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ABSTRACT

We outline the different approaches taken by our group in the
design of fluorescent hybridization sensors. Molecular beacons
(MBs) and binary probes (BPs) using two dyes (2d-MB and 2d-BP,
respectively) have been synthesized; these sensors serve as switches
in emission upon binding to target biomolecules, such as DNA.
These sensors allow for ratiometric fluorescence detection of
polynucleotides (PNs) by visualization of the probes when bound
to a target PN. Additionally, three-dye MBs (3d-MB) and BPs (3d-
BP) have been developed, where an energy-transfer cascade is
employed to decrease the overlap between the fluorophore emis-
sion spectra, resulting in a low direct excitation of the acceptor
fluorophore. Pyrene-based MB (Py-MB) and BP (Py-BP), which
possess the advantage of long fluorescence lifetimes, have also been
synthesized. Time-resolved fluorescence spectra (TRES) can be
used to discriminate between short-lived background fluorescence
and long-lived fluorescence of the pyrene probes. This technique
was demonstrated by time-resolving the signal of a Py-BP from
the background fluorescence in Aplysia californica cell extracts.

Introduction

The development of novel, sensitive and selective sensors
for the detection of DNA and RNA polynucleotides (PNs)
has become a very active research field in recent years.'™
For example, the sequencing of the human genome
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provides the genetic map of the proteins and nucleic acids
for a human being but lacks the information on how these
biomolecules are involved in the processes within the
cells. The visualization of DNA and RNA in vivo can
provide information about the location, kinetics, and
function of these biomolecules.? Likewise, techniques such
as the polymerase chain reaction (PCR) require probes
with sufficient sensitivity to detect very small amounts of
samples quantitatively and also with sufficient selectively
to identify a specific PN sequence.* Probes for the detec-
tion of PN and oligonucleotide (ON; we will use this term
for relatively short nucleotide chains) sequences include
the use of metal complexes,®® organic dyes,” and pyrene-
based intramolecular excimer-forming probes.? In general,
these probes function by binding to PNs by hydrophobic
or electrostatic interactions that are nonspecific, which
means that they bind to PNs irrespective of their sequence.
Such probes provide information about the amount of
PNs available in a sample or cell or their position but are
not specific to a definite target sequence.

The selective detection of specific DNA and RNA
sequences can be achieved by using ON-based antisense
hybridization probes.®!'° Generally speaking, these probes
are fundamentally an ON sequence complementary to the
target sequence containing a reporter group that can be
monitored using a spectroscopic technique, such as
fluorescence spectroscopy. Because, in living systems, ONs
have been engineered over millions of years to selectively
hybridize to their complementary sequence, fluorescent
antisense ONs provide the exquisite probe selectivity.
Additionally, the chemistry of nucleic acids is well-known,
and their assembly into ONs can be executed easily,
employing commercially available synthesizers. A simple
probe of this kind is composed of a single fluorescent dye
bound to an ON chain; the probe labels its target by
hybridizing with some part of its target sequence.'!
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Fluorescence spectroscopy is widely used because it is by
far the most sensitive of the available spectroscopic
techniques. A significant disadvantage of a single labeled
probe is that quantification and/or visualization of the
target is made difficult by the strong fluorescence back-
ground because of unbound probes, which requires an
extra step for the removal from the medium of the probes
that are not hybridized to the target.'' During the last 2
decades, new generations of fluorescent antisense ON
probes have emerged with interesting properties and have
been employed to attack important problems in fields
ranging from in vitro PCR monitoring to in vivo mRNA
detection.! We have focused a significant part of our
research in trying to improve the properties of ON probes,
especially molecular beacons (MBs)'?~'* and binary probes
(BPs),'>'® to develop strategies for ever-increasing higher
detection limits, selectivity, and background discrimina-
tion. In this Account, we present some of the challenges
and recent advances developed in our laboratory for the
detection of ONs and PNs in vitro and in vivo.

Molecular Beacons

The MB concept was introduced by Tyagi and Kramer in
1996 and was successfully applied to nucleic acid hybrid-
ization assays.'” The simple and novel architecture of MBs
prompted their widespread applications, ranging from
single nucleotide polymorphism (SNP)'® to the detection
of bacterial bioterrorism agents.'® A MB is a ON that
contains a fluorophore and a quencher at different ends
of the strand (Figure 1a). This ON strand is composed of
a probe region (loop) complementary to a target sequence
and a self-complementary region of five to six nucleotides
at opposite ends (stem). In the absence of the target, the
complementary parts of the probe hybridize together,
forming a hairpin structure (loop-stem), bringing the
fluorophore and the quencher into close proximity.*
Because of the close proximity enforced by the stem, the
quencher deactivates the fluorophore excited state, result-
ing in a strong quenching of the fluorescence (left in
Figure 1a). However, in the presence of the target, the
probe region of the MB hybridizes to it, promoting the
opening of the hairpin conformation and separating the
fluorophore and the quencher from each other (right in
Figure 1la). Because of the enforced separation after
hybridization with the target, the fluorophore fluorescence
is not quenched after hybridization. This allows for the
observance of fluorescence emission from the fluoro-
phore, in principle, only after the probe has selectively
hybridized to the target.

An ideal MB should not show any fluorescence emis-
sion in the “closed” hairpin conformation (absence of the
target) and a strong fluorescence emission in the “open”
conformation when hybridized with the target. The ef-
ficiency of target detection of a MB is measured by its
signal-to-background ratio (S/B), which is the ratio of the
fluorescence signal in the presence of the target with the
fluorescence signal before the addition of the target.>! The
background signal arises from a number of sources. For
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FIGURE 1. (a) MB in its hairpin conformation (left) and hybridized
with the target (right); (b) 2d-MB (left), 3d-MB (center), and Py-MB
(right) in their hairpin conformations; (c) 2d-BP (left), 3d-BP (center),
and Py-BP (right) hybridized with the target; and (d) free BP in
solution (left) and after hybridization with the target (right).

example, fluorescence occurs from partially labeled MB
(possessing the fluorophore but not the quencher), a small
amount of “open” hairpin structures in the absence of the
target, and the inefficiency of the quencher to totally
deactivate the dye fluorescence.'®

Despite all of the relevant intrinsically inherent advan-
tages of MBs, it has been observed that, when employed
in complex biological environments (e.g., cells), they often
give false positive signals;**** possible explanations for
these false signals include the “opening” of the hairpin
conformation as a result of the interaction with proteins
or membranes and intercalating agents in the cell cyto-
plasm that disrupt the hairpin stability. In addition, the
detachment of the fluorophore or quencher from the MB
by nucleases might also be possible. In cells where MBs
suffer from spontaneous opening in the absence of the
target, the use of BP may be successful.'® Another chal-
lenge of MBs is their insertion into the cell. A classical
MB should be dark in the absence of the target; therefore,

VOL. 40, NO. 6, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 403





Probes for DNA/RNA Detection Marti et al.

its injection into the cell is usually not “imageable”. Thus,
the diffusion of the MB into the cell cannot be visualized
until it enters the cells and binds to the target. Later in
the text, we will show how these challenges can be
overcome with the use of different kinds of MBs.

Binary Probes

BPs (parts ¢ and d of Figure 1) are hybridization probes,
which depend upon fluorescence resonance energy trans-
fer (FRET) to report the binding to the target.>* The
occurrence of FRET depends upon various parameters,
such as the distance between the donor and acceptor
fluorophores and the spectral overlap between the donor
emission and acceptor absorption spectra.?® The efficiency
(E) of FRET is given by the following expression:*®

Ry
R+17

where R, is the distance between the fluorophores at
which half of the donor molecules are quenched by FRET
(termed the Forster distance) and r represents the actual
distance between the fluorophores during the measure-
ment. The Forster distance (R,) can be calculated using
the following expression:*®

E=

(D

_90000n 100K¢]
1287°n'N,,

where n is the refraction index of the medium, ¢ is the
fluorophore quantum yield of the donor, N, is Avogadro’s
number, k2 is the orientation factor equal to 0.667 for free
molecules in solution, and J is the spectra overlap given
by27

)

0

J= [T f00 e, N dx ®)

where fi,(4) is the fluorescence spectrum of the donor and
ey (1) is the absorption spectrum of the acceptor in
extinction coefficient units. From eq 1, it can be deduced
that FRET strongly depends upon the distance between
the fluorophores, while eq 2 shows the quantitative
dependence of R, on the overlap integral (eq 3) and the
quantum yield of the donor. These factors need to be
carefully adjusted to achieve an optimal FRET.

In terms of structural detail, a BP consists of two ON
strands (or probe sequences) that are complementary to
adjacent regions of the target (parts c and d of Figure
1).2428:29 One of these ON strands is labeled with a donor
fluorophore, while the other is labeled with an acceptor
fluorophore, forming a FRET pair. In the absence of the
target, the fluorophores of the BP are randomly distributed
in solution, and because the concentration of the BP is
very low, intermolecular FRET is not observed. However,
in the presence of the target, a hybrid is formed, bringing
the dyes close to one another and favoring FRET (Figure
1d). An ideal BP allows for selective excitation of the donor
fluorophore. In the absence of the target, ideally, only the
fluorescence from the donor fluorophore is observed;
however, in the presence of the target, ideally, only the
fluorescence of the acceptor fluorophore is observed
because of FRET from the donor. Because the donor
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fluorescence is also quenched as a result of FRET in the
presence of the target, BPs experience a switch in color
when changing from free in the solution state to the
hybridized state, when binding to the target.

