Microreactor, Epoch-making Tech-
nology for Synthesis (Eds.: J-i. Yoshida), CMC, Japan, 2000,
pp. 117–134.


[4] P. D. I. Fletcher, S. J. Haswell, E. Pombo-Villar, B. H. Warrington, P.
Watts, S. Y. F. Wong, X. Zhang, Tetrahedron 2002, 58, 4735.


[5] K. JShnisch, V. Hessel, H. Lçwe, M. Baerns, Angew. Chem. 2004,
116, 410; Angew. Chem. Int. Ed. 2004, 43, 406.


[6] R. D. Chambers, R. C. H. Spink, Chem. Commun. 1999, 883.
[7] K. JShnisch, M. Baerns, V. Hessel, W. Ehrfeld, V. Haverkamp, H.
Lçwe, C. Wille, A. Guber, J. Fluorine Chem. 2000, 105, 117.


[8] N. de Mas, A. GUnther, M. A. Schmidt, K. F. Jensen, Ind. Eng.
Chem. Res. 2003, 42, 698.


[9] P. W. Miller, N. J. Long, A. J. de Mello, R. Vilar, J. Passchier, A.
Gee, Chem. Commun. 2006, 546.


[10] a) G. Wießmeier, D. Hçnicke, Ind. Eng. Chem. Res. 1996, 35, 4412;
b) D. Hçnicke, Stud. Surf. Sci. Catal. 1999, 122, 47.


[11] J. A. Gladysz, C. Emnet, in: Handbook of Fluorous Chemistry
(Eds.: J. A. Gladysz, D. P. Curran, I. T. HorvWth), Wiley-VCH, Wein-
heim, Germany, 2004, pp. 11–23.


[12] K. Mikami, M. Yamanaka, Md. N. Islam, K. Kudo, N. Seino, M. Shi-
noda, Tetrahedron 2003, 59, 10593.


[13] K. Mikami, M. Nazrul Islam, M. Yamanaka, Y. Itoh, M. Shinoda, K.
Kudo, Tetrahedron Lett. 2004, 45, 3681.


[14] M. Ueno, H. Hisamoto, T. Kitamori, S. Kobayashi, Chem. Commun.
2003, 936.


[15] C. de Bellefon, N. Tanchoux, S. Caravieilhes, P. Grenouillet, V.
Hessel, Angew. Chem. 2000, 112, 3584; Angew. Chem. Int. Ed. 2000,
39, 3442.


[16] S. J. Haswell, B. O*Sullivan, P. Styring, Lab Chip 2001, 1, 164.
[17] G. M. Greenway, S. J. Haswell, D. O. Morgan, V. Skelton, P. Styring,


Sens. Actuators B 2003, 63, 153.
[18] P. He, S. J. Haswell, P. D. I. Fletcher, Lab Chip 2004, 4, 38.
[19] N. G. Wilson, T. McCreedy, Chem. Commun. 2000, 733.
[20] X. Li, H. Wang, K. Inoue, M. Uehara, H. Nakamura, M. Miyazaki,


E. Abe, H. Maeda, Chem. Commun. 2003, 964.


Figure 14. A) Schematic representation of a chemical reaction circuit
used in the production of 2-deoxy-2-fluoro-d-glucose (FDG). Five se-
quential processes (concentration of dilute fluoride ion with the use of a
miniaturized anion-exchange column located in a rectangular fluoride
concentration loop, solvent exchange from water to dry MeCN, fluorina-
tion of the d-mannose triflate precursor 1, solvent exchange back to
water, acidic hydrolysis of the fluorinated intermediate 2a (or 2b) in a
circular reaction loop) are shown. The final product FDG (3a,b) was ob-
tained in nanogram amounts. The operation of the circuit is controlled by
pressure-driven valves (red for regular valves (for isolation), yellow for
pump valves (for fluidic metering circulation), and blue for sieve valves
(for trapping anion exchange beads in the column module)). B) Optical
micrograph of the central area of the circuit. The various channels have
been loaded with food dyes to help visualize the different components of
the microfluidic chip; colors are as in A) (green for fluidic channels).
Inset: Actual view of the device; a penny (diameter 18.9 mm) is shown
for comparison. Reprinted, with permission, from reference [36].


34 www.chemasianj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian. J. 2006, 1 – 2, 22 – 35


FOCUS REVIEWS
S. Kobayashi et al.







[21] M. Miyazaki, J. Kaneno, R. Kohama, M. Uehara, K. Kanno, M.
Fujii, H. Shimizu, H. Maeda, Chem. Eng. J. 2004, 101, 277.


[22] M. Brivio, R. E. Oosterbroek, W. Verboom, M. H. Goedbloed, A.
van den Berg, D. N. Reinhoudt, Chem. Commun. 2003, 1924.


[23] C. Basheer, S. Swaminathan, H. K. Lee, S. Valiyaveettil, Chem.
Commun. 2005, 409.


[24] Y. Xnal, M. Lucas, P. Claus, Chem. Eng. Technol. 2005, 28, 972.
[25] J. Kobayashi, Y. Mori, K. Okamoto, R. Akiyama, M. Ueno, T. Kita-


mori, S. Kobayashi, Science 2004, 304, 1305.
[26] R. Akiyama, S. Kobayashi, J. Am. Chem. Soc. 2003, 125, 3412.
[27] K. Okamoto, R. Akiyama, H. Yoshida, T. Yoshida, S. Kobayashi, J.


Am. Chem. Soc. 2005, 127, 2125.
[28] Y. Kikutani, A. Hibara, K. Uchiyama, H. Hisamoto, M. Tokeshi, T.


Kitamori, Lab Chip 2002, 2, 193.
[29] R. Schenk, V. Hessel, C. Hofmann, J. Kiss, H. Lçwe, A. Ziogas,


Chem. Eng. J. 2004, 101, 421.


[30] J. Kobayashi, Y. Mori, S. Kobayashi, Adv. Synth. Catal. 2005, 347,
1889.


[31] M. W. Losey, M. A. Schmidt, K. F. Jensen, Ind. Eng. Chem. Res.
2001, 40, 2555.


[32] K. K. Yeong, A. Gavriilidis, R. Zapf, V. Hessel, Catal. Today 2003,
81, 641.


[33] N. Yoswathananont, K. Nitta, Y. Nishiuchi, M. Sato, Chem.
Commun. 2005, 40.


[34] W. Leitner, Topic in Current Chemistry, Vol. 206, Springer-Verlag
Berlin, 1999, pp. 107–132.


[35] J. Kobayashi, Y. Mori, S. Kobayashi, Chem. Commun. 2005, 2567.
[36] C.-C. Lee, G. Sui, A. Elizarov, C. J. Shu, Y.-S. Shin, A. N. Dooley, J.


Huang, A. Dariton, P. Wyatt, D. Stout, H. C. Kolb, O. N. Witte, N.
Satyamurthy, J. R. Heath, M. E. Phelps, S. R. Quake, H.-R. Tseng,
Science 2005, 310, 1793.


Received: March 6, 2006


Chem. Asian. J. 2006, 1 – 2, 22 – 35 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 35


Organic Synthesis in Microchannel Reactors








DOI: 10.1002/asia.200600074


Polymerization in Coordination Nanospaces


Takashi Uemura, Satoshi Horike, and Susumu Kitagawa*[a]


36 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian. J. 2006, 1 – 2, 36 – 44


FOCUS REVIEWS



www.interscience.wiley.com





Abstract: Inspired by elegant polymerizations in biologi-
cal systems, polymer synthesis in confined artificial nano-
spaces is a key challenge in the control of polymer struc-
tures and the design of well-defined nanostructures. In
this regard, porous coordination polymers (PCPs) have a
wide range of advantages, such as regular channel struc-
tures, controllable pore size, dynamic and flexible pores,
and unique surface potentials and functionality, which can
be utilized for precisely controlled polymerization and po-
lymer arrangement. This Focus Review describes recent


progress in polymerization in the nanochannels of PCPs
and demonstrates why this polymerization system is so at-
tractive and promising, from the viewpoints of three es-
sential polymerization processes in PCPs, that is, mono-
mer arrangement, polymerization methods, and control of
polymer structure.


Keywords: coordination polymers · inclusion compounds ·
microporous materials · nanostructures · polymerization


1. Introduction


When one-dimensional nanochannels of crystalline porous
compounds are filled with guest molecules with polymeriz-
able groups, these monomers can be polymerized in the con-
fined nanospaces. The host components provide a specific
molecular-level flask for the reaction of the monomeric
guest molecules. This reaction allows low-dimensional re-
strained polymerization, which is different from bulk and so-
lution polymerization in conventional flasks but similar to
polymer synthesis in natural biological systems. Typical ex-
amples are polymerizations in the microporous channels of
organic hosts and zeolites.[1] Extensive studies on polymeri-
zation in organic hosts were carried out from the 1960s to
the 1980s and focused on radical polymerization of conju-
gated diene and triene monomers irradiated with g-rays.[1a–c]


In the case of zeolites, impregnation of transition-metal ions,
such as CuII, FeIII, NiII, and CoII, into the nanochannels is ef-
fective for oxidative polymerizations to produce many con-
jugated (semi)conducting polymers.[1c–e] In these systems, the
inclusion polymerizations in the microporous hosts have
shown specific size and shape effects of the nanochannels on
the kinetics and selectivity of the polymerization.


Since the early 1990s, porous coordination polymers
(PCPs) composed of transition-metal ions and organic li-
gands have been developed extensively owing to the scien-
tific interest in the creation of nanometer-sized spaces for


investigating novel phenomena, as well as for the commer-
cial interest in their applications for molecular storage, sepa-
ration, and heterogeneous catalysis.[2] The remarkable prog-
ress in the field of PCPs has paved the way for functional
chemistry in the area of porous materials because their
porous frameworks can essentially be designed at will on
the basis of the variety of coordination geometries at the
metal centers and the multifunctionality of the organic
bridging ligands. Therefore, PCPs exhibit significant charac-
teristic features, such as 1) highly regular channel structures,
2) controllable pore size approximating molecular dimen-
sions, 3) flexible pores that respond to guest molecules, and
4) unique surface potentials and functionality, which are
beyond the scope of conventional microporous materials
(Figure 1).
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Figure 1. Characteristic functions of porous coordination polymers
(PCPs).
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Considering the attractive features of the channels of
PCPs, the utilization of PCPs should be of key importance
for the creation of unique nanosized reaction cavities.[3] In
particular, the use of PCP nanochannels as a cavity for poly-
merization is an attractive idea for many reasons, and would
not only allow multilevel control of polymerization (control
of stereochemistry, regiochemistry, molecular weight, helici-
ty, etc.), but would also provide well-defined nanostructures
and nanohybrids to enable the fabrication of new-generation
materials. Such polymerization in the functional nanospaces
of PCPs consists of three stages. The first stage is encapsula-
tion of the monomers in the host PCPs. The second is poly-
merization by one of several mechanisms. The last stage is
characterization of the resulting polymers in or out of the
host frameworks. In this short account, we describe the es-
sence of what particular properties can be achieved at all
the stages of polymerization in PCPs; we review key results
from the literature of recent years and propose some prom-
ising applications.


2. Encapsulation of Monomers


2.1. Confinement Effect


The reactivity of guest molecules in confined nanospaces is
strongly dependent on the molecular states and behavior.
Generally, the pore sizes of PCPs range from 4 to 20 E.[4]


Such nanosize pores are suitable for the confinement of
guest molecules, even when the intermolecular interaction
between guest and host molecules is governed only by dis-
persion forces, the so-called van der Waals forces.[5] By
tuning the pore size and the shape of PCPs, we can create a
nanospace with a strong confinement capability for a wide
variety of monomers, ranging from gas molecules (acetylene,
ethylene) to larger molecules (methyl methacrylate, styrene)
even at room temperature. With the aid of this confinement,


the density of adsorbed molecules in the pore is often larger
than in the bulk solid. Therefore, the design and synthesis of
a pore architecture that is well-suited to target monomers is
a kind of “polymerization-cavity engineering”.


On the other hand, PCPs with functional groups such as
open metal sites or metal-free organic groups in the pores
allow stronger guest trapping as well as control of the orien-
tation of guest molecules.[6] There is no doubt that an ad-
sorption system specific for a target molecule can be realiz-
ed when multiple specific interaction sites are located at
suitable positions on the regular micropore. The attractive
sites of pores can initiate polymerization of the trapped
monomers as well as ensure their anisotropic binding to the
attractive sites of the pores. For instance, acetylene deriva-
tives adsorbed in a PCP whose pore surface bears basic
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oxygen atoms undergo spontaneous polymerization through
RC�C-H···O hydrogen bonding with the pore walls (see
Section 3.1).[7] This reaction is caused by the combination of
confinement effect in the restricted space and electron
transfer through the hydrogen bond.


2.2. Regularity


In most cases, self-assembly processes of building blocks
made up of metal ions and organic ligands afford PCP mi-
crocrystals with particle dimensions of at least 1 mm3. Given
a cross-section of even 1 nm for channels, a particle with a
size of 1 mm3 automatically contains millions of regular
channels. Such regular channels, with a sharp distribution of
PCP pore size and diameter owing to the high crystallinity,
provide advantages for controlled polymerization.[8] Densely
adsorbed monomers inside the channels are favorably ame-
nable to highly reactive and regulated polymerization be-
cause all the channels can be used as a reaction cavity. If an
assembled guest structure can be prepared with one-direc-
tional orientation or heteroguest accommodation (e.g.,
AAABBB, ABABAB…) by employing specific regular mi-
cropores, block or alternating copolymerization and se-
quence-controlled polymerization is achieved.


Recently, a series of pillared-layer-type PCPs [{Cu2


ACHTUNGTRENNUNG(pzdc)2(L)}n] (pzdc=2,3-pyrazinedicarboxylate; 1a : L=pyr-
azine, channel size=4.0O6.0 E2; 1b : L=4,4’-bipyridine,
channel size=8.2O6.0 E2; 1c : L=1,2-di(4-pyridyl)ethylene,
channel size=10.3O6.0 E2) with highly regular 1D micro-
pores was prepared in which characteristic guest inclusions
are realized. In the case of 1a, which has the narrowest
channel, small gas molecules (O2, N2, Ar, CH4) are adsorbed
in a 1D array fashion and show a crystalline phase at rela-
tively high temperature (~100 K).[9] This phenomenon is due
to the size matching between the shapes of the host surface
potential and guest molecules. By tuning the regularity of
the potential field of the channels, we can create well-or-
dered monomer assemblies inside the PCP channels toward
the target polymerization.