Similarly to a MB, the effectiveness of a BP is deter-
mined by its S/B ratio.’® The latter depends upon how
efficiently the fluorescence of the donor fluorophore is
quenched and to what extent the intensity of the acceptor
is increased when the BP pair binds to the target. The S/B
ratio can be generally described by eq 4

F, Acceptor+Target
FDon0r+Target

F,

Acceptor

S/B = 4)

K Donor

where F is the fluorescence intensity at 4,,,,. As in the
case of the MB, an ideal BP should not display any
background in the absence of the target; however, this
condition possesses intrinsic limitations from any real
system (see the next section).?®

BPs have found applications in the detection of gene
translocation,?® real-time monitoring of in vitro transcrip-
tional mRNA synthesis,? and mRNA visualization in living
cells.*® One important advantage of BPs is that they do
not yield false positive or nonspecific signals. The archi-
tecture of a BP is not a hairpin structure, as in the MB,
but two separated ON strands that lack secondary struc-
tures (Figure 1d). To obtain a positive signal, both parts
of the BP must be in the proximity of one another, which
only occurs when the BP has hybridized to the target
sequence.

Despite these advantages and applications of BPs, there
have been some challenges that have been the focus of
intense research yielding novel and creative approaches.
First, the hybridization kinetics of BPs are slower than
those of MBs because BPs depend upon the binding of
two different components to the target. Furthermore, the
entropy of a BP decreases more when bound to the target
(three independent units, two probes plus the target,
becoming one hybrid) than the MBs (two independents
units, MB plus the target, becoming one hybrid), which
decrease the equilibrium stability of the hybrid.*! Also, it
is in practice difficult to avoid some overlap between the
emission spectra of the donor and acceptor fluorophores,
which can decrease the S/B ratio greatly.'® Finally, it is
also usual to observe some fluorescence of the acceptor
fluorophore, even in the absence of the target; acceptor
fluorescence is caused by direct excitation of the acceptor
at the excitation wavelength of the donor.?®

The first two challenges have been addressed by two
independent groups. Rosmarin et al. and Yang et al.
employed two-probe sequences with the BP bound to-
gether using ON chains (C probes)®! or a polyethylene
glycol (PEG) polymer chain,®? respectively. Because, in
these approaches, the probing regions are bound together,
the hybridization kinetics are faster and the decrease in
entropy is minimal. In addition, the probe/target ratio
does not have to be near unity for these probes because
of the low probability that the two probe regions of the





Probes for DNA/RNA Detection Marti et al.

a
@ 2.0
2
& 15+
2
£
o}
L
©
£
(e}
2 054

0.0

500 550 600 650 700
Wavelength (nm)

(b)

Alexa

Normalized Intensity

T I I T I 1
500 550 600 650 700 750

Wavelength (nm)

FIGURE 2. Fluorescence emission spectra of (a) 2d-MB and (b) 2d-
BP in the presence (red) and absence (blue) of the target, modified
from refs 13 and 16, respectively. The spectra were normalized to
the same intensity at 590 and 665 nm for 2d-MB and 2d-BP,
respectively.

same BP bind to different targets. The last two disadvan-
tages have been the target of considerable investigation
by our research group leading to systems in which low
S/B ratios because of fluorescence spectra overlap and
direct acceptor excitation are practically absent.'® These
systems will be explained in more detail through the
following sections.

Two-Dye Prohes

Two-dye MBs (2d-MBs, left in Figure 1b) possess the
advantages of better visualization of the injection in cells,
the possibility of a ratiometric analysis to improve the S/B
ratio,*® and the use of two-channel detection allowing for
the visualization of not only the diffusion of the MB
hybridized to the target but also the MB in its hairpin
structure. In 2d-MBs, the quencher is substituted by
another fluorophore, which acts as an energy acceptor
(Figure 2a).'>%% In the hairpin conformation, the two
fluorophores are close to one another, leading to FRET
between them, whereas when hybridized with the target,
the two fluorophores become separated in space and
FRET is not observed. The spectra in Figure 2a show
fluorescence emission mainly from the RedX acceptor in

Pleural sensory
neuron

Ratiopeyameax = 1-39
mostly“open” MB

Ratioe,a/reax = 0-21
mostly “closed” MB

FIGURE 3. Fluorescence image of an Aplysia californica neuron
injected with 2d-MB.

the absence of the target, indicating FRET from the Alexa-
488 donor (chemical structures of all of the fluorescent
dyes presented in this Account are included as Supporting
Information). In the presence of the target, both dyes are
separated as a result of hybridization, impeding FRET and
leading to a strong unquenched emission of the donor.
Figure 3 shows the ratiometric fluorescence image of an
Aplysia californica neuron injected with a 2d-MB. The blue
background corresponds to the visualization of the dis-
tribution of hairpin probes inside the cell, while the red
spots correspond to the visualization of regions where the
MB seems to be mostly “open”; thus, it is possible to
visualize the MB in two different conformations.

For BPs, the two-dye ensemble is part of their design
(left in Figure 1c).** Selection of the fluorophore pair is
important for optimization of the S/B ratio.?® As discussed
above, the common procedure to select a FRET pair is
based on the maximization of the overlap integral (J) of
the pair of dyes involved in the FRET (eq 3). However, a
very large J produces a large overlap between the emission
spectra and increases the probability of direct excitation
of the acceptor fluorophore because of their overlapping
transition for absorption and emission. This effect can be
minimized by designing the BP with a focus on the
distance between fluorophores rather than in the overlap
integral (J).'® The distance between the fluorophores is
very important because FRET depends upon the inverse
6 power of the distance between the fluorophores.?® In
previous studies on multifluorophore-labeled DNA strands,
we showed that a fluorescein-Cy5 pair separated by two
nucleotides displays a FRET efficiency of 72%.>* On the
basis of this architecture, we designed a BP with the FRET
pair Alexa 488-Cy5, which has a relatively poor overlap
integral because of the large spectral separation, which
minimizes the direct excitation of the acceptor (Cy5). This
BP was also designed in such a way that, upon hybridiza-
tion, the fluorophores are separated by seven nucleotides.
The results, shown in Figure 2b, afforded a very low
background emission before the addition of the target and
a very strong FRET emission in the presence of the target.
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Figure 2b also shows the small overlap between the
emission spectra and the small amount of fluorescence
because of direct excitation before the addition of the
target. A similar design was used previously by Tsuji et
al. to monitor mRNA levels in vitro*® and in vivo.*° An
important advantage of this kind of BP is that, because
the acceptor does not display any significant fluorescence
in the absence of the target, it is possible to add more
acceptor probe to the system, because it would not
interfere with the target detection.'® A higher concentra-
tion of the acceptor facilitates the hybridization of the
probe and enhances the probability that a donor and an
acceptor will be close together to enable efficient FRET.

Three-Dye Probes (Combinatorial FRET)

The idea of three-dye probes is based on our research on
trichromophore-labeled DNA.** In this approach, the
energy of a donor dye is transferred to an acceptor dye
via an intermediate chromophore that serves as an energy
relay. An example of a MB using this architecture (center
in Figure 1b), possessing 6-carboxyfluorescein (Fam) as
the primary donor, N,N,N,N-tetramethyl-6-carboxy-
rhodamine (Tam) as the primary energy acceptor/second-
ary donor, and cyanine 5 (Cy5) as the secondary energy
acceptor, has been studied.'* In the hairpin conformation,
the excitation of Fam (which is at one end of the MB)
promotes an energy-transfer cascade to Tam and then to
Cyb5, which are at the other end of the MB. In the presence
of the target, Fam and the Tam-Cy5 pair become sepa-
rated, inhibiting the energy-transfer cascade and, ideally,
resulting only in emission from Fam. Figure 4a shows the
fluorescence signature of one of these MBs with and
without the target (3d-MB). An advantage of this design
is that FRET is expected to be very efficient, because it
occurs between fluorophores that possess large overlap
integrals that are close to one another.® In addition, this
relayed FRET provides a good energy separation (“Stoke’s
shift”) between the primary donor and the final acceptor,
reducing the direct excitation of the final acceptor.
Furthermore, the fluorescence signature of 3d-MBs can
be tuned by varying the distance between the dyes,
allowing for the creation of multiple FRET tags, with each
possessing a unique and distinctive fluorescence pat-
tern.'*?”3* This approach of multiple tags has been
termed combinatorial fluorescence energy transfer and
can be used to develop libraries of probes with different
fluorescence signatures for different applications and
targeting different sequences departing from a very small
set of dyes.'*

Analogously, three-dye BPs (3d-BPs) using this archi-
tecture have also been studied (center in Figure 1c).'® This
kind of BP also contains the Fam-Tam-Cy5 triad and
presents distinctive signals before and after hybridization
with the target. In this architecture, one of the probes is
labeled with Fam and Tam, which are separated from one
another by four nucleotides. When 3d-BP is hybridized
with the target, Tam, which is located at the 3' end of the
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FIGURE 4. Fluorescence emission spectra of (a) 3d-MB and (b) 3d-
BP in the presence (red) and absence (blue) of the target, modified
from refs 14 and 16, respectively.

one probe strand, is brought into the proximity of Cy5
(which is at the 5’ end of the other probe strand), allowing
for the FRET pathway to be optimized (center in Figure
1c). The emission spectrum of 3d-BP in the absence of
the target (blue in Figure 4b) shows fluorescence mainly
from Tam because of the efficient FRET from Fam;
because this part of the probe is free in solution and not
close enough to Tam, FRET to Cy5 is not observed. After
hybridization with the target, a fraction of the probes
become close to one another allowing for FRET from Fam
to Tam to Cy5 to occur, producing a decrease in Tam
fluorescence and an increase in Cy5 fluorescence emission
(red in Figure 4b). This FRET cascade results in a unique
emission pattern that provides efficient FRET and a large
“Stoke’s shift”.

Pyrene Excimer Prohes

Probes have been designed to take advantage of the
capability of pyrene to form fluorescent excited-state
dimers (excimers).?>3637 An excimer is formed when a
photoexcited pyrene molecule forms a weak association
with another pyrene in its ground state. The excimer
possesses a broad red-shifted emission at ~480 nm in
contrast with the pyrene monomer, which displays an
emission in the range of 390-410 nm. A pyrene-based MB
(Py-MB) was developed by Fujimoto et al.*® In this
approach, two pyrene groups were attached at both ends
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FIGURE 5. Fluorescence emission spectra of Py-BP in the presence
(red) and absence (blue) of the target in (a) buffer solution and (b)
cell extract from Aplysia californica, modified from ref 15 (the
spectra were normalized at 400 nm).

of the MB. When the Py-MB is in its hairpin conformation,
the pyrene groups are close to one another and excimer
emission can be observed (right in Figure 1b). In contrast,
in the presence of the target, the pyrene groups are at
opposite sites of the strand and only monomer emission
is produced.