2.3. Monomer Behavior


In the case of conventional adsorbents such as zeolites or
activated carbon, many reports on the correlation between
adsorbed guest dynamics and their reactivity inside the pore
have been discussed. However, such studies in the area of
PCPs are still rare. It is well known that the strong micro-
pore field shifts the melting and freezing temperatures of
the adsorbate in a confined nanospace. Benzene molecules
in several zeolites show solidlike behavior at room tempera-
ture, whereas benzene in mesoporous silica (SBA-15) be-
haves as a liquid phase, even at 236 K.[10] To investigate the
reactivity of polymerization, a detailed observation of mo-
nomer behavior inside the PCP is essential.


Standard methods for analyzing the guests inside the
pores of adsorbents are thermodynamic or spectroscopic
techniques such as differential scanning calorimetry and


FTIR or NMR spectroscopy. In particular, 2H NMR spec-
troscopy has been widely used for direct observation of the
mobility of guests in various adsorbents and is also available
for PCPs, even though the host frameworks contain para-
magnetic species. Several observations about guest behavior
in PCPs have been reported. The motions of adsorbed
guests are sensitive to the pore walls, and the mobility of
monomers adsorbed in several PCPs strongly depends on
the size/shape of the porous frameworks, which determines
the propensity of the incorporated monomers to undergo
polymerization (see Section 3.1). Furthermore, computer
simulation based on MO, MM, and MD methods is a power-
ful aid for the design of well-controlled and efficient reac-
tions in nanospaces by showing how monomers are accom-
modated, orientated, and loosely trapped therein.[7,11]


3. Polymerization in PCPs


In general, polymerization methods are classified into three
categories: addition polymerization, polycondensation, and
polyaddition, all of which can potentially take place in the
nanochannels of PCPs. In this Focus Review, we concentrate
on radical polymerization and spontaneous catalytic poly-
merization (anionic polymerization) in PCPs, because the
advantages of PCP nanochannels can be fully utilized in
those systems.


3.1. Radical Polymerization


Polymerization of vinyl monomers in conventional micropo-
rous crystals (zeolites and organic hosts) still seems difficult,
because 1) their channel sizes are often smaller than the mo-
nomer and/or resulting polymers, 2) most zeolites have dis-
continuous bottleneck channel structures that do not allow
the monomers to be packed continuously, and 3) the chan-
nel structures of the organic hosts are held together by weak
supramolecular interactions (hydrogen bonding and van der
Waals interactions) and are typically fragile.[1a–c] Recently,
the advantages of PCPs were exploited for a polymerization
reaction: the radical polymerization of styrene was per-
formed in regular, continuous, robust, and relatively wide
one-dimensional channels of [{M2(1,4-benzenedicarboxyla-
te)2triethylenediamine}n] (2a : M=Cu2+ ; 2b : M=Zn2+ ;
channel sizes=7.5O7.5 E2) (Figure 2).[12] In this system,
polymerization proceeds in high conversion (71%) without
collapse of the channel structures, and the resultant polystyr-
ene is completely encapsulated in the nanochannels. Inter-
estingly, the polymerization of styrene does not proceed effi-
ciently in complex 1b, whose pore size is, however, compa-
rable to that of 2. To understand the difference between 1b
and 2, solid-state NMR spectroscopy measurements were
conducted (Figure 3). The line shape of the 2H NMR spectra
for [D8]styrene adsorbed in 2 reveals that the guest styrene
molecules have high mobility and fast rotation in the nano-
channels. However, the spectra of [D8]styrene in 1b show
completely solidlike behavior, even at the polymerization
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temperature, indicating that the mobility of styrene is much
more restricted in 1b than in 2. This restricted arrangement
of the styrene in the nanochannel of 1b resulted in the poor
reactivity of the former. The pore size and shape strongly
affect the dynamics of the monomer, and the behavior of
the monomer is a key factor in promoting polymerization in
the porous framework.


3.2. Catalytic Spontaneous Polymerization


In contrast to conventional porous materials, an intriguing
feature of PCPs is that their pore surfaces can be rationally
designed and functionalized on the basis of its constituents
(Figure 4).[6,13] The versatile pore features (redox activity,
Lewis acidity, basicity, hydrophobicity, chirality, etc.) of


PCPs are of key importance for the creation of unique
nanosized reaction cavities based on the PCP materials. This
is realized by the appropriate choice and the precise and
regular arrangement of the metal ions and the organic func-
tional groups. Thus, functionalized PCPs that bear specific
interactive sites in/on the nanochannels have been envi-
sioned for useful catalytic applications in organic and poly-
mer syntheses.[3a–c] Recently, it was demonstrated that the
pillared-layer complex 1b catalyzed the spontaneous poly-
merization of substituted acetylenes in the nanochannels.[7]


In the case of acidic monosubstituted acetylenes, the basic
oxygen atoms from the carboxylate ligands in 1b produce
reactive acetylide species that subsequently initiate anionic
polymerization in the nanochannel (Figure 5). In contrast to
a control experiment with a discrete model catalyst (sodium
benzoate), system 1b leads to drastic acceleration of the
polymerization. For example, the reaction of methyl propio-
late with the model catalyst at room temperature for
1 month gave only a trace amount of product. An increase
in the reaction temperature to 70 8C was also ineffective for
polymerization. However, the reaction of the acetylene mo-
nomer with 1b for 12 h at room temperature successfully
provided the polymeric product. This unique catalytic poly-


Figure 2. Radical polymerization of styrene in the nanochannels of 2.


Figure 3. 2H NMR spectra of [D8]styrene in the nanochannels of a) 2b
and b) 1b.


Figure 4. Functionalization of the surfaces of PCP pores.


Figure 5. Catalytic spontaneous polymerization of substituted acetylenes
in 1b.
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merization mechanism in 1b is supported by IR spectrosco-
py measurements and computer simulation with a universal
force field. Experiments with various combinations of acety-
lene monomers (methyl propiolate, cyanoacetylene, and 2-
ethynylpyridine) and host PCPs (1a–c and 2a) showed that
appropriate channel size as well as the basic carboxylate
moiety are important for this spontaneous polymerization.


4. Control of Polymer Structures and Organization


Needless to say, understanding the effects of the nanochan-
nel on the structures of the polymers prepared in PCPs is of
significant importance in this subject. However, to deter-
mine the structure of the polymers synthesized in PCPs, the
polymers must be separated from the host frameworks with-
out structural change. In this regard, the polymers accom-
modated in PCPs can be easily recovered by decomposition
of the host frameworks in appropriate media, such as acid,
base, water, or organic solvents.[3e,12] A simple extraction
method is also available for the isolation of the encapsulated
polymers.[7]


4.1. Primary Structures of Polymers


In the processes of polymerization in PCPs, the arrangement
and orientation of the monomer molecules along the direc-
tion of the nanochannels could determine the regio- and ste-
reospecificity of the obtained polymers (Figure 6). When
polymerization of vinyl monomers is carried out in the
nanochannels of PCPs, one can realize that the tacticity of
the resulting polymers is controlled by effective through-
space induction. The rational design of PCPs by judicious
choice of connecting ligands leads not only to the tuning of
the channel size and shape but also introduces interactive
sites on the pore walls, which should be a promising ap-
proach to demonstrate the stereocontrolled polymerization
of vinyl monomers.[14] Furthermore, functional PCPs with
homochiral porous channels can be prepared by introduc-


tion of chiral ligands and/or asymmetric coordination geom-
etry into the frameworks for application to enantioselective
separation and catalysis.[2b,3a,c,15] Polymerizations in such
chiral channels yield optically active polymers. Of considera-
ble interest is the use of chiral PCPs to effect asymmetric
polymerization such as asymmetric selective polymerization
of racemic monomers as well as asymmetric polymerization
of prochiral monomers, which may give helical polymer con-
formations.[16]


Much effort has also been devoted to the stereocontrolled
polymerization of substituted acetylene monomers in the
past few decades, because stereoregularity (cis and trans
chain sequence) of resulting polyacetylenes affects their
characteristic properties, such as conjugation length, conduc-
tivity, suprastructures, and processibility.[17] The polymeri-
zation of substituted acetylenes in the nanochannels of 1b
proceeded with remarkably high stereoselectivity. The
narrow nanochannel structure could successfully direct the
polymerization with trans addition, which strikingly con-
trasts with the result obtained when using a model catalyst
(sodium benzoate), for which only unfavorable cyclic by-
products (trisubstituted benzenes) and cis polyMP were ob-
tained in very low yields.[7]


4.2. Molecular Weight


One of the most effective methods for precise molecular-
weight control in polymer synthesis is living polymerization
that is free from side reactions such as termination and
chain transfer.[18] Unlike ionic polymerization, in which the
growing species inherently repel each other, free-radical
polymerization usually suffers from the recombination and
disproportionation of the growing radical species.[18] There-
fore, generation of long-lived stable radicals is very impor-
tant to allow a precise molecular weight. In this regard, the
radical polymerization of styrene in 2 showed an intense
signal for a propagating radical in the ESR spectrum, and
the signal did not disappear over three weeks, even at
70 8C.[12] In contrast to the case of bulk and solution poly-
merization, the propagating radical in this system was
“living” owing to effective protection in the nanochannel. In
fact, the number-average molecular weight (Mn) and the
polydispersity (Mw/Mn) of the recovered polystyrene from 2
were determined to be �55000 and 1.6, respectively, by gel-
permeation chromatography (GPC) measurements. Howev-
er, the GPC profile of bulk polystyrene synthesized under
comparable conditions showed a broad fraction of polymer
with a high polydispersity (Mw/Mn=4.7). This difference
suggests the possibility of molecular-weight control in the
nanochannel of 2 (Figure 7).


On the other hand, construction of PCPs with the desired
crystal sizes promises precise guest inclusion, which would
enable the control of the number of incorporated guest mol-
ecules in the nanochannels. When organic monomers are
employed as the guest molecules, this size change should be
particularly useful, because the channel length would affect
the molecular weight of the resultant polymers. Recently,Figure 6. Examples of regio- and stereoselective polymerization.
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our group demonstrated the successful tuning of the crystal
growth of a PCP and, consequently, controlled its crystal
size to between 2 and 70 mm.[19] The material employed in
this study was 1a with 4.0O6.0-E2 microporous one-dimen-
sional channels in the framework, so that polymerization in
those crystals would give some clues to precise molecular-
weight control.


4.3. Isolation of a Single Polymer Chain


Increased attention is being focused on the fundamental
properties of single polymer chains for their future applica-
tions in nanosized molecular-based devices.[20] Because the
characteristic properties of amorphous bulk polymers are
derived from entangled chain aggregates with distinct inter-
chain interactions, encapsulation of a polymer in a one-di-
mensional crystalline microporous channel can provide a
model system for a single polymer chain isolated from its
surroundings, which would allow fundamental studies on in-
herent polymer properties, such as stability, mobility, con-
ductivity, and fluorescence, for the isolated single chains.


In particular, encapsulation of functional conjugated poly-
mers in PCP nanochannels offers several significant advan-
tages. Studies on the fundamental properties of the incorpo-
rated polymers in host matrices are of current interest.[1d,e]


Clearly, the simplest reason for this study is to understand
the mechanism of conduction. It has been said that studies
of the conduction mechanism would benefit substantially if
the low-dimensional polymer structures were available as
decoupled, structurally well-defined entities. The design of
molecularly isolated conducting structures can potentially
decrease the size of electronic circuitry to molecular dimen-
sions. Thus, if encapsulation of conducting polymers in PCPs
enables the separation of individual polymer chains, various
contributions to conductivity can be disentangled. In partic-
ular, incorporation of conducting polymers in PCP channels
is a fascinating one, not only because it would yield a true
molecular nanowire, but also because it would allow us to
study selectively the charge-transport mechanisms along the
polymer chains. The easy alignment of the single chain as-
sembly in PCPs, owing to their highly regular channel struc-


tures, could also result in the measurement of the anisotrop-
ic conduction in a single crystal. Furthermore, another pur-
pose of the encapsulation is to protect the polymers from at-
mospheric attack. It is well known that polyacetylene is at-
tacked by oxygen, and even more-stable polymers, such as
polythiophene or polypyrrole, show spectroscopic changes
upon exposure to air. This encapsulation can also offer pro-
tection from other types of chemical attack and greatly en-
hance thermal and mechanical properties.


5. Conclusions and Perspectives


This Focus Review has summarized an early but evolving
stage of polymerization in PCPs and has shown why this
subject is so attractive. Currently, most research in this area
is focused on polymer synthesis and on control of the struc-
ture of the polymer in the nanochannels of PCPs. Another
significant goal is to prepare encapsulated polymers in the
nanochannels with unique targeted physical properties,
which has yet to be fully realized. To exploit fully all the po-
tential applications offered by polymer chains embedded in
the regular micropores of PCPs, future research efforts will
also be directed at the discovery of unprecedented proper-
ties of the confined polymers as well as at the construction
of polymer–PCP nanohybrids. On the basis of these impor-
tant points, polymerizations in PCPs can be classified into
the following three categories (Figure 8):
Class I—Structure-controlled polymerization : Rational


design and preparation of PCP hosts would permit precision
syntheses of various polymers with controlled architectures
in a predictable and reliable manner, which can lead to mul-
tiple structure controls (primary structure and molecular


Figure 7. Gel-permeation chromatography profiles of a) recovered poly-
styrene from 2a, b) recovered polystyrene from 2b, and c) bulk polystyr-
ene synthesized under the comparable condition.