Py-BPs have also been designed with the purpose of
detecting DNA and RNA strands.!® Variation of such
probes have been synthesized, differing in the chemistry
used to attach pyrene to the ON strand, the length of the
linker chain (between the pyrene and the ON), the strand
position where the pyrene group is attached, and the
number of nucleotides between the two parts of the BP
when hybridized to the target.**-*! Py-BPs have a pyrene
group attached at both ends of the probe chain (right in
Figure 1c). When the probes are free in solution, the
pyrene groups are separated from each other and the
excimer is not observed (Figure 5a). When the probe is
hybridized to the target, the pyrene groups are close to
one another, favoring the formation of the excimer (Figure
5a). Although the probe displays excellent S/B in vitro, in
the presence of the cell extract (which mimics the
background emission of a living cell), the “autofluores-
cence” is severe, leading to a poor S/B (Figure 5b).

It occurred to us that an important photoluminescence
property of pyrene is its relatively long fluorescence
lifetime (65 ns in aqueous solution),'® which results from
a spin-allowed but radiative-symmetry-forbidden transi-
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FIGURE 6. (a) Fluorescence decay for the Aplysia californica cell
extract (black) and the Py-BP in the cell extract (red). The diagonal
lines mark the gated time used for TRES. (b) TRES of Py-BP with
(red) and without (blue) the target in the cell extract (with a gated
time from 50 to 150 ns), modified from ref 15.

tion from the lowest excited state (S,) to the ground state
(S).%® Molecules with long lifetimes can be distinguished
easily from short-lived fluorophores if the fluorescence is
time-resolved. In time-resolved emission spectra (TRES),
instead of collecting all of the photons that reach the
detector, photons are collected at a definite time interval
after pulsed excitation of the chromophores. Because the
background “autofluorescence” in biological systems gen-
erally decays much faster than the emission of pyrene,
TRES can be collected after the background “autofluores-
cence” has decayed (Figure 6a). This approach was tested
on a pyrene-based hairpin aptamer probe developed to
detect a platelet-derived growth factor.** The detection
assays were performed in Dulbecco’s cell-growth medium,
which provides a strongly fluorescent background and
obscures the detection of the probe employing standard
steady-state fluorescence measurements. Because the
fluorescence of the cell-growth medium has a fluores-
cence emission lifetime of <10 ns, the longer-lived pyrene
fluorescence was easily time-resolved from the Dulbecco’s
cell-growth medium background.

Recently, we reported a Py-BP to detect mRNA in highly
fluorescent cellular extract using time-resolved emission

VOL. 40, NO. 6, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 407





Probes for DNA/RNA Detection Marti et al.

spectroscopy.'® Figure 5b shows the steady-state fluores-
cence spectra of the Py-BP in the cell extract, where very
little signal discrimination is obtained; this is in contrast
with the results in buffer solution shown in Figure 5a. To
preferentially detect the Py-BP fluorescence in the cell
extract, TRES were obtained. When the fluorescence
detection is time-gated after the fluorescence of the
background has decayed (Figure 6a), the TRES closely
resembles the fluorescence spectra of the probes in buffer
solution (compare Figures 5a and 6b). This technique
merges the selective probe detection of Py-BP with the
signal discrimination capabilities of TRES, providing new
alternatives for the study of cellular processes, even in
environments where the fluorescence of standard dyes is
obscured by the cellular autofluorescent background.

Summary and Outlook

In this Account, we have described some of the recent
advances in the detection of DNA and RNA by fluorescent
hybridization probes. Most of the research described here
is based on MB and BP because they can be potentially
used for both in vivo and in vitro detection. The effective
use of these probes requires overcoming challenges such
as spontaneous MB opening inside the cell, cell autofluo-
rescence, injection and distribution visualization of MBs
within the cell, and a low S/B ratio in BPs because of direct
excitation of the acceptor fluorophore and/or overlap of
the fluorescence spectra of the dyes. Modifications of the
“classical” architecture of MBs have allowed for the
enhancement of detection capabilities. 2d-MBs display a
change in fluorescence upon binding to the target, which
is advantageous in the visualization of PN in living cells
and allows for a ratiometric quantization of low levels of
PNs and ONs in solution. Analogously, dyes with a wide
spectral separation between their fluorescence spectra
have been used for the synthesis of 2d-BP, presenting a
low overlap between the emission spectra of the dyes and
a low direct excitation of the acceptor dye, increasing the
S/B ratio. These probes can be upgraded by using three
dyes, arranged in such a way that the energy is collected
by a donor dye and relayed to an acceptor dye by means
of an intermediate fluorophore, in a FRET cascade fashion.
3d-MBs provide the advantage of multiple signal detection
and wide spectral separation between the donor and
acceptor fluorophores. Furthermore, several 3d-MBs with
unique signals can be synthesized using the same set of
dyes by just changing spacing between them. 3d-BPs also
benefit from the use of three fluorophores by diminishing
the direct excitation of the final acceptor dye, increasing
the S/B ratio.

Probes using pyrene have also been studied. Py-MBs
and Py-BPs display distinctive signals when bound to the
target or free in solution, which are based on the pyrene
monomer and excimer emission. The relatively long
fluorescence lifetime of pyrene allows for the use of TRES
to reduce fluorescent backgrounds and increase the
sensitivity of the probes. Py-BPs present very low S/B
ratios in cellular extracts of Aplysia californica because of
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the strong cellular autofluorescence; however, when TRES
is used, the long-lived Py-BP fluorescence is time-resolved
from the short-lived autofluorescence.

Although most of the challenges described for these
probes have been efficiently addressed by the research
described in this Account, further improvement is neces-
sary to achieve greater levels of sensitivity. Currently, we
are working on the development of probes with improved
capabilities for time resolution. Although pyrene probes
present a good proof of concept, their excitation wave-
length (<360 nm) might present a problem for studies in
biological samples. Furthermore, molecules with longer
fluorescence lifetimes may improve the time resolution
capabilities of these probes even further. One of the
alternatives being explored is the use of transition-metal
complexes, which can possess lifetimes in the range of
microseconds,’ or lanthanide chelates, which can possess
lifetimes on the order of milliseconds,*® as energy donors.
We are confident that, with the advent of new time-
resolved fluorescence microscopes and with the resent
developments in the field of fluorescence lifetime imaging
microscopy (FLIM),** these kinds of probes will find their
place in the study of DNA and RNA processes in vivo.
Another approach to further increase the detection sen-
sitivity of the ON probes is the use of strongly emissive
fluorophores, such as quantum dots (QDs).*> QDs possess
relatively good quantum yields and large extinction coef-
ficients, which result in a strong fluorescence emission.*®
Furthermore, QDs possess narrow emission spectra and
moderately long emission lifetimes, which can also be
advantageous for the construction of ON probes. Other
techniques such as two-photon excitation*” and spin-
labeled probes?® are also good prospects for the detection
of PN and ON in different media.

We thank Leonid Moroz for the neuron microscopy image. This
work was supported by the Center of Excellence in Genomic Science
Grant P50 HG002806 from the National Institutes of Health and
by the National Science Foundation, Grant NSF CHE-04-15516.

Supporting Information Available: Chemical struc-
tures of the fluorophores used in the synthesis of MBs and
BPs. This material is available free of charge via the
Internet at http://pubs.acs.org.
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ABSTRACT

This Account describes a new paradigm, Langmuir-Blodgett (LB)
patterning, for large-area patterning with mesostructured features
based on the well-established LB technique. This strategy uses a
simple fabrication technique to control the alignment, size, shape,
and periodicity of self-organized phospholipid monolayer patterns
with feature sizes down to 100 nm over surface areas of square
centimeters. Because of the anisotropic wetting behavior of the
patterns, they can be used as templates to direct the self-assembly
of functional molecules and nanocrystals. Furthermore, the chemi-
cal patterns can be converted into topographical structures, which
can be used to direct cell growth and organize nanocrystals. The
mesoscopic structured surfaces described here may serve as a
platform in engineering the biological/material interface and
constructing biofunctionalized structures and “programmed”
systems.

Introduction

The formation of patterned surfaces is a universal and
fascinating phenomenon in nature, for example, regular
stripes on the surface of zebras and the wings of
butterflies.! Moreover, surface patterning has become
an increasingly important part in modern science and
technology, such as in the areas of micro-electronics,
information processing and storage, nano/microfluidic

Xiaodong Chen received his B.S. degree (honors) in chemistry from Fuzhou
University in 1999, M.S. degree (honors) in physical chemistry from the Chinese
Academy of Sciences (Institute of Chemistry) under M. H. Liu in 2002, and Ph.D.
degree (Summa Cum Laude) in biochemistry from the University of Muenster
under H. Fuchs and L. F. Chi in 2006. He is currently a postdoctoral fellow working
with C. A. Mirkin at Northwestern University. His research interests include self-
assembly, nanotechnology, surface science, and biophysics.

Steven Lenhert received his B.S. degree in biochemistry from Messiah College
(2000) and a Dr.rer.nat. in biology (University of Muenster, 2004). He is now a
scientist at the Forschungszentrum Karlsruhe (2005-present). His current research
is focused on dip-pen nanolithography of supported lipid membranes.

Michael Hirtz received his M.S. degree in physics from the University of Muenster
in 2005. He is now working as a Ph.D. student in the field of self-organized surface
patterning in the group of L. F. Chi and H. Fuchs.