Figure 8. Classification of polymerization in PCPs.
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weight) of the resulting polymers, size- and shape-selective
polymerization, effective activation of encapsulated mono-
mers, and so on. Furthermore, higher dimensional polymeri-
zation (2D- and 3D-polymerization) can also be effected in
layered or 3D intersecting channel structures composed of
PCPs. This is quite fascinating because conventional poly-
mers do not have regular three-dimensional structures. In
contrast, PCPs could yield regular 3D channel structures for
controlled polymerization, providing regular 3D nets.
Class II—Orientation-controlled polymerization : PCP ma-


terials are among the most plausible candidates for the for-
mation of polymer arrays because of their highly crystalline
regular channel structures. This class of polymerization is
aimed at polymer suprastructures (isolation of polymer
chains and well-ordered alignment in the nanochannels) that
will provide useful information for the application of the
polymers in modules, circuitries, and devices. Therefore,
preparation of PCPs with desired crystal sizes and geome-
tries is of significant importance as they can act as intelli-
gent building blocks to control the alignment of the encap-
sulated polymers in the programmed nanochannel networks.
The crystal size and morphology changes would also be im-
portant to control the molecular weight of the prepared
polymers in the nanochannels (see Section 4.2).
Class III—Structural and electronic hybrid polymeri-


zation : In contrast to conventional zeolites and activated
carbon, several studies of the framework properties of PCPs
have been reported (magnetism, spin crossover, fluores-
cence, chromism, etc.).[21] From this point of view, class III
polymerization is aimed at combining advanced porous
frameworks with functional guest polymers to produce new
types of nanohybrid materials with unprecedented coopera-
tive properties. For example, encapsulation of p-conjugated
conducting polymers in the magnetic frameworks of PCPs
could enable enhanced magnetic interactions of localized
d electrons in the framework owing to exchange interactions
with organic p-electron systems. Of considerable interest is
the interplay of two motifs: interactions between porous
frameworks and guest polymers through magnetic, electro-
static, or other relevant properties result in the bi- or multi-
stability of the phases, which respond to external stimuli. In
other words, this is a type of third-generation compound.[22]


The concept of polymerization in PCPs is rather simple.
This simplicity should strongly encourage researchers in the
areas of organic, inorganic, materials, supramolecular, and
polymer chemistry, as designable nanochannels of PCPs will
offer unique and attractive cavities for a variety of polymeri-
zations.
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Introduction


The incorporation of heteroaromatic rings into conjugated
polymers is known to modify remarkably the photophysical
and electronic properties of the polymers.[1] For example,
polythiophenes[2] and polypyrroles[3] are extensively studied
and widely used in optoelectronics. There is burgeoning in-
terest in well-defined monodispersed oligomers of precise
conjugation lengths as models for polymer analogues.[4] It is
suggested that these nanoscale conjugated oligomers may fit
nicely with the approximate size of present nanopattern
probe gaps.[4] Various approaches are known in the synthesis
of long conjugated oligoaryls. Coupling reactions and annu-
lation protocols appear to be most commonly used in the
construction of oligomer backbones. Oligothiophenes[5] and
oligopyrroles[6] are conveniently synthesized by such meth-
ods. Relatively speaking, the corresponding furan analogues
have only been sporadically explored.[7] Furan-containing
conjugated polymers are photochemically labile in the pres-
ence of air (oxygen).[7a] Under inert atmosphere, however,
furan rings in oligoaryls remain intact upon irradiation.[8]


Indeed, alternating benzene–furan oligomers are used in
electroluminescence as efficient hole-transporting materials
with good charge mobility.[8] Furthermore, the bismercaptan
derivatives of ter- and pentaaryls were shown to assemble


on the gold (111) surface with significant p–p stacking.[9] By
adopting an annulation protocol starting from the propargyl-
ic dithioacetal 1 and an aldehyde (Scheme 1),[10] oligomers 5
and/or 6 can be formed by bidirectional iterative synthesis
from the corresponding dialdehyde and 4 (Scheme 2).[10b, c]


However, each annulation in Scheme 2 can only introduce
four aryl moieties, including two furan rings. A more expedi-
tious protocol would be highly desirable to enable the rapid
synthesis of higher homologues of furan-containing oligo-
ACHTUNGTRENNUNGaryls.


A range of functional groups, such as ester, ether linkage,
trifluoromethyl, cyano, hydroxyl, and even aryl bromide,
was shown to be stable under the annulation conditions in
Scheme 1.[10] We therefore envisaged that an allenyl or prop-
argylic lithium intermediate 7, generated from 4, might
react with another molecule of aldehyde 8, which contains a
propargylic dithioacetal moiety, to give teraryl 9. Notably, 9
thus produced may contain both a propargylic dithioacetal
moiety and an ester group, and the latter may be converted
into aldehyde 10 for further transformation. Accordingly, a
similar combination of two teraryls 12 and 10 may furnish
the corresponding heptamer 13 (Scheme 3).


The strategy shown in Scheme 3 would provide an effi-
cient way to synthesize convergently a range of higher ho-
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contain alternating benzene–furan
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gent/divergent method from the annu-
lation of a propargylic dithioacetal and
an aldehyde with a propargylic dithioa-
cetal moiety as a substituent. These
oligomers are fairly soluble in a range
of organic solvents and can be easily
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stituents on the furan rings can be
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the starting propargylic dithioacetals.
This route provides a useful procedure
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Scheme 1. Annulation protocol used as the basis for subsequent synthe-
ses.
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mologues of alternating benzene–furan oligoaryls in a selec-
tive manner. In this paper, we report a new iterative conver-
gent/divergent[4b, 5c] synthesis of alternating benzene–furan
oligoaryls 17 by a combination of the routes shown in
Schemes 2 and 3. A preliminary investigation of the synthe-


sis of monodispersed oligoaryls without repeated units is
also presented. As these furan-containing oligoaryls are
highly fluorescent,[8–10] the physical properties of these
oligomers are systematically explored.


Results and Discussion


Synthesis


Propargylic dithio ACHTUNGTRENNUNGacetal 4 was obtained in 62% yield from
the BF3·OEt-promoted reaction of ynone 18a with 1,2-etha-
nedithiol in methanol. The ester group in 4 was reduced by


diisobutylaluminum hydride
(DIBAL) to afford alcohol 19
in 97% yield. Oxidation of 19
with MnO2 gave the corre-
sponding aldehyde 8 in 92%
yield. Sequential reaction of 4
with nBuLi, 8, and trifluoroace-
tic acid (TFA) afforded the cor-
responding teraryl 9 in 56%
overall yield. There are two in-
teresting features in this reac-
tion sequence. First, n-butyl-
lithium reacted selectively with
the sulfur moiety of the dithio-
lane functionality in 4 to give


allenyl anion 7, with the ester group remaining intact under
the reaction conditions. Second, the allenyl or propargylic
anion 7 reacted preferentially with the aldehyde group in 8
to give the corresponding annulation product 9 ; the dithio-
lane group in 8 was stable under these conditions.


Reduction of 9 with DIBAL gave 11, which was then oxi-
dized with MnO2 to give 10 in 90% yield (two steps). Meth-
ylation of 11 with NaH and then MeI afforded the corre-
sponding methyl ether 12 in 94% yield.


Attempts to annulate 9 with 10 under the conditions used
for the synthesis of 9 gave the desired heptaaryl dithioacetal
14 in trace amounts. Interestingly, a significant amount of
the ester group in 9 reacted with nBuLi under the reaction
conditions. Presumably, an extension of conjugation would
enhance the reactivity of the ester group toward nBuLi. In-
stead, treatment of 12 with nBuLi (1 equiv) followed by 10
and TFA afforded 13 in 73% yield. Oxidation of 13 with
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ), however,
gave the corresponding aldehyde 15 in very low yield
(�5%). Alternatively, treatment of 11 with nBuLi
(2.2 equiv) followed by 10 and TFA in usual manner afford-
ed 16 in 70% yield. Swern oxidation of 16 (dimethyl sulfox-


Abstract in Chinese:


Scheme 2. Bidirectional iterative annulation of 4 to produce alternating benzene–furan oligoaryl 6.
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ide (DMSO), Ac2O) gave 15 in 78% yield. Further annula-
tion of 13 with 15 under similar conditions produced the cor-
responding 15-mer dithioacetal 20 in 73% yield.


This protocol apparently provided a rapid convergent syn-
thesis of a range of well-defined monodispersed oligomers
that contain alternating benzene–furan rings. Furthermore,
the corresponding aldehyde functionality and propargylic di-
thioacetal groups were conveniently introduced by this reac-
tion sequence.


The oligoaryl dithioacetals thus obtained were used for
further annulations with a dialdehyde with the protocol de-
scribed in Scheme 2. For example, reaction of 13 with nBuLi
followed by terephthaldehyde (1=2 equiv) and the usual treat-
ment afforded 17d in 23% yield. Similarly, 37-mer 17e was
obtained in 77% yield from the annulation of 20 (2 equiv)
with 5 under typical annulation conditions. As there are
alkyl substituents on each of the furan rings, these oligomers
are fairly soluble in organic solvents. Because the starting
materials and the products have very different molecular
weights, purification of the final products can be achieved
easily by the typical reprecipitation commonly used in poly-
mer chemistry.


As shown in Scheme 3, teraryl 9 is obtained from the re-
action of propargylic dithioacetal 4, which serves as the pre-
cursor of allenyl anion 7, and another propargylic dithioace-
tal 8, which has an electrophilic aldehyde group. We there-
fore envisaged that the substituents on the alkynyl carbons
in 4 and 8 could be different, so that the substituent on C3
of the furan rings in 9 would be different from the substitu-
ent on the alkynyl carbon atom. By employing this strategy,
synthesis of oligoaryls without repeated units would be fea-
sible. We tested this hypothesis by synthesizing teraryls 24
and 26 (Scheme 4). Thus, reaction of the allenyl anion (like
7, prepared from 21 and nBuLi) with 8 followed by treat-
ment with TFA in the same manner as that described above
afforded 24 in 53% yield. Similarly, reaction of 7 with 23 by
the same method gave 26 in 50% yield.


Functional-group transformation of 24 afforded the corre-
sponding aldehyde 28. In a similar manner, 26 was convert-
ed into 29, which was allowed to annulate with 28 to form
heptaaryl 31 in 49% overall yield. Further reaction of 31
with terephthaldehyde in the usual manner afforded the cor-
responding 17-mer 33 in 45% yield. Dithioacetal 32 was ob-
tained similarly in 68% yield from the annulation of 29 and
32. Further annulation of 32 with 5 under similar conditions
gave the 21-mer 34 in 66% yield. Notably, the substituents
on the furan rings in 33 and 34 are different.


Photophysical and Electrochemical Investigations


Alternating benzene–furan oligoaryls showed strong absorp-
tion and emission in the visible region. Typical spectra for a
series of symmetrical oligoaryls 17 and 34 are shown in


Figure 1. a) Absorption and b) emission spectra of 17a (d), 17b (a),
17c (b), 34 (g) and 17e (c) in THF.


Scheme 3. Convergent synthesis of alternating benzene–furan heptamers from 7 and 8.
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Figure 1, and their photophysical data are outlined in
Table 1. As expected, the absorption maxima showed batho-
chromic shift as the conjugation lengths increased. These
oligoaryls are also highly fluorescent with high quantum
yield. The absorption and emission reached saturation in 34
(21-mer) and little change was observed in higher homo-
logues (Table 1). As shown in Figure 1b, the relative intensi-
ties of the emission due to 0–0 transition increased with in-


creasing chain lengths. Interestingly, the quantum yield de-
creased with increasing molecular weights of the oligomers.


The first oxidation parameters, Ep
1=2 , of 17 and 34 mea-


sured by cyclic voltammetry are also listed in Table 1. Nota-
bly, the oxidation potential continually shifted to the less-
positive end as the molecular weights of the oligomers in-
creased, and there is a significant difference (119 mV) in
Ep


1=2 between the 21-mer and 37-mer compounds. Similar be-
havior was also observed in alternating ethynylene–thio-
phene oligomers.[11]


The energies of the highest occupied and lowest unoccu-
pied molecular orbitals (HOMOs and LOMOs, respectively)
of the alternating benzene–furan oligoaryls were estimated
based on the photophysical and electrochemical data in
Table 1 and are shown there. Plots of the HOMO and
LUMO energies and the band gaps of 17 and 34 against 1/n,
where n is the total number of carbon atoms in the conju-
gated oligoaryl chain, are shown in Figure 2, and compared
with those of oligothiophenes 35,[5] oligofurans 36,[7] and oli-
goethynylenethiophenes 37 [11] calculated from literature
data. Surprisingly, replacement of alternating furan moieties
along oligofuran chains by benzene rings may not signifi-
cantly perturb the frontier orbital energies of oligofurans
when the conjugation length is short (n<24). However,


Scheme 4. Formation of alternating benzene–furan oligomers with different substituent groups. a) DIBAL, 98%; b) MnO2, 92%; c) 1) 21, nBuLi, �78 8C,
2) 5, 3) TFA; yield of 24=53%; d) 1) 6, 2) TFA; yield of 26=50%; e) DIBAL; yield of 25=93%; f) DIBAL; yield of 27=90%; g) MnO2; yield of 28=
91%; h) MnO2; yield of 30=90%; i) NaH/MeI; yield of 29=93%; j) 1) 29, nBuLi (1.1 equiv), 2) 28, 3) TFA; yield of 31=49%; k) 1) 29, nBuLi
(1.1 equiv), 2) 30, 3) TFA; yield of 32=68%; l) 31, nBuLi (1.1 equiv), 2) terephthaldehyde, 3) TFA; yield of 33=45%; m) 32, nBuLi (1.1 equiv), 2) 5,
3) TFA; yield of 34=66%.


Table 1. Photophysical and electrochemical parameters of benzene–furan
oligomers.[a]


n[b] lmax


[nm]
lem (Ff)
[nm]


E0�0


[eV]
Ep


1=2 [c]


[mV]
HOMO
[eV]


LUMO
[eV]


17a 12 328 364, 383, 404
(0.88)


3.47 622 �5.36 �1.89


17b 20 376 420, 446, 475
(0.84)


3.02 441 �5.20 �2.18


17c 52 414 474, 503, 536
(0.33)


2.71 206 �4.98 �2.27


34 84 422 478, 509, 544
(0.29)


2.66 98 �4.87 �2.21


17e 148 423 479, 509, 544
(0.23)


2.66 �21 �4.74 �2.08


[a] Absorption and fluorescence spectra were acquired in THF. [b] Total
number of carbon atoms along the conjugated oligoaryl chain. [c] The
potentials reported are referenced to the ferrocene/ferrocenium couple.
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when the conjugation length is increased, both the HOMO
and LUMO energies of 17c–e and 34 started to deviate
from the linearly extrapolated values based on the smaller
analogues of oligofurans.


Interestingly, the slope from the plot of the band gaps of
17 and 34 against 1/n was smaller than that from the plot of
36. This observation indicates that the variation in band gap
may be less sensitive towards the change in conjugation
length. Similar results were also observed for 37.[11]


Conclusions


In summary, we have demonstrated a rapid convergent/di-
vergent approach for the synthesis of a range of oligoaryls


that contain alternating benzene–furan rings. These oligom-
ers are fairly soluble in a range of organic solvents, thus sim-
plifying their purification. In particular, oligomers with rela-
tively high molecular weights can be easily purified by re-
ACHTUNGTRENNUNGprecipitation. This advantage would allow convenient syn-
thesis and isolation of the higher homologues. An extension
towards the rapid synthesis of polymers with unity dispersity
would therefore be feasible. Furthermore, since the synthe-
ses involve stepwise procedures, the substituents on the
furan rings can be varied depending on the substituents in
the starting propargylic dithioacetals. This strategy would
provide a promising route towards polymers without repeat-
ed units (Scheme 4). Since pyrrole derivatives can also be
synthesized by this method,[10] incorporation of such nitro-
gen heterocycles could be possible.