Nan Lu received her B.S., M.S., and Ph.D. (2000) degrees in chemistry from Jilin
University, China. She performed postdoctoral research with L. F. Chi and H.
Fuchs in Germany and with G. Leggett in the U.K. from 2001 to 2004. She currently
has a position as a professor at the Key Laboratory of Supramolecular Structure
and Materials, Jilin University, China, since 2004. She is currently focused on LB
patterning, self-assembly, and nanofabrication.

10.1021/ar600019r CCC: $37.00
Published on Web 04/19/2007

[J 2007 American Chemical Society

devices, and biodetection.** Fabrication and investiga-
tion of patterned surfaces are active areas of research
in chemistry, physics, materials science, and biology.
Methods used for pattern fabrication are commonly
summarized as “top—-down” and “bottom-up”. In the
top—down approach, the features are written directly
or transferred onto a substrate, e.g., by optical and
e-beam lithography, and then the microscopic and/or
nanoscopic features are engraved by applying appropri-
ate etching and deposition processes. Although there
is much focus on overcoming practical limits in fabri-
cating small features,* another important limit is how
large of an area can be efficiently patterned with small
features. This limit arises because to write small features
it is necessary to focus on a smaller surface area.’ The
concepts of self-assembly and self-organization provide
an alternative way to realize small features over large
areas via bottom-up approaches,® which rely on the
interactions of building blocks, such as molecules or
particles, which spontaneously assemble into nano/
microstructures. The self-assembly and self-organiza-
tion processes and the characteristics of the surface
patterns (shape, size, function, etc.) can be controlled
by tailoring the properties of building blocks.

The Langmuir-Blodgett (LB) technique is a well-
established and sophisticated method to control interfacial
molecular orientation and packing.”® Moreover, it is an
efficient approach toward the controllable fabrication of
laterally patterned structures on solid supports, termed
LB patterning. Laterally structured LB monolayers are
normally generated by the deposition of ordered two-
dimensional (2D) domains formed at the air—water inter-
face onto solid substrates.>~'? Alternatively, the LB transfer
process itself can be used to form patterns near the three-
phase contact line from a homogeneous Langmuir mono-
layer.
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FIGURE 1. Phase behavior of the DPPC monolayer at the air-water
interface. (Top) Chemical structure of DPPC. (Bottom) surface
pressure-molecular area (7—A) isotherm of DPPC (~23 °C) and
typical Brewster angle microscope (BAM) images (430 x 537 um?)
for the liquid-expanded (LE) phases and LE/liquid-condensed (LC)
phase transition along with the corresponding conformations of the
DPPC molecules.

This Account sketches our recent works in fabrication
of mesostructured patterns, which have lateral dimensions
between the nano- and microscales, over larger areas by
the LB technique. First, strategies to form mesostructures
from a homogeneous L-a-dipalmitoylphosphatidylcholine
(DPPC; chemical structure shown in Figure 1) Langmuir
monolayer and to control the shape, size, and alignment
of patterns are presented.'*™'® Second, the application of
the patterns as templates to direct the self-assembly of
molecules and nanocrystals is described.'®?* Finally,
pattern transfer procedures used for directing cell growth
and nanocrystal patterning are discussed.?>*"

Fabrication of Controllable Mesostructures

DPPC, one of the major lipid components of biological
membranes, shows a typical phase behavior of a Langmuir
monolayer at the air-water interface, characterized by a
liquid-expanded (LE) phase, a liquid-condensed (LC)
phase, and a LE-LC phase transition, confirmed by the
surface pressure-molecular area (7—A) isotherm and Brew-
ster angle microscope (BAM) images (Figure 1).2#%° In the
LE phase, the DPPC monolayer behaves as a quasi-2D
liquid, where the head groups of the DPPC molecules are
translationally disordered and chains are conformationally
disordered. When the molecular areas are decreased,
DPPC molecules begin to condense and a co-existing
phase of LE and crystalline LC occurs at the plateau region
of the isotherm. Finally, a homogeneous well-packed
condensed monolayer (LC phase) appears at larger mo-
lecular areas.

Formation of Mesostructures with Nanochannels. Our
fabrication approach uses the LB transfer process to
induce phase transitions (i.e., substrate-mediated con-
densation) and create patterns near the three-phase
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contact line from a homogeneous DPPC Langmuir mono-
layer at the LE phase.'>'* The resulting mesostructured
DPPC, detected on surfaces by an atomic force micro-
scope (AFM), consists of alternating stripes with widths
of about 800 nm separated by channels of about 200 nm
in width (Figure 2b).'* Although it is difficult to directly
observe the stripe formation in situ at the three-phase
contact line in this system, one can imagine the process
of stripe pattern formation as depicted in the schematic
illustration of Figure 2a. The height difference between
the stripes and channels is about 1 nm, and the stripes
are composed of condensed (LC phase) DPPC molecules.
Considering that the length of a DPPC molecule is about
2 nm, we can attribute the material in the channels to
the expanded (similar to LE phase) DPPC molecules,
which has a larger tilt angle compared to condensed DPPC
molecules in the stripes, as depicted in Figure 2c. We
confirmed this hypothesis with dynamic force spectro-
scopy measurements, where we can accurately detect the
tip-sample interaction forces and distinguish the different
phases (to be published).

Importantly, the size and shape of the DPPC patterns
can be controlled by simply adjusting the transfer velocity,
surface pressure, temperature, substrate chemistry, mono-
layer composition, and transfer method. This ability is
essential to realizing applications in surface patterning.

Effect of Surface Pressure and Transfer Velocity.
Firstly, the shape and lateral size of the DPPC stripe
pattern from the pure DPPC monolayer strongly depends
upon the transfer surface pressure and transfer velocity.'"*®
For instance, on mica substrates, at a surface pressure of
3.0 mN/m, a high transfer velocity of 60 mm/min induces
the formation of horizontal DPPC stripes, parallel to the
three-phase contact line (parts a and d of Figure 3). In
contrast, vertical stripes, perpendicular to the three-phase
contact line (parts ¢ and f of Figure 3) are obtained at a
low transfer velocity (10 mm/min). At a transfer velocity
of 40 mm/min, a grid pattern, clearly showing the
superposition of horizontal stripes and vertical stripes, is
observed (Figure 3b). In general, the horizontal stripes
only appear at the high transfer velocity (60 mm/min) with
low transfer surface pressure, and the pure vertical stripes
only appear at the low transfer velocity and high transfer
surface pressure (still in LE phase).

Effect of the Substrate. Different hydrophilic substrates
can be used to obtain DPPC mesostructures, but experi-
mental conditions for the pattern formation are different
because of the different surface properties. One reason
for the stripe pattern formation is the substrate-mediated
condensation of DPPC during the LB transfer; therefore,
the molecule-substrate interaction should be a very
important factor in this dynamic self-organization process.
For instance, the periodic stripe patterns can be formed
on an oxygen plasma-treated silicon surface, but the
transfer velocity used has to be slower than that for
transfer onto a mica surface at the same surface pressure
and temperature.?® Moreover, different treatment of the
silicon substrate will affect the DPPC pattern formation
(to be published). At the same transfer velocity, the surface
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FIGURE 2. (a) Schematic illustration of the process of mesopattern formation. (b) Mesostructures with nanochannels on mica in phase (main
figure) and topography (inset) imaging. Experimental conditions: surface pressure, 3 mN/m; transfer velocity, 60 mm/min; and temperature,
225 °C. (c) Composition of DPPC pattern: the DPPC stripe pattern is composed of expanded DPPC molecules in the channels and condensed

DPPC molecules in the stripes.

20.0

FIGURE 3. Shape and alignment of patterns (pure DPPC) depending upon the transfer conditions. (a—c) AFM images of the various pure
DPPC patterns on mica surfaces at (a) 60 mm/min and 3 mN/m, (b) 40 mm/min and 3 mN/m, and (c) 10 mm/min and 3 mN/m. The double arrow
in the AFM images shows the axis of film transfer. (d—f) Schematic illustration for the formation of various patterns during the LB vertical

deposition.

pressure for forming stripe patterns on RCA-treated (a
5:1:1 mixture of H,0/H,0,/NH,OH at 70 °C) silicon wafers
is higher than for that on oxygen plasma-treated silicon
wafers. One possible reason is due to the different
interfacial energies of the RCA-treated silicon wafer (106
+ 3 mJ/m?) and the oxygen plasma-treated silicon wafer
(88 + 2 mJ/m?). Another one is due to the different Si-OH
group concentration on the wafer surface, which is an
important factor for the substrate-mediated condensation
of DPPC molecules during the draining process of water
on the substrate.®® The concentration of Si-OH on the

RCA-treated silicon wafer is 34% higher than that on the
oxygen plasma-treated silicon wafer. The substrate rough-
ness, which may influence the kinetics of the DPPC phase
transition and dynamic contact angle of the meniscus at
the three-phase contact line, is likely to be another factor
to influence the pattern formation, although this param-
eter has not yet been systematically studied.

Effect of the Second Component. For a mixed mono-
layer, the miscibility of various components is important
in regard to the phase behavior and the stability of the
monolayer. 1,2-Di(2,4-octadecadienoyl)-sn-glycero-3-phos-
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FIGURE 4. (a) Confocal laser scanning microscope (CLSM) image of the regular luminescent stripes formed by DCM/DPPC (5 mol %) at 1.0
mN/m and 10 mm/min (excited at 488 nm and detected at 580-700 nm). The inset in the CLSM image shows an AFM image of the stripe
pattern. (b) CLSM images of mixed monolayers of NBD/DPPC (2 mol %) at 2.0 mN/m and 20 mm/min (excited at 488 nm and detected at
500-600 nm). (c) Dependence of the luminescent stripe width and periodicity on the molar fraction of NBD.

phocholine (DOEPC) is selected as an additive component
to study the effect of the second component on the DPPC
pattern formation during the LB deposition, because
DOEPC has a similar molecular structure to DPPC and
yet forms a fully LE phase at the air-water interface under
the same conditions. In comparison to the pure DPPC
monolayer, the pattern formation with the mixed mono-
layer of DPPC/DOEPC (1:0.1) shifts to lower velocities and
higher surface pressures, and the ability to form horizontal
stripes is increased.'” The grid pattern only appears at low
transfer velocity (1 mm/min) and high transfer surface
pressures. Generally, the size of stripes in the mixed
DPPC/DOEPC (1:0.1) patterns is ca. 4-6 times smaller than
that of stripes formed by a pure DPPC monolayer at the
same transfer conditions.”

Other functional molecules, for instance, 4-(dicyano-
methylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyr-
an (DCM) and 2-(12-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
amino)dodecanoyl-1-hexadecanoyl-sn-glycero-3-phospho-
choline (NBD), can be used to generate regular and
tunable luminescent stripes with submicrometer-scale
lateral dimensions (Figure 4).'® The dye molecules are
uniformly distributed within the expanded DPPC chan-
nels, which are separated by condensed DPPC stripes. The
width and periodicity of the luminescent stripes can be
controlled by adjusting the ratio of dye/DPPC, as shown
in Figure 4c. It is worth mentioning that some of the dye
molecules used [DCM, Nile red, and oligo(p-phenylene-
vinylene)] are nonamphiphilic water-insoluble molecules,
suggesting that this method can also be employed for
patterning other water-insoluble materials.

Gradient Mesotructured Surface by LB Rotating Trans-
fer. On the basis of the transfer-velocity-dependent pat-
tern formation,'>'” we further developed a simple yet
novel method, LB rotating transfer, to achieve a gradient
mesostructure in a well-ordered fashion over large areas.'®
The conventional vertical dipper is only able to move the
substrate up or down parallel to the normal of the water
surface during the film transfer, and the linear velocity
for all points on the whole substrate is constant. During
LB rotating transfer, however, the floating monolayer at
the air-water interface is transferred onto the substrate
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FIGURE 5. (a) Schematic illustration of LB rotating transfer. (b)
Simulated distribution of the linear velocity perpendicular to the
three-phase contact line (1) and orientation (denoted by white lines)
of the stripes. d = 23 mm, @ = 0.07 rpm, / = 60 mm, and w = 20
mm. (c) Fluorescence micrographs (30 x 30 um?) of the pattern at
various points along the red line in b. The number in each image is
the radius (r, mm), and the dotted line is parallel to the three-phase
contact line. (d) Dependence of 6 on the radius, which could be
fitted well (red line, # = 0.98) by the theoretical equation. (e)
Dependence of the lateral width of the luminescent stripe, dark stripe,
and periodicity of gradient patterns on the radius. All data in e are
fitted by a mono-exponential decay.

by rotating the substrate along the x axis (Figure 5a), and
the linear velocity at different points on the substrate
depends upon the distance to the axis of rotation as shown
in the simulation results (Figure 5b). As a result, LB
patterns with different dimensions and orientations (white
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FIGURE 6. (a) Shape of the monolayer-covered air—-water interface near the contact line. (b) Region of positive curvature determined by the
difference between 6, and .. (c) Region of negative curvature determined by the difference between 6, and 0,. The thicknesses /, and /.
are defined as the normal distance between the surface and the intersection of the two tangents. (d) Periodicity of the vertical and horizontal
lines plotted as a function of transfer velocity. Simulated curves (continuous lines) are fit to the data. (e) Simulated periodicity of the horizontal
lines as a function of the surface pressure, shown at different transfer velocities (v, mm/min).

lines in Figure 5b) that depend upon the transfer velocity
can be generated simultaneously. Figure 5c¢ shows fluo-
rescence micrographs of gradient stripe patterns along the
red line (middle line of the substrate) in Figure 5b, which
is formed by the LB rotating transfer of a mixed monolayer
of DPPC and NBD (2 mol %) (v = 0.07 rpm; 7 = 2 mN/
m). The angle between the red line and the three-phase
contact line decreases with an increase in the radius, as
shown in Figure 5d, which can fit well to the theoretical
expectation. Moreover, the lateral width of the lumines-
cent stripe and the periodicity strongly depend upon the
radius: mono-exponentially decreasing with an increasing
radii, as shown in Figure 5e. It is easy to extrapolate the
ideas presented here to other systems, such as nanopar-
ticles®*> and lipid/lipopolymer,®® to obtain complex
arrays and test the experimental conditions for exploring
the pattern formation (i.e., high-throughput studies).
Mechanism behind the Pattern Formation. Because
the DPPC monolayer is homogeneously in the LE phase of
the air-water interface yet consists of heterogeneous con-
densed and expanded phases after being transferred onto
the substrate, substrate-mediated condensation is hypoth-
esized to the origin of the pattern formation.'*'* During the
transfer, a dewetting instability in the vicinity of the three-
phase contact line or meniscus oscillation causes a switch
of DPPC between the expanded phase (the channels) and
the condensed phase (the stripes). One possible mechanism
for the switch between these two phases upon transfer is
the oscillation of the meniscus height (i.e., stick-slip model),
which is correlated to the change in interfacial free energies
to satisfy the Young-Laplace condition.'® This may be true
for very slow transfer velocities (0.03-0.24 mm/min), because
the oscillation occurs at millihertz frequencies, similar to the
nanoparticle systems observed by Yang et al.* The second
possible explanation is a density oscillation in the vicinity

of the three-phase contact line. During the continuous and
steady LB transfer, the meniscus shape could be considered
as quasi-static** and only the region near the three-phase
contact line (called the precursor film, which is correlated
to the viscous and capillary forces as well as the molecule/
substrate interaction) is greatly affected. The kinetic mis-
match of the substrate-mediated condensation (on a scale
of mm?/s) and surface molecular diffusion (around 10-100
um?/s) at the precursor film governs the feedback and
oscillation of DPPC density, which will lead to the regular
pattern formation, and at a higher transfer velocity (>40
mm/min), the frequency of oscillation occurs at kilohertz
frequencies. The partitioning of dopants (such as fluores-
cently labeled lipids) into the expanded channels of the LB
pattern suggests that the condensation may be diffusion-
limited.'*16

The observation that stripes can also form in a different
alignment®® (Figure 3) suggests that the distortion of the
shape of the three-phase contact line may govern the
switch between transfer modes, and a quantitative model
based on the hypothesis that the local curvature near the
contact line is behind the switching behavior was therefore
developed (Figure 6).'® The vertical stripes can then be
simply explained in terms of a Rayleigh instability: the
tendency of a liquid cylinder or rim to break into droplets
(A in Figure 6d). The situation for the horizontal stripes
is more complicated, but assuming that condensation is
induced by a critical change in the radius of the curvature
in the distorted region of the contact line, then the data
can be fit by the model (O in Figure 6d). Finally, simula-
tions indicate that the origin of the regularly spaced
striped patterns observed at faster transfer speeds may
be due to the lower sensitivity to fluctuations in the local
surface density near the three-phase contact line (Figure
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FIGURE 7. (a) Schematic illustration of the process for evaporating
silver on a structured surface, and silver atoms deposit preferably
onto channel regions. (b) Optical micrograph representing the regular
stripe structure over an area of 80 x 60 um’ The channels were
filled with more silver coating (bright lines), whereas the DPPC stripes
appear dark (less silver). (c) AFM image (16 x 16 um?) indicates
that if a small amount of silver is evaporated (less than 2 nm), then
only the channel regions are fully covered, as shown in the inset.

6e). It is worth noting that the present model can only
predict the pattern dimensions as a function of experi-
mental parameters. A more rigorous theoretical descrip-
tion of dynamic substrate-mediated condensation that
includes the local shape of the meniscus, hydrodynamic
effects, interfacial potential energies, molecular interac-
tions, and a nonlinear dynamic model (for instance, a
lubrication approximation) quantitatively explaining the
meniscus oscillations would likely provide fundamental
physical insights into the pattern formation.

Templated Self-Assembly of Molecules and
Nanoparticles

As discussed above, the DPPC pattern is composed of
expanded DPPC molecules in the channels and condensed
DPPC molecules in the stripes. This chemically striped
pattern shows anisotropic wetting of 1-phenyloctane, '°
because of the different interfacial energy for the channels
(~31 mJ/m?) and stripes (~23 mJ/m?).3® As a result, this
kind of mesostructured surface can be used as a template
to guide the self-assembly of molecules and nanoparticles.

Templated Self-Assembly of Molecules. The FeCl,
molecules, for instance, condensing from the vapor phase
were selectively adsorbed in the channels, whereas the
stripes were not coated when a small droplet of FeCl,
solution was brought onto the structured mica surface.
Channels filled with paramagnetic FeCl; molecules provide
a contrast in magnetic force microscopy (MFM).'* In another
example, selective adsorption of thermally evaporated silver
(2-3 nm) onto the channels was conformed by optical
microscopy,'® as shown in Figure 7. In addition to metals
and small molecules that show selective adsorption, Moraille
and Badia found that proteins can also selectively adsorb
onto the nanostriped surface formed by the mixed mono-
layer of DPPC and r-a-dilauroylphosphatidylcholine
(DLPC).*® They confirmed that the blood-plasma proteins
(human y globulin and human serum albumin) selectively
adsorbed to channels of a nanostructured LB monolayer of
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FIGURE 8. (a) Generalized schematic outline of the three steps used
to pattern nanoparticles on the DPPC stripe pattern. Selective
deposition of (b) Au55 clusters and (c) CdSe nanocrystals aligned
along the channels on the mica surface.

DPPC/DLPC to generate well-defined protein and Au nano-
particle/protein patterns.