These alternating benzene–furan oligoaryls are highly flu-
orescent in the visible region and electrochemically active.
The band gaps of these oligomers appeared to be less sensi-
tive towards changes in conjugation length than those of
homo-oligomers such as 35 and 36. Oligoethynylenethien-
ACHTUNGTRENNUNGylenes 37 behave similarly to the oligoaryls.[11] Our results
indicate that insertion of benzene moieties into oligofurans
may fine-tune the conjugated p-systems for further applica-
tions.


Experimental Section


Syntheses


4 : BF3·Et2O (66.4 mL, 0.53 mol) and 1,2-ethanedithiol (37.8 mL,
0.45 mol) was added to a solution of 18a (107.4 g, 0.44 mol) in MeOH
(700 mL) at �78 8C. The mixture was slowly warmed to room tempera-
ture and stirred for 12 h. After quenching with NaOH (10%, 400 mL),
the organic layer was separated. The aqueous layer was extracted with
CH2Cl2 (3N200 mL). The combined organic extracts were washed with
NaOH (10%, 5N300 mL) and brine (300 mL), dried over MgSO4, fil-
tered, and evaporated in vacuo. The resulting residue was purified by
flash column chromatography (silica gel, CH2Cl2/hexane 1:9) to afford 4
as a pale yellow oil. The product was dissolved in pentane and cooled in
the freezer, and pure 4 crystallized as colorless needles (87.4 g, 62%).
M.p.: 46–47 8C; IR (KBr): ñ=2960, 2934, 2870, 1726, 1610, 1437, 1408,
1280, 1193, 1111, 1021, 966, 869, 735, 496 cm�1; 1H NMR (400 MHz,
CDCl3): d=0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 1.43 (sext. , 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz,
2H), 1.56 (tt, 3J ACHTUNGTRENNUNG(H,H)=7.1, 7.3 Hz, 2H), 2.35 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H),
3.59–3.75 (m, 4H), 3.89 (s, 3H), 7.98 ppm (br s, 4H); 13C NMR
(100 MHz, CDCl3): d=13.6, 18.9, 22.0, 30.6, 41.4, 52.1, 61.7, 81.7, 88.7,
127.7, 129.4, 129.8, 145.1, 166.6 ppm; HRMS (EI): m/z calcd for
C17H20O2S2: 320.0905; found: 320.0910; elemental analysis: calcd (%) for
C17H20O2S2: C 63.72, H 6.29; found: C 63.68, H 5.89.


19 : DIBAL (150.0 mL, 1.0m in hexane, 150.0 mmol) was added slowly
with stirring to a solution of 4 (10.7 g, 33.5 mmol) in THF (120 mL) at
0 8C under N2 atmosphere. The reaction mixture was stirred for 2 h at
room temperature, then saturated NH4Cl (150 mL) was poured in slowly
to quench the reaction. The gel-like organic layer was then acidified with
HCl (6m, 200 mL) and extracted with Et2O (3N200 mL). The combined
organic extracts were washed with saturated NaHCO3 (2N150 mL) and
brine (200 mL), dried over MgSO4, filtered, and evaporated in vacuo to
afford crude 19 (9.4 g, 97%). Kugelrohr distillation (0.01 torr, 170 8C) af-
forded a pure colorless oil. IR (KBr): ñ=3354, 2956, 2928, 2870, 1507,
1458, 1414, 1209, 1043, 1016, 852, 753 cm�1; 1H NMR (400 MHz, CDCl3):
d=0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.43 (sext., 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 1.55
(quint. , 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 1.60–1.78 (br s, 1H), 2.35 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.2 Hz, 2H), 3.58–3.74 (m, 4H), 4.67 (s, 2H), 7.32 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz,


Figure 2. Plots of a) HOMO (solid) and LUMO (open) energies and
b) of 17 and 34 (circle), 35 (diamond), 36 (triangle), and 37 (square)
versus 1/n.


Chem. Asian. J. 2006, 1 – 2, 46 – 55 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 51


Synthesis of Oligoaryls







2H), 7.92 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=13.6, 18.9, 22.0, 30.7, 41.2, 62.0, 64.9, 82.2, 88.1, 126.6, 127.8, 139.0,
140.9 ppm; elemental analysis: calcd (%) for C16H20OS2: C 65.71, H 6.89;
found: C 65.33, H 6.63.


8 : A solution of 19 (34.9 g, 0.12 mol) in CH2Cl2 (200 mL) was added
slowly to a suspension of activated MnO2 (104.3 g, 1.20 mol) in CH2Cl2
(200 mL) at room temperature. The reaction mixture was stirred for 6 h,
then passed through a silica-gel bed (5 cm) and washed with EtOAc (5N
300 mL). The combined filtrate was evaporated in vacuo to afford crude
8 as an orange oil. The crude product was purified by flash column chro-
matography (silica gel, CH2Cl2/hexane 1:3) to afford 8 (32.0 g, 92%) as a
pale yellow oil. IR (KBr): ñ=2957, 2929, 2870, 2860, 2734, 1701, 1603,
1574, 1417, 1387, 1303, 1208, 1169, 1015, 814, 756 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 1.45 (sext. , 3J-
ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H), 1.56 (tt, 3J ACHTUNGTRENNUNG(H,H)=7.0, 7.3 Hz, 2H), 2.35 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2H), 3.62–3.74 (m, 4H), 7.83 and 8.09 (AA’XX’, 3J-
ACHTUNGTRENNUNG(H,H)=8.0, 0.4, 1.9, 1.9 Hz, 4H), 10.00 ppm (s, 1H); 13C NMR
(100 MHz, CDCl3): d=13.6, 18.9, 22.1, 30.6, 41.6, 61.7, 81.5, 89.0, 128.3,
129.5, 135.9, 146.9, 191.6 ppm; HRMS (EI): m/z calcd for C16H18OS2:
290.0799; found: 290.0792; elemental analysis: calcd (%) for C16H18OS2:
C 66.16, H 6.25; found: C 66.02, H 6.09.


9 : Under argon, nBuLi (13.2 mL, 2.5m in hexane, 33.0 mmol) was intro-
duced dropwise to a solution of 4 (9.6 g, 30.0 mmol) in THF (200 mL) at
�78 8C, and the mixture was stirred at �78 8C for 50 min. A solution of 8
(7.2 g, 25.0 mmol) in THF (40 mL) was added at �78 8C, and the mixture
was stirred at �78 8C for 1 h, then gradually warmed to room tempera-
ture. After further stirring for 1 h, TFA (5.5 mL, 60.0 mmol) was added,
and the mixture was stirred at room temperature overnight. The reaction
was then quenched with saturated NH4Cl (150 mL), and the organic
layer was extracted with Et2O (3N100 mL). The combined organic ex-
tracts were washed with saturated NaHCO3 (2N100 mL) and brine
(100 mL), then dried over MgSO4, filtered, and evaporated in vacuo. The
crude product was purified by flash column chromatography (silica gel,
CH2Cl2/hexane 1:3) to give 9 (7.32 g, 56%) as a pale yellow solid. M.p.:
98–99 8C; IR (KBr): ñ=2954, 2929, 2869, 1720, 1609, 1503, 1434, 1278,
1177, 1108, 933, 856, 771, 718, 700 cm�1; 1H NMR (400 MHz, CDCl3): d=
0.94 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 0.95 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 1.37–1.52
(m, 4H), 1.53–1.72 (m, 4H), 2.37 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.69 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H), 3.62–3.77 (m, 4H), 3.91 (s, 3H), 6.78 (s, 1H), 7.65
(d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.74 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 8.00 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 8.04 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d=13.6, 13.9, 18.9, 22.1, 22.6, 25.7, 30.8, 32.1, 41.3,
52.0, 62.1, 82.2, 88.3, 111.5, 123.2, 124.9, 125.3, 128.0, 128.3, 130.1, 131.1,
134.7, 138.4, 148.8, 150.9, 166.8 ppm; HRMS (FAB+): m/z calcd for
C31H35O3S2: 519.2028 [M+ +H]; found: 519.2027; elemental analysis:
calcd (%) for C31H34O3S2: C 71.78, H 6.61; found: C 71.65, H 6.58.


11: As with the preparation of 19, 9 (4.0 g, 7.7 mmol) was treated with
DIBAL (23.0 mL, 1.0m in hexane, 23.0 mmol) to afford 11 (3.6 g, 97%)
as a pale yellow solid. M.p.: 60–61 8C; IR (KBr): ñ=3244, 2954, 2925,
2856, 1605, 1505, 1456, 1421, 1364, 1289, 1188, 1047, 1014, 933, 843, 808,
708 cm�1; 1H NMR (400 MHz, CDCl3): d=0.94 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H),
0.95 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 1.37–1.53 (m, 4H), 1.53–1.72 (m, 4H),
1.76–1.90 (br s, 1H), 2.37 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.68 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.8 Hz, 2H), 3.62–3.76 (m, 4H), 4.68 (s, 2H), 6.64 (s, 1H), 7.36 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H), 7.65 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.69 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.1 Hz, 2H), 7.99 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H); 13C NMR (100 MHz,
CDCl3): d=13.6, 14.0, 18.9, 22.1, 22.6, 25.8, 30.7, 32.1, 41.3, 62.1, 65.1,
82.2, 88.2, 109.3, 123.8, 124.6, 125.0, 127.3, 127.9, 130.1, 131.4, 137.7,
139.8, 147.5, 151.8 ppm; HRMS (FAB+): m/z calcd for C30H35O2S2:
491.2078 [M+ +H]; found: 491.2068; elemental analysis: calcd (%) for
C30H34O2S2: C 73.43, H 6.98; found: C 73.42, H 6.62.


10 : As with the preparation of 8, 11 (3.7 g, 7.7 mmol) was treated with ac-
tivated MnO2 (6.7 g, 77.1 mmol) to afford 10 (3.5 g, 93%) as a fluores-
cent yellow solid. M.p.: 68–70 8C; IR (KBr): ñ=2954, 2928, 2860, 2689,
1601, 1503, 1481, 1400, 1305, 1217, 1169, 931, 832, 764, 708, 669 cm�1;
1H NMR (400 MHz, CDCl3): d=0.94 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H), 0.96 (t,
3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H), 1.38–1.52 (m, 4H), 1.53–1.72 (m, 4H), 2.37 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.70 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H), 3.63–3.76 (m, 4H),


6.83 (s, 1H), 7.66 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.82 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
2H), 7.87 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 8.01 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H),
9.97 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d=13.6, 13.9, 18.9, 22.1,
22.6, 25.7, 30.8, 32.1, 41.3, 62.1, 82.2, 88.3, 112.4, 123.7, 125.1, 125.4, 128.0,
130.3, 131.0, 134.8, 136.0, 138.7, 149.4, 150.6, 191.4 ppm; HRMS (FAB+):
m/z calcd for C30H33O2S2: 489.1922 [M+ +H]; found: 489.1920; elemental
analysis: calcd (%) for C30H32O2S2: C 73.73, H 6.60; found: C 73.57, H
6.53.


12 : A solution of 11 (1.6 g, 3.3 mmol) in THF (30 mL) was introduced
into a suspension of NaH (60% dispersion in mineral oil, 0.20 g,
4.9 mmol prewashed with hexane) in THF (30 mL) at room temperature
under N2 atmosphere. After 1 h of stirring, MeI (0.4 mL, 6.6 mmol) was
added, and the reaction was stirred for 3 h at room temperature. The re-
action mixture was poured into saturated NH4Cl (50 mL) and the organic
layer was extracted with CH2Cl2 (3N60 mL). The combined organic ex-
tracts were washed with brine (100 mL), dried over MgSO4, filtered, and
evaporated in vacuo to afford the residue, which was purified by flash
column chromatography (silica gel, CH2Cl2/hexane 1:3) to afford 12
(1.5 g, 94%) as a light yellow solid. M.p.: 75–76 8C; IR (KBr): ñ=2954,
2922, 2855, 1604, 1504, 1487, 1456, 1376, 1199, 1103, 1060, 970, 933, 846,
811, 791, 763, 710, 667 cm�1; 1H NMR (400 MHz, CDCl3): d=0.93 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 0.95 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 1.37–1.53 (m, 4H),
1.53–1.72 (m, 4H), 2.37 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.68 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.8 Hz, 2H), 3.38 (s, 3H), 3.62–3.76 (m, 4H), 4.45 (s, 2H), 6.64 (s, 1H),
7.34 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.64 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H), 7.68 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.98 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H); 13C NMR
(100 MHz, CDCl3): d=13.6, 14.0, 18.9, 22.1, 22.6, 25.8, 30.8, 32.1, 41.3,
58.1, 62.2, 74.5, 82.2, 88.2, 109.3, 123.7, 124.6, 125.1, 127.9, 128.1, 130.2,
131.5, 137.2, 137.8, 147.6, 151.9 ppm; HRMS (FAB+): m/z calcd for
C31H36O2S2: 504.2157 [M+]; found: 504.2169; elemental analysis: calcd
(%) for C31H36O2S2: C 73.77, H 7.19; found: C 73.48, H 7.09.


13 : As with the preparation of 9, 12 (504 mg, 1.0 mmol) was treated with
nBuLi (0.5 mL, 2.5m in hexane, 1.1 mmol), followed by 10 (391 mg,
0.8 mmol) and then TFA (0.3 mL, 3.3 mmol) to afford 13 as an orange
yellow solid (658 mg, 73%). M.p.: 70–71 8C; IR (KBr): ñ=2954, 2927,
2857, 1666, 1601, 1503, 1465, 1378, 1185, 1101, 933, 839, 807, 670 cm�1;
1H NMR (400 MHz, CDCl3): d=0.93 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 0.96 (t,
3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 0.97 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 0.98 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.3 Hz, 3H), 1.38–1.54 (m, 8H), 1.54–1.64 (m, 2H), 1.65–1.78 (m, 6H),
2.38 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.64–2.80 (m, 6H), 3.40 (s, 3H), 3.63–3.76
(m, 4H), 4.46 (s, 2H), 6.66 (s, 1H), 6.68 (s, 1H), 6.69 (s, 1H), 7.36 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H), 7.62–7.84 (m, 12H), 8.01 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz,
2H); 13C NMR (100 MHz, CDCl3): d=13.6, 14.0, 18.9, 22.1, 22.6, 25.9,
26.0, 30.8, 32.1, 41.3, 58.1, 62.2, 74.5, 82.3, 88.2, 109.5, 109.7, 123.7, 123.8,
124.5, 124.7, 124.9, 125.1, 125.6, 127.9, 128.1, 128.9, 130.2, 130.5, 131.5,
137.2, 137.9, 147.7, 147.8, 147.9, 151.7, 151.8, 151.9 ppm; HRMS (FAB+):
m/z calcd for C59H65O4S2: 901.4324 [M+ +H]; found: 901.4332; elemental
analysis: calcd (%) for C59H64O4S2: C 78.63, H 7.16; found: C 78.33, H
6.99.