The DPPC mesostructures on oxygen plasma-treated
silicon can be used as templates for directed self-assembly
of functional silane molecules to form a robust chemical
pattern.?® A general approach is based on the substitution
of the channels and stripes by two different silane molecules
(NH,-terminated and CHj-terminated silanes) covalently
bound to the surface. As a result, a stripe pattern of
covalently bound molecules with selective functionality
replaced the physisorbed DPPC structure. Then, the nega-
tively charged Au55 clusters can selectively adsorb onto the
NH,-terminated silane stripes because of the electrostatic
interaction.?® Moreover, the NH,-terminated silane-striped
pattern can be used as a template to assist electrodeposition
of regular arrays of copper nanowires.**

Templated Self-Assembly of Nanoparticles. The DPPC
stripe pattern can also serve as a template for selective
deposition of nanoparticles simply by dropping the 1-phen-
yloctane solutions of nanoparticles on the DPPC pattern,
as shown in Figure 8. The work of adhesion of 1-phenyl-
octane on the channels is 62.0 mJ/m?, which is larger than
that of 1-phenyloctane on the stripes (53.7 mJ/m?). As a
result, the nanoparticles accumulate in the expanded
DPPC channels when the solution is removed from the
sample surface after some time. The density of nanopar-
ticle coverage is determined by the concentration of the
nanoparticle solution and the duration of exposure to the
patterned surface. As an example, quasi one-dimensional
cluster arrays (Figure 8b) of Au55 clusters stabilized by
an organic ligand shell were generated.'* Semiconductor
nanocrystals show similar selective adsorption in the
channels as well, which was demonstrated by topographi-
cal and near-field optical fluorescence measurements
(Figure 8c).>?? These examples show principally that
nanoparticles can be arranged one-dimensionally in a
parallel manner over large areas.
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FIGURE 9. (a) Schematic illustration of the procedure for the
formation of hierarchical luminescent patterns by exposure to light
through a shadow mask. (b) Fluorescence images showing that the
photoactivation of CdSe nanocrystals and the photobleaching of
BODIPY through a shadow mask reproduced the multiplexed
luminescent pattern on the CdSe/BODIPY layer. (c) CLSM image of
the multiplex luminescence pattern as a result of different illumination
times.

Furthermore, CdSe nanocrystals are also selectively
deposited into green-emitting stripes formed by transfer-
ring mixed monolayers of DPPC and 2-(4,4-difluoro-5-
methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-
hexadecanoyl-sn-glycero-3-phosphocholine (BODIPY) (0.5
mol %) onto mica surfaces, for which BODIPY molecules
are uniformly distributed within the expanded DPPC
channels.?® On the basis of the photoinduced enhance-
ment of the fluorescence of CdSe nanocrystals®*” and
photobleaching of dyes, a hierarchical luminescence pat-
tern is generated, as shown in Figure 9. Figure 9b shows
the hierarchical luminescence pattern that was obtained
by exposing the samples to light through a shadow mask
(500 mesh copper grid, square holes with sides of 28 ym).
The areas exposed to the light (the squares) appear red,
and the green lines correspond to the regions shielded
by the mask. Furthermore, we produced another kind of
hierarchical luminescence pattern, as shown in Figure 9c,
in which the different squares are exposed to light for
different amounts of time according to the time depen-
dence of the photobleaching of BODIPY and fluorescence
enhancement of CdSe nanocrystals. The exposure time
for the inside square is longer than the exposure time for
the outside square; therefore, we only observe red dot
arrays in the inside square, while orange dots are present
on the green stripes in the outside square.

Pattern Transfer—From Chemical to
Topographical Patterns

LB Lithography. The self-organized DPPC LB patterns
as well as other LB patterns, such as chiral domains,'*2°
can be used as resistance against wet chemical etching
by using a very dilute alkaline etchant (e.g., KOH) and long
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FIGURE 10. (a) Schematic illustration of the chemical-etch process
used to transfer LB patterns into topographical features. Groove
depth and local periodicity were characterized by (b) AFM and (c)
scanning electron microscopy.

etch time (~12 h), termed LB lithography.?® This allows
the patterns to be converted into topographical features
in silicon (Figure 10). An etch selectivity >100 (etch depth/
resist thickness) is achieved, and the depth of the etching
can be controlled between 20 and 300 nm by variation in
the etch time.

Nanotopography-Directed Growth of Biological Cells.
The topographically patterned silicon obtained by LB
lithography can be used as masters to generate replicas
by means of nanoimprinting and replica molding. This is
interesting for certain applications such as the culturing
of biological cells, where it is desirable to be able to mass
produce a large number of identical surfaces. We dem-
onstrated this possibility by using the nanostructured
silicon surfaces as masters for hot embossing of polysty-
rene,”>?% as shown in Figure 11a. For the first step, the
silicon master is placed in contact with the polymer under
slight pressure and the system is heated above the glass
transition temperature of the polymer. The polymer is
then cooled below the transition temperature and peeled
from the master. After this, the master can be reused to
serially produce hundreds of replicas without a noticeable
decrease in the quality.

Square centimeter surface areas of polystyrene topo-
graphically patterned by submicrometer-scale grooves
were used to study the influence of surface textures on
primary osteoblast cell morphology, mobility, and even
differentiation.?>?% Cells cultured for 24 h on grooved
polystyrene surfaces with a periodicity of 500 nm were
observed to align with the grooves, as shown in parts b
and c of Figure 11. Moreover, the osteoblasts showed a
stronger alignment on deeper grooves, while the number
of cells attaching to the structured surfaces with different
depths (50 and 150 nm, as well as on a smooth control)
appeared to be unaffected by the nanotopography of the
surface. Immunohistochemical staining of aligned cells
indicated the presence of focal adhesions at opposite ends
of aligned cells. A significant anisotropic migration was
observed on both the 50 and 150 nm deep grooves, again
to a larger extent on the deeper grooves.?® In addition to
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FIGURE 11. (a) Schematic process for pattern transfer from a silicon
master to polystyrene. Fluorescence micrographs of osteoblasts
aligned on 150 nm deep grooves, labeled for (b) actin and (c) vinculin.
Bar = 20 um. (d) Edge printing of semiconductor nanocrystals by
the interfacial interaction-controlled transport of CdTe nanocrystals.

osteoblasts, other types of cells including the phyto-
pathegenic fungi Magnaporthe grisea and Pucinnia grami-
nis also align on the groved patterns fabricated by LB
lithography (to be published). The ability to economically
mass produce large surface areas patterned with different
nanotopography opens new possibilities, both in the
scientific understanding of the mechanisms behind con-
tact guidance and in the optimization of surfaces for
biological applications.

Microcontact Printing of Semiconductor Nanocrys-
tals. The structured polystyrene surfaces can be further
used as masters for replica molding of polydimethoxy-
siloxane (PDMS).?” This is done by pouring the PDMS
precursors over the polystyrene topographies and curing
at 60 °C (well below the glass-transition temperature of
polystyrene) for 2 h. The PDMS stamp can then be readily
peeled from the polystyrene master. The advantage of this
two-step process is that the PDMS replica molding can
then be carried out in parallel, allowing for the simple and
rapid fabrication of numerous low-cost identical copies.
This structured PDMS can then be used for microcontact
printing, for instance, to pattern CdTe nanocrystals on
Si0,/Si surfaces (Figure 11d).?” Either edge or homoge-
neous printing can be achieved under optimized conditions.

Conclusion and Outlook

In summary, we described our recent works on the
fabrication of well-ordered mesoscopic structural sur-
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faces over large areas by the LB technique, which is
contrary to the historic research of LB films, which
focused on obtaining uniform and defect-free films.?
The results presented in this Account show that dy-
namic self-organization and template-directed self-
assembly may be able to successfully control and
modify the surface patterning, which is a prerequisite
if LB patterning is to become a candidate for the
assembly of nanostructures into integrated device
architectures.®®*! Similar LB patterning has been re-
cently reported in fatty acid methyl and ethyl esters,*?
nanoparticles,®"*? and lipid/lipopolymer-mixed mono-
layer systems,®® opening the possibility of extending this
method to other pattern-generating chemical systems.
The mesoscopic structural surfaces described here may
serve as a platform in engineering the biological/
material interface, for instance, surfaces for controlled
cell adhesion and specific interactions with biocompo-
nents. Moreover, in combination with biomaterials
(protein, DNA, and polysaccharide), mesoscopically
structured surfaces may contribute to the construction
of biofunctionalized structures and “programmed”
systems.
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ABSTRACT

The discovery and development of the catalysis of stannane-
mediated radical chain reactions by benzeneselenol, generated
in situ by reduction of diphenyl diselenide with tributyltin
hydride, are described. The catalytic sequence is discussed in
terms of polarity reversal catalysis of radical chain reactions, and
applications to synthesis are presented. These include the
prevention of numerous radical rearrangement reactions, the
ability to intervene in certain multistep radical rearrangements,
especially aryl and vinyl radical cyclizations, at intermediate
stages with advantages to the product profile, and the effective
trapping of allyl-, benzyl-, and cyclohexadienyl-type radicals,
permitting inter alia the isolation of aryl cyclohexadienes and
their application in synthesis.

Introduction

Several years ago, we observed that the retro-5-endo-
trig ring opening of radical 1, a potential intermediate
in a reaction then of interest to us, was less efficient
when the radical was generated from the selenide 3 than
from the thioether 2 under tin hydride conditions
(Scheme 1).! The difference in reactivity was traced to
the presence of diphenyl diselenide as an impurity in
selenide 3 and led to the hypothesis of the catalysis of
stannane-mediated chain reactions by benzeneselenol,
derived in situ by the reduction of the diselenide.! This
hypothesis evolved into a powerful synthetic method,
whose scope is delineated below. A closely related
sequence employing tributylgermane as the reductant
with catalytic thiophenol was subsequently described
by Bowman et al.?

“Polarity Reversal Catalysis”

Roberts coined the term “polarity reversal catalysis” to
account for the change in regioselectivity of hydrogen
abstraction by the #-butoxyl radical from esters upon
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Scheme 1. Tetrahydrofuranyl Radical Fragmentation
Ph
Ph@{ﬂaSn_-,PhI;-\ - Voj/\
X
2 X = SEt
3 X =SePh L J

X=SEt 56 (50:50) Ph/Om vj/\

X = SePh 56 (>955)

inclusion of an amine-borane catalyst.®> Without the
catalyst, hydrogen atom abstraction of an hydridic
hydrogen a to the ester oxygen occurs to give an
acyloxyalkyl radical (eq 1 in Scheme 2). With an
amine-borane, the electrophilic z-butoxyl radical pref-
erentially removes the more nucleophilic hydride from
the B-H bond of the catalyst (eq 2 in Scheme 2). This
generates a nucleophilic amine-boryl radical, which
abstracts an acidic hydrogen adjacent to the ester
carbonyl, completing the two-step catalytic sequence
and generating the alkoxycarbonyl radical (eq 3 in
Scheme 2). A single polarity-matched step is replaced
by two polarity-matched steps in the catalyzed reaction,
with a concomitant switch in regioselectivity.?

Scheme 2. Amine—Borane-Catalyzed Hydrogen Abstraction

S

o *H —_— _+ (eq. 1)

O S5+ O R
)J\o/\ )J\O/\ )I\O/\

+O.{ 6+.&¢+OH

+ —|RgN— BH2““H'“”O‘~> —  + . (eq. 2)
R3N=>BHj3; R3N=™BH,
RsN~ BH> R3N—~BH3
6—)J\O/\
+ — : + (eq. 3)
(¢] °H o
)J\O/\ R3N"BH28+ a)l\o/\

A related phenomenon operates in the classic ca-
talysis of aldehyde decarbonylation by thiols.* The
subsequent work of Roberts on the catalysis of silane
reduction of alkyl halides by thiols is another example
of the same type. In this process, the slow abstraction
of an hydridic silane hydrogen by a nucleophilic alkyl
radical, a polarity-mismatched step (eq 6 in Scheme 3),
is replaced by two more rapid polarity-matched steps.?
Thus, the nucleophilic alkyl radical preferentially ab-
stracts the acidic thiol hydrogen to give an electrophilic
thiyl radical (eq 4 in Scheme 3), which removes the
hydridic hydrogen from the silane (eq 5 in Scheme 3).2

The polarity reversal catalysis concept has the ad-
vantage of being easily visualized by the ultimate
practitioners of the art, synthetic chemists, in view of

* To whom correspondence should be addressed. Fax: 312-996-0431.
E-mail: dcrich@uic.edu.
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Scheme 3. Thiol Catalysis of Alkyl Radical Trapping by Silanes
3 S
R+ +H-SR" — | Re ke SR ]i—» R-H+ * SR" (eq. 4)

R'S *+H-SiRy —»[R"S- -H"-SiR3']¢—>R"s—H ++SiRs' (eq. 5)

R« + H-SiRy' — [R-"H'"SiR3' i—»R—H + + SiR4' (eq. 6)

the widespread role of polar effects in governing radical
reactions.® However, an alternative explanation has
been put forward by Zavitsas and Chatgilialoglu, ac-
cording to which the effect can be understood and the
rates of the various hydrogen atom abstractions ac-
curately predicted, by considering the triplet repulsion
energy at the transition state for hydrogen atom ab-
straction as derived from the antibonding energy be-
tween the two non-hydrogen atoms.® A polemic raged
for several years on the relative merits of the two
hypotheses with no clear resolution of the issues.”
Without passing judgment, in this Account, we adopt
the more graphical description by Roberts.

Polarity Reversal Catalysis with
Benzeneselenol

In the selenol-catalyzed chemistry, the slow polarity-
mismatched reduction of the nucleophilic alkyl radical by
the hydridic stannane (eq 9 in Scheme 4) is replaced by
two polarity-matched propagation steps. The nucleophilic
alkyl radical is quenched by the acidic benzeneselenol,
giving an electrophilic selenyl radical (eq 7 in Scheme 4),
which abstracts hydrogen from the stannane to regenerate
the catalytic selenol (eq 8 in Scheme 4).!

Scheme 4. Selenol Catalysis
M+ -
R+ + H-SePh — [Ri"H"SePh |=—>R-H + + SePh  (eq.7)

PhSe* + H-SnBU3—>[PhSe"H"SnBU3]£>PhSe-H + + SnBugs (eq. 8)

R+ H—SnBU3—>[R"'H' -SnBu3]L- R-H*++SnBu; (9. 9)

Alkyl radicals are trapped 500 times faster by benzene-
selenol than by tributylstannane (Table 1). It follows that
the use of only 5 mol % of a catalytic selenol will result in
a 25-fold increase in the rate of trapping of alkyl radicals
(Scheme 5).

Table 1. Rate Constants for Primary Alkyl Radical

Reduction
temperature k
reductant (°C) (s7h reference
Bu;SnH 25 2.4 x 106 8
PhSeH 25 1.2 x 10° 9
PhSH 25 1.4 x 108 10
Bu;GeH 25 1 x 10° 11
1,4-cyclohexadiene 50 2 x 10° 12

The catalytic cycle requires the abstraction of the
stannane hydrogen by the selenyl radical, with regenera-
tion of the selenol. At the beginning of this investigation,
this was not a known reaction, but the demonstration of
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Scheme 5. Catalyzed and Uncatalyzed Reduction

R+ + BusSnH R—H + BusSne
| kcat. 1
5% PhSeH cat
Kcat.= 25 X kyncat, for 5 mol % PhSeH

kuncat.

the catalytic effect of the selenol established its veracity.!
The experimental Se-H bond strength in benzene-
selenol'® and its similarity to that of tributylstannane
(Table 2)'* provide further grounds for confidence in this
key step.

Table 2. Bond Dissociation Energies!31¢
BDE
bond (keal mol ™)
Bu,;Sn-H 78.6
PhSe-H 78+4
PhS-H 83.5
Bu;Ge-H 88.6
PhCH,-H 88.5
1,4-cyclohexadien-3-yl-H 76.0
CeH.-I 65.0
CeH,—Br 80.4
C H.—Se 70 £ 3

The superlative nature of benzeneselenol as a radical
trap was exploited by Newcomb et al.,’ in their funda-
mental studies on the rates of alkyl radical rearrangements
and fragmentation processes. However, these studies
required the use of stoichiometric quantities of selenol,
rendering their extension to synthetic protocols impracti-
cal. This limitation arises because of the highly air-
sensitive nature of the reagent, its noxious odor, and its
properties as a vesicant. The catalytic protocol that we
established retains the kinetic advantages of benzene-
selenol as a radical trap, while minimizing the hazards of
working with this substance. The practicality of the
method was improved by the realization that diphenyl
diselenide is reduced stoichiometrically by tributylstan-
nane (eq 10), removing all need to handle the selenol.!
The stoichiometry of this reduction was readily established
by “’Se and ''“Sn nuclear magnetic resonance (NMR)
spectroscopy, which also revealed the much slower reac-
tion of benzeneselenol itself with the stannane, something
that is essential if the selenol is to persist in the reaction
mixture as a working catalyst.!”

PhSe-SePh + Bu,;SnH - PhSe-H + PhSe-SnBu, (10)

Catalytic Selenol as a Radical Clock

The kinetics of radical reactions are often determined by
competition methods with the aid of a clock reaction,
often the trapping of an alkyl radical by a stannane or
benzeneselenol. To satisfy the conditions for pseudo-first-
order kinetics, either a large excess of the trap is employed
or the reaction is taken to low conversion. It is subse-
quently necessary to determine the relative amounts of
the products in the presence of either a large excess of
the trapping reagent or the unreacted starting material.'®
To overcome this potential source of inaccuracy, we
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devised a protocol in which a known catalytic quantity of
benzeneselenol is constantly regenerated by the dropwise
addition of tributylstannane as a stoichiometric reagent.'”
The concentration of the selenol is maintained constant
throughout the course of the reaction, which is allowed
to proceed to full conversion under true pseudo-first-order
conditions. The validity of the method was established by
redetermination of literature rate constants.'” Subse-
quently, we employed this method to determine the
kinetic parameters for various rearrangements,'*?! in-
cluding the fragmentation of a 2-oxetanon-4-ylcarbinyl
radical (Scheme 6).*

Scheme 6. Oxetanylmethyl Opening

H—7

7 8 9

log (k¢) = (13.3+0.2) - (8.7 + 1.0)/ (2.3RT)
— k=82x10%"at25°C

Inhibition of Simple Radical Rearrangements

In addition to the original finding (Scheme 1), partial
inhibition of several radical rearrangements was demon-
strated, as exemplified in Schemes 7 8- 9.1:2922

Scheme 7. Inhibition of Acyloxy Migration
OAc

BuzSnH,
AcO QO AIBN AcO + A cO
CeHs
AcO

Additive ratio of 11:12
no additive 89:11

PhSeH <595
PhSeSePh <595
PhSH 10:90

Scheme 8. Inhibition of 5-Exo-trig Cyclization
BusSnH,

oL @ SAN

conc  equiv. Busan
Additive (M) (addn time h) 14:15

no additive  0.10 2(0.5) 100:0
PhSeSePh  0.10 2(0.5) 82:18
no additive  0.20 0.1(0.5) 100:0
PhSeSePh  0.20 0.1(0.5) 58:42

Scheme 9. Inhihition of Lactone Contraction

Q
BusSnH,
o AIBN o . O
Ph CoHg, A
Br Ph
16 17 18

10*[PhSeHI (M) | 24 48 71 11.8 141
Ratio 17:18 042 074 116 200 241

Even very rapid rearrangements may be suppressed
to a significant extent by increasing the concentration
of the selenol. An extreme example was presented by

the cyclopropylcarbinyl to homoallyl rearrangement, for
which it was calculated that molar concentrations of
selenol would be required.?® To facilitate recovery and
recycling of the large quantities of the diselenide, we
prepared the fluorous diaryl diselenide 22. When we
worked with a 1.0 M solution of diselenide 22, reduced
in situ to the selenol, a 58:42 mixture of the unrear-
ranged product 20 and the ring-opened product 21 was
secured in 65% yield (Scheme 10). The diselenide 22,
regenerated upon work up, was recovered by continu-
ous fluorous extraction.??