16 : As with the preparation of 9, 11 (2.4 g, 5.0 mmol) was treated with
nBuLi (4.1 mL, 2.5m in hexane, 10.2 mmol), followed by 10 (2.0 g,
4.2 mmol) and then TFA (1.35 mL, 15 mmol) to afford 16 as a yellow-
orange solid (2.7 g, 70%). M.p.: 89–90 8C (Et2O/pentane); IR (KBr): ñ=
3391, 2955, 2928, 2869, 1610, 1503, 1465, 933, 840, 808, 758, 668 cm�1;
1H NMR (400 MHz, CDCl3): d=0.95–1.02 (m, 12H), 1.47–1.50 (m, 8H),
1.54–1.66 (m, 2H), 1.70–1.73 (m, 6H), 2.41 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H),
2.73–2.75 (m, 6H), 3.71–3.75 (m, 4H), 4.71 (s, 2H), 6.68 (s, 1H), 6.70 (s,
1H), 6.71 (s, 1H), 7.39 (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H), 7.68–7.80 (m, 12H),
8.02 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=


13.6, 14.0, 18.9, 22.1, 22.6, 25.8, 25.9, 30.8, 32.05, 32.09, 41.3, 62.2, 65.2,
82.2, 88.2, 109.5, 109.7, 123.8, 124.5, 124.7, 124.9, 125.1, 125.5, 127.4,
127.9, 128.9, 130.2, 130.39, 130.43, 131.5, 137.8, 139.8, 147.7, 147.8, 147.9,
151.71, 151.74, 151.9 ppm; HRMS (FAB+): m/z calcd for C58H62O4S2:
886.4090 [M+]; found: 886.4098.


15 : A solution of 16 (786 mg, 0.89 mmol) in dry DMSO (40 mL) and
acetic anhydride (5 mL) was allowed to stand for 3 days at room temper-
ature and then carefully poured into saturated NaHCO3 solution
(200 mL). The mixture was stirred for 1 h and extracted with diethyl
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ether (3N100 mL). The combined organic extracts were washed with
water (3N100 mL) and brine (100 mL), dried over MgSO4, and concen-
trated to afford 15 as a yellow-orange solid (615 mg, 78%). M.p.: 88–
89 8C (Et2O/pentane); IR (KBr): ñ=2955, 2928, 1697, 1650, 1602, 1504,
1464, 1427, 1164, 1125, 1091, 838 cm�1; 1H NMR (400 MHz, CDCl3): d=
0.95–1.01 (m, 12H), 1.44–1.52 (m, 8H), 1.58–1.64 (m, 2H), 1.68–1.72 (m,
6H), 2.40 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.70–2.77 (m, 6H), 3.71–3.74 (m,
4H), 6.71 (s, 1H), 6.73 (s, 1H), 6.87 (s, 1H), 7.68 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz,
2H), 7.74–7.82 (m, 8H), 7.86 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.91 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 8.02 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H), 10.00 ppm (s, 1H);
13C NMR (100 MHz, CDCl3): d=13.7, 13.96, 13.98, 18.9, 22.1, 22.6, 22.7,
25.7, 25.9, 26.0, 29.7, 30.8, 32.0,32.1, 41.3, 62.1, 82.2, 88.2, 109.6, 110.0,
112.4, 112.6, 123.7, 123.8, 124.7, 124.9, 125.0, 125.1, 125.6, 125.8, 127.9,
129.0, 129.5, 129.8, 130.3, 130.4, 131.5, 134.7, 136.0, 137.8, 147.7, 149.5,
150.4, 151.5, 151.8, 191.5 ppm; HRMS (FAB+): m/z calcd for C58H60O4S2:
884.3937 [M+]; found: 884.3933; elemental analysis: calcd (%) for
C58H60O4S2: C 78.69, H 6.83; found: C 78.43, H 6.93.


20 : As with the preparation of 9, 13 (458 mg, 0.5 mmol) was treated with
nBuLi (0.3 mL, 2.5m in hexane, 0.7 mmol), followed by 15 (360 mg,
0.41 mmol) and then TFA (0.18 mL, 2.0 mmol) to afford 20 as an orange
yellow solid (504 mg, 73%). M.p.: 131–133 8C; IR (KBr): ñ=2954, 2928,
2874, 2859, 1503, 933, 839 cm�1; 1H NMR (400 MHz, CDCl3): d=0.92–
1.05 (m, 24H), 1.40–1.55 (m, 16H), 1.55–1.66 (m, 2H), 1.66–1.79 (m,
14H), 2.40 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 2.70–2.85 (m, 14H), 3.41 (s, 3H),
3.67–3.80 (m, 4H), 4.48 (s, 2H), 6.65–6.78 (m, 7H), 7.37 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.2 Hz, 2H), 7.63–7.85 (m, 28H), 8.01 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H);
13C NMR (100 MHz, CDCl3): d=13.6, 14.0, 18.9, 22.1, 22.7, 25.9, 26.0,
30.8, 32.1, 41.3, 58.1, 62.2, 74.5, 82.2, 88.2, 109.5, 109.7, 123.7, 123.9, 124.5,
124.7, 124.9, 125.1, 125.6, 127.9, 128.1, 128.9, 130.2, 130.4, 131.5, 137.2,
137.8, 147.8, 147.9, 151.8 ppm; HRMS (FAB+): m/z calcd for
C115H120O8S2: 1692.8425 [M+]; found: 1692.8451.


17a : As with the preparation of 12, 17 f[9] (336 mg, 1.0 mmol) was treated
with NaH (60% dispersion in mineral oil, 121 mg, 3.0 mmol) followed by
MeI (0.25 mL, 4.0 mmol) to afford 17a (335 mg, 92%) as a light yellow
oil. IR (KBr): ñ=2927, 2858, 2821, 1616, 1509, 1492, 1456, 1380, 1192,
1100, 967, 934, 844, 819 cm�1; 1H NMR (400 MHz, CDCl3): d=0.94 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 1.43 (sext., 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H), 1.66 (tt, 3J-
ACHTUNGTRENNUNG(H,H)=7.3, 7.6 Hz, 2H), 2.68 (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 3.39 (s, 3H), 3.40
(s, 3H), 4.45 (s, 2H), 4.48 (s, 2H), 6.64 (s, 1H), 7.34 (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz,
2H), 7.38 (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H), 7.66 (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H),
7.68 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=


13.9, 22.6, 25.7, 32.1, 58.0, 58.1, 74.5, 109.2, 123.7, 124.1, 125.5, 128.0,
128.1, 130.3, 131.2, 136.7, 137.1, 147.8, 151.8 ppm; HRMS (EI): m/z calcd
for C24H28O3: 364.2038; found: 364.2030; elemental analysis: calcd (%)
for C24H28O3: C 79.09, H 7.74; found: C 79.03, H 7.53.


17b : As with the preparation of 12, 17g[9] (51.4 mg, 0.1 mmol) was treat-
ed with NaH (60% dispersion in mineral oil, 12.1 mg, 0.3 mmol) followed
by MeI (0.025 mL, 0.4 mmol) to afford 17b (48 mg, 90%) as a light
yellow solid. M.p.: 125–126 8C; IR (KBr): ñ=2952, 2925, 2856, 2819,
1613, 1508, 1487, 1456, 1380, 1299, 1190, 1101, 1057, 933, 834, 811 cm�1;
1H NMR (400 MHz, CDCl3): d=0.96 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 6H), 1.46
(sext. , 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 4H), 1.69 (tt, 3J ACHTUNGTRENNUNG(H,H)=7.3, 7.8 Hz, 4H), 2.73 (t,
3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 4H), 3.39 (s, 6H), 4.46 (s, 4H), 6.67 (s, 2H), 7.35 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H), 7.71 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H), 7.75 ppm (s, 4H);
13C NMR (100 MHz, CDCl3): d=14.0, 22.7, 25.9, 32.1, 58.1, 74.5, 109.4,
123.7, 124.5, 125.4, 128.1, 129.9, 130.2, 137.1, 147.7, 151.8 ppm; HRMS
(EI): m/z calcd for C38H42O4: 562.3083; found: 562.3080; elemental analy-
sis: calcd (%) for C38H42O4: C 81.10, H 7.52; found: C 80.95, H 7.46.


17c : As with the preparation of 12, 17h[10b] (133 mg, 0.1 mmol) was treat-
ed with NaH (60% dispersion in mineral oil, 12.1 mg, 0.3 mmol) followed
by MeI (0.025 mL, 0.4 mmol) to afford 17c (115 mg, 85%) as a light
yellow solid. M.p.: 141–142 8C; 1H NMR (400 MHz, CDCl3): d=0.95–1.01
(m, 18H), 1.44–1.48 (m, 12H), 1.62–1.74 (m, 12H), 2.70–2.78 (t, 12H),
3.39 (s, 6H), 4.46 (s, 4H), 6.66 (s, 2H), 6.70 (s, 2H), 6.72 (s, 2H), 7.35 (d,
3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H), 7.69–7.79 ppm (m, 24H); 13C NMR (100 MHz,
CDCl3): d=14.0 (d), 22.7 (d), 25.9 (d), 32.1 (d), 58.1, 74.5, 109.5, 109.7,
123.7, 123.8, 124.5, 124.7, 125.4, 125.5, 128.1, 128.9 (d), 129.9, 130.2, 130.4,
137.1, 147.7, 147.8, 151.7 ppm.


17d : Under an Ar atmosphere, nBuLi (0.21 mL, 2.5m in hexane,
0.53 mmol) was added in one portion to a solution of 13 (446 mg,
0.49 mmol) in THF (100 mL) at �78 8C, and the mixture was stirred for
3 h. A solution of terephthaldehyde (26.8 mg, 0.20 mmol) in THF
(10 mL) was then added slowly at the same temperature. The mixture
was stirred for 30 min at �78 8C and allowed to warm to 0 8C slowly.
Then TFA (0.30 mL, 3.3 mmol) was added at 0 8C, and the resulting solu-
tion was stirred at 30 8C overnight. The mixture was washed with saturat-
ed NaHCO3 (3N100 mL), dried over MgSO4, and concentrated. Further
purification by silica-gel chromatography with hexane/ethyl acetate
(10:1) afforded 17d as an orange yellow solid (81 mg, 23%). M.p.: 109–
110 8C; IR (KBr): ñ=2955, 2928, 2858, 1600, 1504, 1464, 1455, 1379, 1181,
1101, 933, 839, 808 cm�1; 1H NMR (400 MHz, CDCl3): d=1.00 (m, 24H),
1.50 (m, 16H), 1.72 (m, 16H), 2.75 (m, 16H), 3.41 (s, 6H), 4.48 (s, 4H),
6.67 (s, 1H), 6.71 (s, 1H), 6.73 (s, 1H), 6.74 (s, 1H), 7.37 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.0 Hz, 4H), 7.75 ppm (m, 32H); 13C NMR (100 MHz, CDCl3): d=14.0,
22.7, 25.9, 26.0, 32.1, 58.1, 74.5, 109.5, 109.7, 123.7, 123.9, 124.5, 124.7,
125.5, 125.6, 128.1, 128.9, 130.0, 130.2, 130.4, 137.2, 147.7, 147.9,
151.8 ppm; HRMS (FAB+): m/z calcd for C122H126O10: 1750.9351 [M+ +


H]; found: 1750.9352.


17e : Under Ar atmosphere, nBuLi (0.2 mL, 2.5m in hexane, 0.5 mmol)
was added in one portion to a solution of 20 (507 mg, 0.3 mmol) in THF
(200 mL) at �65 8C, and the mixture was stirred for 90 min. A solution of
5 (53 mg, 0.1 mmol) in THF (10 mL) was then added slowly at the same
temperature. The mixture was stirred for 1 h at �65 8C, and allowed to
warm slowly to 0 8C. TFA (0.18 mL, 2.0 mmol) was then added at 0 8C,
and the resulting solution was stirred at 30 8C overnight, washed with sa-
turated NaHCO3 (3N100 mL), dried over MgSO4, and concentrated. The
resulting residue was recrystallized from CHCl3 to afford 17e as an
orange yellow solid (288 mg, 77%). M.p.: 181–182 8C; IR (KBr): ñ=


2956, 2932, 2870, 2853, 1607, 1503, 1101, 932, 837, 759, 746, 669 cm�1;
1H NMR (400 MHz, CDCl3): d=0.94–1.07 (m, 54H), 1.42–1.60 (m, 36H),
1.63–1.80 (m, 36H), 2.70–2.85 (m, 36H), 3.41 (s, 6H), 4.47 (s, 4H), 6.60–
6.75 (m, 18H), 7.36 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 4H), 7.68–7.84 ppm (m, 72H);
13C NMR (100 MHz, CDCl3): d=13.6, 14.0, 22.7, 26.0, 32.0, 58.0, 74.4,
109.5, 109.6, 123.6, 123.7, 124.6, 125.5, 130.3, 137.1, 147.7, 147.8,
151.7 ppm; MS (MALDI-TOF): m/z calcd for C262H266O20: 3734.9 [M+ +


H]; found: 3735.7.


21: As with the preparation of 4, 18b (120.2 g, 0.44 mol) was treated with
BF3·Et2O (66.4 mL, 0.53 mol) and 1,2-ethanedithiol (37.8 mL, 0.45 mol)
to afford 21 as a white solid (62.8 g, 41%). M.p.: 75–77 8C; IR (KBr): ñ=
2929, 2857, 1931, 1724, 1607, 1435, 1406, 1277, 1191, 1109, 1019, ,
734 cm�1; 1H NMR (400 MHz, CDCl3): d=0.90 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H),
1.30–1.32 (m, 4H), 1.41–1.45 (m, 2H), 1.55–1.60 (m, 2H), 2.36 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 3.64–3.75 (m, 4H), 3.92 (s, 3H), 8.00 ppm (s, 4H);
13C NMR (100 MHz, CDCl3): d=13.9, 19.1, 22.5, 28.4, 28.5, 31.2, 41.4,
52.1, 61.7, 81.7, 88.7, 127.6, 129.3, 129.7, 145.0, 166.6 ppm; HRMS
(FAB+): m/z calcd for C19H25O2S2: 349.1296 [M+ +H]; found: 349.1290;
elemental analysis: calcd (%) for C19H24O2S2: C 65.48, H 6.94; found:
C 65.71, H 6.77.


22 : As with the preparation of 19, 21 (11.6 g, 33.5 mmol) was treated
with DIBAL (150.0 mL, 1.0m in hexane, 150 mmol) to afford 22 as color-
less oil (10.5 g, 98%). IR (KBr): ñ=3399, 2954, 2927, 2856, 1902, 1660,
1535, 1503, 1459, 1413, 1372, 1213, 1044, 1016, 812, 750 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.90 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H), 1.30–1.33 (m, 4H),
1.41–1.45 (m, 2H), 1.57–1.60 (m, 2H), 1.65 (t, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 1H), 2.36
(t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 3.65–3.73 (m, 4H), 4.69 (d, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz,
2H), 7.33 (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H), 7.94 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H);
13C NMR (100 MHz, CDCl3): d=14.0, 19.2, 22.6, 28.6, 31.3, 41.2, 62.0,
65.0, 82.3, 88.2, 126.7, 127.9, 139.0, 140.9 ppm; HRMS (FAB+): m/z calcd
for C18H25OS2: 321.1347 [M+ +H]; found: 321.1352.


23 : As with the preparation of 8, 22 (38.4 g, 0.12 mol) was treated with
activated MnO2 (104.3 g, 1.20 mol) to afford 23 as a pale yellow oil
(35.1 g, 92%). IR (KBr): ñ=2961, 2927, 2856, 2732, 1702, 1603, 1574,
1463, 1416, 1389, 1301, 1208, 1168, 1017, 813, 755 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.89 (t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H), 1.29–1.32 (m, 4H),
1.39–1.52 (m, 2H), 1.56–1.60 (m, 2H), 2.36 (t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2H),
3.66–3.74 (m, 4H), 7.83 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 8.10 (d, 3J ACHTUNGTRENNUNG(H,H)=
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8.3 Hz, 2H), 10.00 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d=14.0,
19.1, 22.5, 28.4, 28.6, 31.1, 41.5, 61.7, 81.5, 89.0, 128.3, 129.4, 135.9, 146.8,
191.6 ppm; HRMS (FAB+): m/z calcd for C16H23OS2: 319.1190 [M+ +H];
found: 319.1183.


24 : As with the preparation of 9, 21 (10.4 g, 30.0 mmol) was treated with
nBuLi (13.2 mL, 2.5m in hexane, 33.0 mmol), followed by 8 (7.2 g,
25.0 mmol) and then TFA (5.5 mL, 60.0 mmol) to afford 24 (7.2 g, 53%)
as a pale yellow solid. M.p.: 72–73 8C; IR (KBr): ñ=2959, 2932, 2846,
1722, 1611, 1434, 1282, 1110, 670.21 cm�1; 1H NMR (400 MHz, CDCl3):
d=0.90 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H), 0.95 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 1.33–
1.34 (m, 4H), 1.40–1.48 (m, 4H), 1.57–1.68 (m, 4H), 2.39 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.1 Hz, 2H), 2.70 (t, 3J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 2H), 3.68–3.75 (m, 4H), 3.93 (s,
3H), 6.80 (s, 1H), 7.66 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 7.75 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.3 Hz, 2H), 8.01 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 8.05 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
8.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=13.6, 14.1, 18.9, 22.1, 22.6,
26.0, 29.2, 29.9, 30.7, 31.7, 41.3, 52.0, 62.1, 82.1, 88.3, 111.5, 123.2, 125.0,
125.3, 128.0, 128.3, 130.1, 131.1, 134.7, 138.4, 148.7, 150.9, 166.8 ppm;
HRMS (FAB+): m/z calcd for C33H39O3S2: 547.2341 [M+ +H]; found:
547.2332.


25 : As with the preparation of 19, 24 (4.2 g, 7.7 mmol) was treated with
DIBAL (23.0 mL, 1.0m in hexane, 23.0 mmol) to afford 25 (3.7 g, 92%)
as a pale yellow solid. M.p.: 72–73 8C; IR (KBr): ñ=3371, 2959, 2927,
2861, 1613, 1502, 1460, 1424, 1010, 851, 804 cm�1; 1H NMR (400 MHz,
CDCl3): d=0.91 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 0.95 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H),
1.32–1.34 (m, 4H), 1.43–1.50 (m, 4H), 1.56–1.70 (m, 4H), 2.39 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.70 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H), 3.69–3.75 (m, 4H),
4.71 (d, 3J ACHTUNGTRENNUNG(H,H)=5.0 Hz, 2H), 6.64 (s, 1H), 7.39 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz,
2H), 7.65 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.71 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H),
7.99 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=


13.6, 14.0, 18.9, 22.1, 22.6, 26.1, 29.2, 29.9, 30.7, 31.7, 41.3, 62.1, 65.2, 82.2,
88.2, 109.3, 123.8, 124.7, 125.1, 127.4, 127.9, 130.2, 131.4, 137.7, 139.8,
147.5, 151.8 ppm; HRMS (FAB+): m/z calcd for C32H39O2S2: 519.2391
[M+ +H]; found: 519.2386.


26 : As with the preparation of 9, 4 (9.61 g, 30.0 mmol) was treated with
nBuLi (13.2 mL, 2.5m in hexane, 33.0 mmol), followed by 23 (7.9 g,
25.0 mmol) and then TFA (5.5 mL, 60.0 mmol) to afford 26 (6.8 g, 50%)
as a pale yellow solid. M.p.: 63–64 8C; IR (KBr): ñ=2955, 2928, 2857,
2734, 1698, 1604, 1308, 1213, 1166, 937, 832, 765, 712 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H), 0.97 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.3 Hz, 3H), 1.32–1.35 (m, 4H), 1.42–1.48 (m, 4H), 1.59–1.68 (m, 4H),
2.37 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.71 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H), 3.70–3.74
(m, 4H), 3.93 (s, 3H), 6.80 (s, 1H), 7.75 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 7.85
(d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H), 8.02 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H), 8.05 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=13.9, 14.0, 19.2,
22.5, 22.6, 25.7, 28.6, 31.3, 32.0, 41.3, 52.0, 62.0, 82.1, 88.3, 111.5, 123.2,
124.9, 125.2, 128.0, 128.3, 130.1, 131.1, 134.6, 138.3, 148.7, 150.9,
166.8 ppm; HRMS (FAB+): calcd for C33H38O3S2): 547.2338 [M+ +H];
found: 547.2341; elemental analysis: calcd (%) for C33H38O3S2: C 72.49,
H 7.00; found: C 72.58, H 6.94.


27: As with the preparation of 19, 26 (4.2 g, 7.7 mmol) was treated with
DIBAL (23.0 mL, 1.0m in hexane, 23.0 mmol) to afford 27 (3.6 g, 90%)
as a pale yellow oil. IR (KBr): ñ=3450, 2954, 2927, 2857, 1912, 1603,
1504, 1464, 1422, 1378, 1185, 1050, 1015, 934, 844, 808 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.91 (t, 3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 3H), 0.97 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.3 Hz, 3H), 1.32–1.34 (m, 4H), 1.44–1.48 (m, 4H), 1.59–1.70 (m, 4H),
2.38 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.70 (t, 3J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 2H), 3.70–3.75
(m, 4H), 4.72 (s, 2H), 6.66 (s, 1H), 7.39 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H), 7.66
(d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 2H), 7.71 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H), 8.01 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=14.0, 19.2, 22.6,
25.8, 28.6, 31.3, 32.1, 41.3, 62.1, 65.2, 82.2, 88.3, 109.4, 123.9, 124.6, 125.1,
127.4, 127.9, 130.2, 131.5, 137.8, 139.8, 147.6, 151.8 ppm; HRMS (FAB+):
m/z calcd for C32H39O2S2: 519.2391 [M+ +H]; found: 519.2386.


28 : As with the preparation of 8, 25 (3.9 g, 7.7 mmol) was treated with ac-
tivated MnO2 (6.7 g, 77.1 mmol) to afford 28 (3.6 g, 91%) as a fluores-
cent yellow solid. M.p.: 42–43 8C; IR (KBr): ñ=2959, 2932, 2860, 1700,
1606, 1429, 1415, 1168, 834 cm�1; 1H NMR (400 MHz, CDCl3): d=0.88–
0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H), 0.96 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H), 1.38–1.52
(m, 4H), 1.53–1.72 (m, 4H), 2.37 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.70 (t, 3J-


ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H), 3.63–3.76 (m, 4H), 6.83 (s, 1H), 7.66 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.2 Hz, 2H), 7.82 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H), 7.87 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
2H), 8.01 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 9.97 ppm (s, 1H); 13C NMR
(100 MHz, CDCl3): d=13.6, 14.1, 18.9, 22.5, 26.1, 29.2, 29.9, 30.7, 31.7,
41.3, 62.0, 82.1, 88.3, 112.4, 123.7, 125.2, 125.3, 128.0, 130.4, 130.9, 134.7,
136.0, 138.5, 149.3, 150.6, 191.5 ppm; HRMS (FAB+): m/z calcd for
C32H37O2S2: 517.2235 [M+ +H]; found: 517.2227.


29 : As with the preparation of 12, 27 (1.7 g, 3.2 mmol) was treated with
NaH (60% dispersion in mineral oil, 0.2 g, 4.9 mmol) followed by MeI
(0.4 mL, 6.5 mmol) to afford 29 (1.6 g, 92%) as a light yellow solid. M.p.:
57–58 8C; IR (KBr): ñ=2955, 2928, 2857, 2230, 1906, 1597, 1505, 1490,
1465, 1379, 1186, 1101, 930, 847, 808, 709 cm�1; 1H NMR (400 MHz,
CDCl3): d=0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 0.98 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H),
1.34–1.35 (m, 4H), 1.45–1.48 (m, 4H), 1.60–1.68 (m, 4H), 2.39 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2H), 2.71 (t, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H), 3.41 (s, 3H), 3.70–
3.75 (m, 4H), 4.48 (s, 2H), 6.66 (s, 1H), 7.36 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H),
7.66 (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H), 7.70 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 8.01 ppm
(d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=14.0, 19.2,
22.6, 25.8, 28.6, 31.3, 32.1, 41.2, 58.0, 62.1, 74.4, 82.2, 88.2, 109.3, 123.7,
124.6, 125.0, 127.9, 128.1, 130.1, 131.5, 137.2, 137.8, 147.5, 151.9 ppm;
HRMS (FAB+): m/z calcd forC33H41O2S2: 533.2548 [M+ +H]; found:
533.2554; elemental analysis: calcd (%) for C33H40O2S2: C 74.39, H 7.57;
found: C 74.47, H 7.69.


30 : As with the preparation of 8, 27 (2.0 g, 3.9 mmol) was treated with ac-
tivated MnO2 (3.0 g, 34.5 mmol) to afford 30 as a fluorescent yellow solid
(1.8 g, 90%). M.p.: 62–64 8C; IR (KBr): ñ=2953, 2927, 2851, 1698, 1603,
1433, 1213, 1165, 833 cm�1; 1H NMR (400 MHz, CDCl3): d=0.91 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 0.96 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H), 1.34 (m, 4H), 1.47
(m, 4H), 1.61 (m, 2H), 1.68 (m, 2H), 2.39 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.72
(t, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H), 3.72 (m, 4H), 6.86 (s, 1H), 7.68 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.6 Hz, 2H), 7.84 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.90 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz,
2H), 8.03 (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H), 9.99 ppm (s, 1H); 13C NMR
(100 MHz, CDCl3): d=14.0 (d), 19.2, 22.6 (d), 25.7, 28.6 (d), 31.3, 32.1,
41.3, 62.1, 82.2, 88.4, 112.4, 123.7, 125.1, 125.4, 128.0, 130.4, 131.0, 134.7,
136.0, 138.6, 149.3, 150.6, 191.5 ppm; HRMS (FAB+): m/z calcd for
C32H37O2S2: 517.2235 [M+ +H]; found: 517.2227; elemental analysis:
calcd (%) for C32H36O2S2: C 74.38, H 7.02; found: C 74.73, H 7.05.


31: As with the preparation of 9, 29 (532 mg, 1.00 mmol) was treated
with nBuLi (0.44 mL, 2.5m in hexane, 1.1 mmol), followed by 28 (413 mg,
0.80 mmol) and then TFA (0.30 mL, 3.3 mmol) to afford 31 as an orange
yellow solid (376 mg, 49.2%). M.p.: 63–64 8C; IR (KBr): ñ=2959, 2933,
2861, 2361, 1560, 1543, 1508 cm�1; 1H NMR (400 MHz, CDCl3): d=0.85–
1.03 (m, 12H), 1.30–1.38 (m, 8H), 1.45–1.54 (m, 8H), 1.59–1.79 (m, 8H),
2.40 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 2.69–2.82 (m, 6H), 3.41 (s, 3H), 3.65–3.80
(m, 4H), 4.49 (s, 2H), 6.68 (s, 1H), 6.71 (s, 1H), 6.73 (s, 1H), 7.37 (d, 3J-
ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H), 7.67–7.84 (m, 12H), 8.02 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
2H); 13C NMR (100 MHz, CDCl3): d=14.0, 14.1, 19.3, 22.6, 22.7, 25.9,
26.0, 26.3, 28.6, 28.7, 29.3, 29.9, 30.9, 31.3, 31.8, 32.1, 32.2, 41.3, 58.1, 62.2,
74.5, 82.3, 88.3, 109.5, 109.7, 123.7, 123.8, 124.5, 124.8, 124.9, 125.1, 125.6,
127.9, 128.1, 128.9, 130.2, 130.4, 131.5, 137.2, 137.8, 147.6, 147.7, 147.8,
151.7, 151.8, 151.9 ppm; HRMS (FAB+): m/z calcd for C63H72O4S2:
956.4872 [M+]; found: 956.4874.


32 : As with the preparation of 9, 29 (532 mg, 1 mmol) was treated with
BuLi (0.44 mL, 2.5m in hexane, 1.1 mmol), followed by 30 (413 mg,
0.80 mmol) and then TFA (0.30 mL, 3.3 mmol) to afford 32 as an orange
yellow solid (522 mg, 68%). M.p.: 107–109 8C; IR (KBr): ñ=2955, 2928,
2857, 1906, 1660, 1601, 1504, 1465, 1380, 1192, 1102, 930, 840, 809 cm�1;
1H NMR (400 MHz, CDCl3): d=0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 6H), 0.99 (t,
3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 6H), 1.35 (m, 8H), 1.45 (m, 8H), 1.60 (m, 2H), 1.72
(m, 6H), 2.39 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.75 (m, 6H), 3.41 (s, 3H), 3.72
(m, 4H), 4.48 (s, 2H), 6.68 (s, 1H), 6.70 (s, 2H), 6.71 (ds, 2H), 7.37 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.68–7.81 (m, 12H), 8.02 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz,
2H); 13C NMR (100 MHz, CDCl3): d=14.0 (d), 14.1, 19.2, 22.6 (d), 25.9
(d), 26.3, 28.6 (d), 29.3, 29.9, 31.3, 31.7, 32.1 (d), 41.3, 58.1, 62.2, 74.5,
82.3, 88.3, 109.5, 109.6, 123.7, 123.8, 124.5, 124.7, 124.8, 125.0, 125.5,
127.9, 128.1, 128.9, 130.2, 130.4, 131.5, 137.1, 137.8, 147.7 (d), 147.8, 151.7,
151.8, 151.9 ppm; HRMS (FAB+): m/z calcd for C563H72O4S2: 956.4872
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[M+ +H]; found: 956.4863; elemental analysis: calcd (%) for C59H64O4S2:
C 79.04, H 7.58; found: C 78.50, H 7.55.


33 : As with the preparation of 9, 31 (287 mg, 0.30 mmol) was treated
with nBuLi (0.20 mL, 2.5m in hexane, 0.5 mmol), followed by terephthal-
dehyde (13.4 mg, 0.10 mmol) and then TFA (0.18 mL, 2.0 mmol) to
afford 33 as an orange yellow solid (84 mg, 45%). M.p.: 80–81 8C; IR
(KBr): ñ=2966, 2933, 2860, 1603, 1514, 934, 840, 811 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.92–1.04 (m, 24H), 1.28–1.40 (m, 16H), 1.40–1.54
(m, 16H), 1.67–1.82 (m, 16H), 2.63–2.83 (m, 16H), 3.41 (s, 6H), 4.48 (s,
4H), 6.68–6.74 (m, 8H), 7.37 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H), 7.71–7.87 ppm
(m, 32H); 13C NMR (100 MHz, CDCl3): d=13.7, 14.0, 22.0, 22.7, 26.0,
26.3, 29.3, 29.9, 31.8, 32.1, 58.1, 74.5, 109.5, 109.7, 123.7, 123.9, 124.5,
124.8. , 125.1, 125.6, 128.2, 128.9, 130.0, 130.2, 130.4, 137.1, 147.7, 147.9,
151.8 ppm; HRMS (FAB+): m/z calcd for C130H142O10: 1863.0603 [M+];
found: 1863.0618.


34 : As with the preparation of 9, 32 (547 mg, 0.57 mmol) was treated
with nBuLi (0.25 mL, 2.5m in hexane, 0.63 mmol), followed by 5 (106 mg,
0.20 mmol) and then TFA (0.18 mL, 2.0 mmol) to afford 34 as an orange
yellow solid (300 mg, 66%). M.p.: 165–166 8C; IR (KBr): ñ=2956, 2929,
2870, 1660, 1600, 1503, 1465, 1415, 1379, 1262, 1217, 1180, 1101, 933, 839,
809, 756 cm�1; 1H NMR (400 MHz, CDCl3): d=0.93 (m, 12H), 1.00 (m,
18H), 1.37 (m, 16H), 1.47 (m, 20H), 1.72 (m, 20H), 2.75 (m, 20H), 2.75
(m, 6H), 3.41 (s, 6H), 4.48 (s, 4H), 6.70 (m, 10H), 6.70 (s, 1H), 6.71 (s,
1H), 7.37 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.68–7.81 (m, 12H), 8.02 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=14.0, 14.1, 22.7,
26.0 (d), 26.3, 29.3, 29.9, 31.7, 32.1 (d), 58.1, 74.5, 109.5, 109.7, 123.7,
123.8, 124.5, 124.7 (d), 125.4, 125.5, 128.1, 128.9, 129.9, 130.2, 130.4, 137.1,
147.7, 147.8, 151.8 ppm; HRMS (FAB+): m/z calcd for C158H170O12:
2259.2692 [M+ +H]; found: 2259.2637.


Electrochemical Measurements


A conventional three-electrode system with a potentiostat/galvanostat
(EG&G PAR 273 A) was employed for electrochemical experiments.
The working electrode is a Pt disc with a diameter of 3 mm, the reference
electrode is Ag/Ag+ (10 mm AgNO3), and a Pt wire was used as the
counter electrode. Samples were dissolved in CH2Cl2 containing tetrabu-
tylammonium hexafluorophosphate (0.1m) as the electrolyte, and the sol-
utions were purged with Ar for at least 15 min before electrochemical ex-
periments.


Photophysical Measurements


Absorption and emission spectra were measured with a Hitachi U-3310
spectrometer and a Hitachi F-4500 fluorescence spectrometer, respective-
ly. Spectrometric-grade solvents and quartz cells (1N1 cm2) were used.
The molar concentration of the sample solution was about 10�5


m. The
fluorescence quantum yields were obtained by using the Parker–Reas
method.[12] The quantum yield of the oligomers was calculated by Equa-
tion (1), in which F is the quantum yield, I is the integrated intensity, A
is the absorbance at the excitation wavelength, and n is the refractive
index. The subscripts f and ref refer to the oligomers and coumarin 1
(Fref=0.99 in EtOAc), respectively.


Ff ¼ Fref � ðIf=IrefÞ � ðAref=AfÞ � ðnf=nrefÞ2 ð1Þ
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Ultrafast Electron Diffraction: Structural Dynamics of Molecular
Rearrangement in the NO Release from Nitrobenzene


Yonggang He, Andreas Gahlmann, Jonathan S. Feenstra, Sang Tae Park, and
Ahmed H. Zewail*[a]


Introduction


Nitrobenzene, the prototypical member of a family of nitro
compounds, is a common environmental pollutant[1–4] and a
frequent ingredient in energetic explosives.[5] Elimination re-
action pathways from nitrobenzene are known to produce
NO2, NO, and O radicals. The fragment nitric oxide (NO) is
unique in that its mechanism of release may be relevant to
the development of nitroaromatic NO donor drugs,[6,7] which
are important in the regulation and maintenance of physio-
logically vital functions.[8–11] Even in the apparently simple
reaction of NO loss from nitrobenzene, ambiguities continue
to exist regarding the competition among reaction pathways,
the various product yields, and the transient structures in-
volved. Furthermore, an intramolecular rearrangement may
occur in the release of NO and only with complete structur-
al determination can we directly establish the pathways in-
volved.


The phenoxyl radical, a resulting fragment of NO elimina-
tion from nitrobenzene, has been recognized as important in
biological processes and combustion chemistry,[12,13] but its
structure has not been determined. It has been the subject
of both experimental and theoretical investigations, since it
was observed as a reaction product in the vapor phase,[14] in
solution,[15] and in a matrix.[16] The experimental information
on phenoxyl has been provided by resonance Raman spec-
troscopy,[17–19] IR spectroscopy,[20,21] and ESR hyperfine cou-
plings,[22–24] which led to the elucidation that C�O has
double-bond character. Combined with the finding of a radi-
cal electron in the p ring system[23] and the known chemical
reactivity of the phenoxyl radical, it was suggested that the
ring of the phenoxyl radical is quinoid-like. Theoretical stud-
ies largely agree.[25,26]


Herein we report our first study of the structural dynam-
ics of the elimination reaction of nitrobenzene by using ul-
trafast electron diffraction (UED) to determine transient
structures directly. It is shown that the dominant pathway
upon excitation is not that involving a single-bond rupture
to produce NO2 and a phenyl radical, but instead is a path-
way of intramolecular rearrangement involving bond break-
ing and bond forming to yield NO and the phenoxyl radical
(Scheme 1). This UED study sheds new light on the signifi-
cant and long-debated problem regarding the reactions of
nitroaromatic compounds by providing evidence of a domi-
nant pathway, contrary to spectroscopic observations.


Abstract: Nitro compounds release
NO, NO2, and other species, but nei-
ther the structures during the reactions
nor the time scales are known. Ultra-
fast electron diffraction (UED) al-
lowed the study of the NO release
from nitrobenzene, and the molecular
pathways and the structures of the
transient species were identified. It was
observed, in contrast to previous infer-


ences, that nitric oxide and phenoxyl
radicals are formed dominantly and
that the time scale of formation is 8.8�
2.2 ps. The structure of the phenoxyl
radical was determined for the first


time, and found to be quinoid-like. The
mechanism proposed involves a repul-
sive triplet state, following intramolec-
ular rearrangement. This efficient gen-
eration of NO may have important im-
plications for the control of by-prod-
ucts in drug delivery and other applica-
tions.
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Results


The diffraction pattern of nitrobenzene in the ground state
was directly recorded in two dimensions. This pattern was
radial-averaged to give the one-dimensional curve, of which
the sinusoidal oscillations contain all contributions from
each internuclear distance. Refined structures were obtained
by following our previously outlined methodology.[27,28] The
experimental and the refined theoretical modified radial dis-
tribution, f(r), and the molecular scattering function, sM(s),
are shown in Figure 1. The refined structural parameters, in-
cluding the rotational barrier height, are compared to those
from previous experiments as well as density functional
theory (DFT) values (Table 1). They are in satisfactory
agreement, with discrepancies within 0.02 I and 1.58 for dis-
tances and angles, respectively. The exception lies with the
nitro torsional angle values (f) reported by Domenicano
et al.[29] and by Shishkov et al.[30] These are 13.3�1.48 and
22.78, respectively, and are strongly dependent on tempera-
ture. In these studies only a single torsional angle was em-
ployed for the internal rotation of the nitro group. When we
use this approach, our data gives a value of 19.48. This value
represents �j jh i, as positive and negative torsional angles are
equivalent owing to the symmetry of the molecule. On the
basis of the relation between this mean deviation and the


potential V2 ¼ RT
�
p �h i2, Domenicano et al. estimated the


rotational barrier to be around 4�1 kcalmol�1.[29]


Owing to the low rotational barrier, the torsion of the
nitro group was treated with explicit consideration of the
large amplitude motion.[31] Thermal populations of internal
rotational modes (with an angle binning of 2.58) were evalu-
ated with the potential function, V ¼ 1


2V0 1� cosð2�Þ½ 
, with
the contribution of each angle being population-averaged.
The shrinkage effect[32] and stretching anharmonicity were
also incorporated. This dynamic model fixes the torsional
angle at 08 with the standard deviation of the distribution
(s) defining the range of angles. From our data we obtain
s=28.78. Our structural refinement based on the dynamic
model puts the rotational barrier at 3.1�0.4 kcalmol�1, in
agreement with the values of 2.9�0.2 kcalmol�1 and 3.3 kcal
mol�1 obtained from microwave[33] and Raman spectrosco-
py[34] studies, respectively.


Scheme 1. Elimination reaction of nitrobenzene. The dominant pathway
involves intramolecular rearrangement with bond breaking and bond
forming to yield NO and the phenoxyl radical.


Figure 1. a) Radial distribution curve f(r) (versus internuclear distance r),
b) molecular scattering sM(s) (as a function of momentum transfer s),
and c) the rotation population and the potential energy (V) curve along
the torsion angle (f), for ground-state nitrobenzene. Theoretical (blue)
and experimental (red) curves match with R=0.023.
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To study structural dynamics during the course of the re-
action, we recorded time-resolved diffraction patterns at dif-
ferent times, from �100 ps to +100 ps in one set of experi-
ments, and from �100 ps to +1 ns in other sets of experi-
ments. To identify the reaction channel(s) upon excitation at
266.7 nm, the experimental and theoretical DsM(s) and
Df(r) curves for energetically allowed channels (Figure 2), as
well as their multiple combinations, were compared. Vibra-
tional temperatures of each of the products were estimated
by using calculated vibrational frequencies and available en-
ergies. Mean translational energy release and rotational
energy partitioning were also taken into account.[35]


Figure 3 displays the comparison of the experimental
Df(r) curves with theory at the +1-ns time delay (reference
at �100 ps). Theoretical structures that matched the data
poorly were excluded. The experimental DsM(s) and Df(r)


curves for NO2 eliminations (with the ground and the excit-
ed states of the NO2 fragment) and NO elimination are
highlighted in Figure 4. Structural refinement attempted for
these NO2 channels resulted in unphysical structures. The
best fit was obtained when using C6H5NO2!C6H5O+NO as
the dominant reaction. Multicomponent fits (not shown)
performed by floating the fraction of several channels also
favored an exclusive NO-elimination reaction. Similar re-
sults were also found at both +50-ps and +100-ps time
delays. These results establish that the dominant reaction
channel of nitrobenzene upon excitation at 266.7 nm is NO
elimination. With the reaction channel identified, the struc-
ture of its corresponding product, the phenoxyl radical, was
then refined. Figure 5 shows the experimental and the re-
fined theoretical molecular scattering and radial distribution
curves for the NO-elimination reaction channel. The refined


Table 1. The refined structure of ground-state nitrobenzene.


Parameters Refined
value[a]


Domenicano
et al[b]


Shishkov
et al[c]


Theoretical[d]


C1�C2, C6�C1 1.409�0.009 1.3986 1.391 1.391
C2�C3, C5�C6 1.388�0.024[e] 1.3991 1.391
C3�C4, C4�C5 1.390�0.009 1.3991 1.395
C�H 1.083 1.093 1.114 1.083
C1�N7 1.492�0.001 1.486 1.478 1.481
N7�O8, N7�
O9


1.219�0.006 1.2234 1.218 1.223


C6�C1�C2 123.4�0.8 123.4 125.1 122.3
C1�C2�C3,
C5�C6�C1


117.3�0.7[e] 117.6 115.7 118.5


C2�C3�C4,
C4�C5�C6


120.9�0.7[e] 120.6 122.5 120.2


C3�C4�C5 119.8�0.6 120.18 118.3 120.3
C1�N7�O8,
C1�N7�O9


116.4�0.2 117.34 118.3 117.6


C2�C1�N7�
O8


h0i (28.7)[f] h13.2i (0)[f] h22.7i
(0)[f]


0


V2 [kcal
mol�1][g]


3.1�0.4 4 1.3 6.5


[a] C2v symmetry was used during the structural refinement. The error
bars reported are 3s. [b] Taken from reference [29]. [c] Taken from refer-
ence [30]. [d] Theoretical structures were obtained by using DFT calcula-
tions at the B3LYP/6-311G ACHTUNGTRENNUNG(d, p) level of theory. [e] Dependent variables
and propagated errors. [f] Angle brackets denote the center values, pa-
renthesis indicate the population-weighted standard deviation (see text
for details). [g] V2 denotes rotational barrier along the torsional motion
of the nitro group.


Figure 2. Energy diagram of excited states and chemical channels of ni-
trobenzene.


Figure 3. Radial distribution curves Df ðr; t ¼ þ1 ns; tref ¼ �100 psÞ for
trial fits of different reaction pathways. The product channels are:
a) “hot” ground state C6H5NO2; b) triplet (T1,


3p–p*) C6H5NO2;
c) phenyl nitrite (C6H5ONO); d) S1 (1n–p*) C6H5NO2; e) C6H5NO+O
(3P); and f) C5H5+CO+NO.
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structural parameters are listed in Table 2 together with
DFT values. The C�O bond length was found to be 1.232 I.
Aryl C�C bonds are 1.465 I, 1.382 I, and 1.420 I at their


primary, secondary, and tertiary positions (with respect to
the O atom), giving the average value of 1.423 I.


From the temporal frame-referenced diffraction data, the
population of the product structures as a function of time
was determined. Figure 6 displays the 1D frame-referenced
radial distribution curves from �100 to +100 ps. The curves
clearly map out the reaction showing both negative peaks
(blue regions), which correspond to the loss of old bonds,
and positive peaks (red regions) corresponding to the for-
mation of new bonds. The curves retain the same features
over time, but simply increase in amplitude, indicating the
growth in population of a common product structure.
Figure 7 shows the growth of the product fraction with time.
Nonlinear fitting, for a single-step reaction, gives a rise time
of 8.8�2.2 ps.


Discussion


Previous Spectroscopic Studies


Spectroscopic characterization of nitrobenzene has been the
subject of study for decades. The gas-phase UV absorption
spectrum of nitrobenzene consists of three broad and struc-
tureless bands, centered at 280 nm, 240 nm, and 195 nm.[36–39]


A much weaker absorption band at 350 nm was also ob-
served.[40] Excitation to these states results in no observable
fluorescence or phosphorescence. An early gas-phase study
assigned the 240-nm band to be a charge-transfer state from
the phenyl ring to the NO2 moiety.[36] A similar conclusion


Figure 4. Molecular scattering curves, DsMðs; t ¼ þ1 ns; tref ¼ �100 psÞ,
and radial distribution curves, Df ðr; t ¼ þ1 ns; tref ¼ �100 psÞ, for trial fits
of NO2- and NO-elimination reactions: a) C6H5+NO2 (1


2A1); b) C6H5+


NO2 (1
2B2); and c) C6H5O + NO.


Figure 5. a) Frame-referenced modified molecular scattering curves,
DsMðs; tÞ, and b) frame-referenced radial distributions, Df ðr; tÞ for nitro-
benzene (266.7 nm excitation) at t=++1 ns (tref=�100 ps) along with the
refined theoretical curves corresponding to the reaction products phenox-
yl and NO radicals. The experimental data points are shown as a red line
and the refined theory is a blue line (R=0.375).


Table 2. The refined structures of intermediates.


Species Parameters Refined value[a] Theoretical[b]


nitric oxide N�O 1.148 1.148
phenoxyl C1�C2, C6�C1 1.465�0.018[c] 1.452


C2�C3, C5�C6 1.382�0.018[c] 1.375
C3�C4, C4�C5 1.420�0.018[c] 1.408
C�H 1.084 1.084
C1�O7 1.232�0.064 1.251
C6�C1�C2 116.9 116.9
C1�C2�C3, C5�C6�C1 121.0 121.0
C2�C3�C4, C4�C5�C6 120.2 120.2
C3�C4�C5 120.7 120.7


[a] C2v symmetry was used for the phenoxyl radical. The N�O bond
length of nitric oxide and all structural parameters involving hydrogen
atoms were fixed at DFT-calculated values. Only two structural parame-
ters, the C�O bond length and the mean ring C�C bond length, were re-
fined owing to correlation difficulties; the individual ring C�C lengths
were defined from the mean refined value. The error bars reported are
3s. [b] Theoretical structures were obtained by DFT calculations at the
B3LYP/6-311G ACHTUNGTRENNUNG(d, p) level of theory. [c] Dependent variables and propa-
gated errors.
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was also made by other experimental and theoretical inves-
tigations.[41,42] However, polarization spectroscopy indicates
that the 240-nm band is characterized by a transition dipole
moment that is mostly perpendicular to the molecular figure
axis, whereas that of the 280-nm band was inferred to be
parallel, providing contrary evidence to some previous spec-


troscopic and theoretical assignments.[38,39] The energy of the
lowest triplet state in solution was deduced to be 58 kcal
mol�1.[43] The photophysical dynamics of nitrobenzene is
fairly limited. The lifetime of the triplet upon excitation at
366 nm in liquids was deduced to be 1 ns from the mea-
surement of intersystem crossing (ISC) yield by using photo-
sensitization.[44] The lifetime of the lowest excited singlet
state (S1) was found to be 6 ps and that of presumably the
lowest triplet state (T1) to be 400–900 ps depending on the
solvent, with an ISC yield of 0.8.[45–47]


The rich photochemistry of nitrobenzene has been report-
ed in the vapor,[37,48–56] in solutions,[57] and in matrices.[13,20, 21]


Early discharge-lamp studies detected NO2 and C6H5NO as
photodissociation products,[48,49] suggesting two reaction pro-
cesses: C6H5NO2!C6H5+NO2 and C6H5NO2!C6H5NO+


O. Flash photolysis has also led to C5H5 as a product.[50] A
number of mass spectrometry studies on the photodissocia-
tion of nitrobenzene by using nanosecond laser pulses at
various wavelengths revealed the coexistence of multiple
dissociation channels, including those yielding NO2, O, and
NO.[37,52,54–56] Pyrolysis by pulsed IR laser heating showed
C6H5�NO2 bond breaking to be the primary reaction chan-
nel.[51] Another pyrolysis study by using a single-pulse shock
tube method identified the formation of phenoxyl radical as
a minor channel.[53]


In spite of these extensive photodissociation studies, the
lack of ionization cross-section data has hindered the quanti-
tative analysis of the branching ratio among the reaction
channels. On the basis of ion signal-intensity data, NO elimi-
nation had been considered a relatively minor reac-
tion.[37,54,55] Assuming that both NO2 and NO are produced
in the ground state, Galloway et al. estimated the branching
ratio between NO2 and NO elimination to range from 1.3 to
5.9 for excitation wavelengths between 280 and 222 nm, by
using ion signal intensities detected and the single photon
ionization cross-sections from ground states.[37] Because NO2


may form in the excited state,[37,48] the authors[37] noted that
the branching ratio should be viewed as an upper limit; ex-
cited NO2 supposedly has a higher ionization efficiency.


Structural Dynamics from UED


The structural dynamics reported herein obtained by using
UED indicate the dominance of the NO-elimination chan-
nel at 266.7 nm. Our result would be consistent with the
spectroscopic analysis only if NO2 is generated in the excit-
ed state. However, its yield relative to NO must be very
low; the apparent enhanced detection is due to the pre-
sumed higher cross-section for ionization from excited NO2


and the ratio of yield to NO becomes less than 1. Also con-
sistent with our findings are the results of infrared studies of
photoexcited nitrobenzene in an Ar matrix,[21] which report
the exclusive observation of a weakly bound C6H5O···NO
complex, whereas those corresponding to O and NO2 elimi-
nations were not found. The refined structure of the phe-
noxyl radical with strong C�O double-bond character
(1.232�0.064 I) is in agreement with the values obtained


Figure 6. The experimental Df ðr; tÞ with the time steps indicated. Nega-
tive peaks (blue regions) correspond to the loss of old bonds; positive
peaks (red regions) correspond to the formation of new bonds.


Figure 7. The temporal dependence of the product fraction in the reac-
tion C6H5NO2!C6H5O+NO. Nonlinear fitting of a single-step reaction
yields a time constant of 8.8�2.2 ps.
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from DFT (1.253–1.270 I),[26,58–60] as well as CASSCF/6-
311G ACHTUNGTRENNUNG(2d,p) (1.228 I) calculations.[25,26] The refined C�C
bond lengths of the phenyl ring, in general, agree with previ-
ous high-level calculations: the C1�C2 (1.465 I) and C2�C3
(1.382 I) bond lengths are close in value to typical C�C
single and double bonds, respectively, while the C3�C4
bond length (1.420 I) shows partial double-bond character,
quinoid-like, resulting from the conjugation effect of the
radical center.


The rise time for the formation of the phenoxyl and NO
radicals from UED is 8.8 ps. At our wavelength, the mole-
cule is excited to a high-energy state (see previous subsec-
tion) which, as is known from photophysical studies, does
not fluoresce. Relative yields and product-energy partition-
ing, measured between 320 and 240 nm, show no abrupt
change over the range,[35,37] and, therefore, it is reasonable
to deduce that excitation to states higher than S1 results in
an efficient internal conversion (IC), as we reported else-
where for related systems.[28,61] Moreover, vapor-phase nitro-
aromatic compounds in S1 (>300 nm) undergo highly effi-
cient ISC.[62] In the liquid phase, the ISC yield of nitroben-
zene has been determined to be greater than 0.80, and the
lifetime of the S1 state to be 6 ps at 320 nm.[45,63] This ultra-
fast ISC can be rationalized by the proximity effect[64] and
efficient one-center overlap between S1 (n–p*) and T1 (p–
p*).[65] Accordingly, the rise time of 8.8 ps covers both the
rates of ISC and the triplet-state reaction yielding NO and
phenoxyl radicals (Figure 8). The barrier to NO release


from T1 was calculated (see below), from which the statisti-
cal time constant for the formation of products was deter-
mined to be 1 ns. However, the reaction time becomes
1 ps when considering a directed motion involving only
“local” modes.


To examine the nature of potential surfaces and reaction
rates, we performed DFT calculations of the likely nuclear
motions for the rearrangement–elimination process on both
T1 and S0 (Figure 9);[66] The S0 surface has been invoked to
describe pyrolysis reactions,[51, 53,67–69] but the results do not
agree with the photochemical behavior of nitrobenzene.[35,67]


For comparison, the C6H5+NO2 pathway is also presented
in Figure 9. The T1 state is mainly of 3p–p* character local-
ized on the nitro group. Thus, direct C�N bond scission
adiabatically correlates with an excited NO2 (1 2B2) and a
ground-state phenyl radical. This is affirmed by our calcula-
tion, which predicts that no direct pathway leading to
phenyl radical+NO2 (1 2A1) exists on the T1 surface. Fur-
thermore, NO2 (1


2B2) elimination involves the surmounting
of a high barrier (45 kcalmol�1). These findings are con-
sistent with the negligible contribution of the NO2-elimina-
tion channel in our data, and also with the high yield of
NO2 ion signal reported previously by Galloway et al.[37, 48]


The loose character of the C�N cleavage transition state ex-
plains the small relative translational energy partitioning
into the fragments and the yield increase with photon
energy.[37] The production of excited NO2 has been seen in
the photodissociation of nitromethane at 193 nm.[70,71]


In contrast to the dissociation producing NO2 (1
2B2), NO


elimination on T1 involves a lower-energy barrier (25 kcal
mol�1) and a large exothermic energy change owing to the
stability of the phenoxyl radical. This relatively low barrier
explains its dominance over the other channels. Since
phenyl nitrite, the NO elimination intermediate structure on
S0, is not stable on the T1 surface, the exit channel from the
TS is direct and efficiently results in phenoxyl and NO radi-
cals. The exit channel barrier is rather high (2.64 eV), consis-
tent with the product energy partitioning reported from
multiphoton ionization (MPI) and laser-induced fluores-
cence (LIF) studies[35,68,72] of the NO product (translational
energy=1.1, 0.86, and 0.56 eV at 226, 240, and 280 nm exci-
tation, respectively, and rotational energy=0.32 and 0.20 eV
at 226 and 280 nm excitation, respectively).[35] In an orbital
valence-bond description, the 3p–p* excitation generates an
unpaired electron on each oxygen atom. Rotation of the
nitro moiety then results in favorable overlap of the non-
bonding orbital of the O atom (in the plane of NO2) with
the adjacent p orbital of the aromatic ring and forms the
pseudo-three-membered ring. The R�N�O bonds with
weakened p bonding (3p–p*) are severed as the new C�O
bond is formed.


Figure 8. Possible photophysical and photochemical pathways of nitro-
benzene upon excitation at 266.7 nm.


Figure 9. Theoretical calculations of the S0 and T1 surfaces for NO and
NO2 eliminations (see text).
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Conclusions


Structural dynamics obtained directly with UED reveal that
NO release in 8.8 ps involves intramolecular rearrangement
and is the dominant elimination reaction pathway. The
structure of the transient phenoxyl radical was determined,
and, with the aid of theory, the reaction pathway was sug-
gested to involve the lowest triplet potential-energy surface.
A quantitative determination of the time-dependent popula-
tions of individual product species was obtained by resolving
their transient structures. This advantage, absent in previous
spectroscopic studies, dispels the uncertainty regarding the
reaction mechanism. In contrast to pyrolysis in the ground
state, which leads to various by-products, the dominance of
NO release on the triplet surface may be utilized in design-
ing effective NO-delivering drugs with minimized side reac-
tions (NO2 release, for example). It may also assist in studies
of atmospheric nitroaromatic compounds.[72]


Experimental Section


A detailed description of the UED III apparatus and data analysis has
been given in previous publications.[27,28] Briefly, ultrashort laser pulses of
120 fs at 800 nm were frequency-tripled. The resulting UV light (450 mJ/
pulse) was split into two beam paths. The pump beam (93% of the
total energy, time delayed by using a translation stage) was focused to a
size of 400 mm in diameter and directed into the scattering chamber to
initiate the reaction. The weaker beam (7% of the total energy) was
attenuated, focused, and directed onto a back-illuminated silver-coated
cathode to yield ultrashort electron pulses through the photoelectric
effect. The electron pulses were accelerated at 30 keV (lde Broglie=


0.067 I) to form a beam with a size at fwhm (full width at half maxi-
mum) of 370 mm and were then directed through the molecular beam.
Zero-of-time was established by maximizing the lensing effect[73,74] with
1,3-butadiene.


For the present study, two separate experiments were performed: A full
series of time-resolved diffraction patterns were obtained to determine
the reaction dynamics (3.1R104 electrons/pulse, 5 ps pulse width). Anoth-
er series of patterns was also taken with more electrons per pulse and
fewer time points (data collected at four time points) to determine the
structure of the transient species (8.8R104 electrons/pulse, 11 ps pulse
width). The temperature was increased progressively from the sample re-
servoir through the manifold to the needle tip, from 433 K to 493 K, in
order to avoid condensation. The sample vapor enters the chamber
through a 180-mm aperture by effusive expansion to form a molecular
beam with an estimated fwhm of 325 mm at the interaction region. Ni-
trobenzene (>99%) was purchased from Aldrich and used without fur-
ther purification.


For the study of transient structures, diffraction patterns were recorded
at different time delays between initiating laser pulse and electron pulse.
Temporal frame-referenced data were then generated by subtracting the
reference diffraction pattern recorded before time-zero (tref=�100 ps)
from patterns obtained at all other time delays.


The starting geometries for structural analysis were obtained by quantum
chemical calculations using DFT at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level (Gaus-
sian 98 suite).[75] Structural analysis was conducted on home-built soft-
ware using previously described methodology.[28]
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