Scheme 10. Inhibition of Cyclopropylcarbinyl Opening

_ BugSnH 20
se™ (ArgSe); (22)
Ar
Foie
<C8F1 7@36 5* 2
2

22

Polarlt¥ Reversal Catalysis by Thiols and
Telluro

As expected from its lower rate constant for the trapping
of alkyl radicals, as compared to benzeneselenol, thiophe-
nol (Table 1) is a less effective but nevertheless functioning
catalyst for the suppression of simple chain reactions
(Scheme 7).'? Benzenetellurol, with its expected higher
rate of trapping of alkyl radicals, was anticipated to be
more effective as a polarity reversal catalyst than benzene-
selenol. However, the relative weakness of the Ar-Te bond
intervenes, and the tellurol does not persist under the
typical reaction conditions.!

Selection of Radical Precursors: Bromides or
lodides and the Use of Hindered Selenols as
Catalysts

For the benzeneselenol-catalyzed reactions of alkyl
radicals, both alkyl bromides and alkyl iodides have
been found to be suitable radical precursors.! For the
reactions of aryl and vinyl radicals, however, the
catalytic effect of the selenol is only observed with the
iodides."?*?° This is due to the higher bond dissociation
energy of sp? C-Br bonds than that of sp? C-Se bonds
(Table 2), resulting in the degradation of the catalyst
by the stannane in competition with the generation of
the required radical. With the aryl and vinyl iodides,
the weaker sp? C-1 bond is cleaved preferentially,
enabling the catalyst to persist in the reaction mixture.' 4%
In an attempt to increase the lifetime of the selenol
catalyst, diselenides 23 and 24 were prepared, but only
minor improvements were seen.>®
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23 2 24 2
Intervention in Multistage Radical
Rearrangements

The attractiveness of the catalytic benzeneselenol protocol
is enhanced when a single step in a multistage cascade of
radical rearrangements can be acted on selectively. This
situation arises for the 5-exo-trig cyclizations of aryl and vinyl
radicals 26, wherein the rapid, kinetic 5-exo mode cyclization
is followed by a slower rearrangement of the resulting radical
27 to give the thermodynamically more stable 6-endo radical
2926728 In stannane-mediated chain reactions, mixtures of
the 5-exo and 6-endo mode products are usually obtained.
To overcome this, the concentration of stannane is usually
augmented to suppress the second, slower rearrangement,
thereby increasing the yield of the kinetic 5-exo product 32.
Unfortunately, the increased stannane concentration supple-
ments the amount of simple reduction product 31 derived
by premature quenching of the initial aryl or vinyl radical
25 (Scheme 11).

Scheme 11. Aryl and Vinyl Radical Cyclization

0 X a X
i i

Aryl and presumably vinyl radicals react with tribu-
tylstannane at rates approaching the diffusion-con-
trolled limit,?® indicating that, for a given concentration
of stannane, a catalytic quantity of selenol will have no
significant impact on the initial ring closure. The
ensuing neophyl or homoallyl/cyclopropylcarbinyl rear-
rangement is, however, one of the slower radical
rearrangements,'®3° rendering it susceptible to sup-
pression by a catalytic quantity of selenol. Effectively,
it should be possible to operate with a low concentra-
tion of stannane, conditions that normally ensure the
formation of significant quantities of the 6-endo mode
product, in the presence of catalytic selenol, and
completely suppress the second rearrangement while
having no effect on the initial ring closure. In other
words, the inclusion of the catalytic selenol should lead
to increased 5-exo/6-endo product ratios without com-
promising the overall yield of the cyclized product. This
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scenario was borne out for both aryl and vinyl radical
cyclizations, provided that the aryl and vinyl iodides
were employed as radical precursors rather than the
corresponding bromides (Scheme 12).12%2°

Scheme 12. Improved Aryl and Vinyl Radical Cyclizations
Oy, OMe Oy OMe Oy _OMe
I); A
o CeHs d o
OMe OMe OMe
33 34 35

Bu;SnH 20:80
BusSnH + 0.01 M (PhSe), 90:10

X7 o O
N CeHs N N
SO,Ph SO,Ph SO;Ph
36 37 38

BuzSnH 20:80

BugSnH + 2 x 10°° M (PhSe), 85:15

Enhanced Chain Propagation with Allyl
Radicals

In the course of our work on the opening of 2-oxetanon-
4-ylcarbinyl radicals (Scheme 6), we studied the reaction
of bromolactone 39 with tributylstannane. After fragmen-
tation of the oxetanylcarbinyl radical and decarboxylation,
the allyl radical 40 was trapped by the stannane to give
the alkenes 41 and 42 in the modest yield of 22%, along
with 31% of the various dimers of the allyl radical 40
(Scheme 13).223! In addition, a considerable quantity of
azobisisobutyronitrile (AIBN) was required to drive this
reaction to completion, all of which pointed to poor chain
transfer to the stannane. We reasoned that the inclusion
of benzeneselenol, with its more rapid hydrogen transfer
capabilities, would facilitate this key propagation step, as
was confirmed in practice. Indeed, when the same reac-
tion was conducted in the presence of 10 mol % of in situ
generated selenol, only 10 mol % of AIBN was required
for the reaction to go to completion and a single product
42 was formed in 85% yield (Scheme 13).223! Similar
results were observed with the system studied in Scheme
6, passing through the intermediacy of an allyl radical,
which afforded complex reaction mixtures and poor
conversion in the absence of the selenol catalyst.?*3!

Scheme 13. Benzeneselenol Improves Propagation

? Ph Ph Ph
~""Ph
BuzSne
O—0-
CgHe, A
40 41 42

39

Brv”

BuySnH + AIBN 41+42. 22 % (12:88)
BuySnH + AIBN

+10 % (PhSe), (2x10°% M) 42:85%
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Aryl Radical Addition to Arenes and the
Trapping of Cyclohexadienyl Radicals

The addition of aryl radicals onto arenes (Scheme 14
frequently applied in organic synthesis, most often in the
guise of cyclization.>*35 The product of these reactions is
typically a fully rearomatized system rather than the cyclo-
hexadiene that might be expected from chain transfer of the
intermediate cyclohexadienyl radical to the stannane. Re-
ductive radical cyclization onto arenes with the isolation of
spirocyclic cyclohexadienes can, however, be achieved with
samarium iodide.***” Dearomatized systems also can be
obtained when alternative propagation steps for the cyclo-
hexadienyl are designed into the system.*® In addition to the
isolation of aromatized products, the stannane-mediated
processes are characterized by poor chain propagation, as
is clear from the excessive amounts of initiator employed
to achieve full substrate conversion. Excessive amounts of
initiator are also required in the tris(trimethylsilyl)silane-
promoted oxidative addition of aryl halides to arenes.*

)32,33 is

Scheme 14. Aryl Radical Addition to Arenes

Ar_ H a
CeHe AIBN
Ar-X + BusSnH

Although other mechanisms have been proposed, most
were invalidated by Beckwith et al.,*® and it is generally
considered that the unreactive cyclohexadienyl is oxidized
by the azo-initiator.*'** In conjunction with the poor
propagation, this accounts for the large amounts of initiator
required to achieve high conversion in such reactions.
Indeed, Beckwith et al. provided evidence that this pathway
is at least partially correct by the isolation of 2-cyano-2-
deuteriopropane in 23% yield from the reaction of the
pentadeuteriated substrate 43 with tributyltin hydride and
AIBN (Scheme 15).*° Most recently, it has been demon-
strated that propagation may be enhanced by working in
the presence of oxygen, when the aryl cyclohexadienyl
radical is oxidized by oxygen, providing the fully aromatic
system and a hydroperoxy radical capable of hydrogen atom
abstraction from the stannane.*®

Scheme 15. Cyclohexadienyl Oxidation by the Initiator

D 5 BuSHH(11eq) Ty
D N u3 %9 D N
Br AIBN (1.2 eq) o o
D D toluene, reflux, 4h °D
D
43

D
44

D

D N/
—— O + (CHj3),CDCN 23 %

D

D

45

73 %

Beckwith et al. also made the critical observation that
the AIBN-initiated, tributylstannane-promoted reduction
of methyl p-bromobenzoate proceeded more smoothly
and cleanly in cyclohexane as a solvent than in benzene.

This was attributed*® to the inhibition of propagation by
cyclohexadienyl radicals, arising from the radical addition
to the solvent, in agreement with our general hypothesis.
Because rate constants for aryl radical addition to benzene
have been determined to be in the range of 4.5 x 10° M !
s~ ! at 25 °C,** it is not surprising that this is a major
process in 11.2 M neat benzene.

We conceived that the cyclohexadienyl radicals might be
efficiently quenched by benzeneselenol, enabling the isola-
tion of cyclohexadienes and a reduction in the quantity of
initiator required. This hypothesis was readily established
with a dramatic shift in the product spectrum and conver-
sion of substrate 46 in the presence of catalytic selenol
(Scheme 16).*> With only 15 mol % AIBN, the conversion of
46 is dramatically improved and the formation of various
dimers is almost completely suppressed in the presence of
the catalytic selenol. More importantly, the spirocyclic
cyclohexadiene 48, a minor product in the absence of the
selenol, is the major product in the presence of the catalyst,
clearly indicating the quenching of the intermediate cyclo-
hexadienyl radical by the selenol. The analogous cyclization,
with the isolation of the spirocyclohexadiene 48, was sub-
sequently conducted under samarium iodide conditions.®”

Scheme 16. Improved Aryl Radical Cyclization

o

46

AL T

| 0

Bu;SnH
15 % AIBN

CGHG: A

20y

o
47 48 49
46 47 48 49
BuzSnH + AIBN 37% 23% <5 % 12 %
+ dimers
BugSnH + AIBN 30% 2% 43% 2%

+4x10° M PhSeH

The limits of the method are clear from the isolation of
phenanthridinone 49, which suggests that the aminocyclo-
hexadienyl radical 50 gains sufficient stabilization from the
amido group to prevent hydrogen abstraction from the
selenol.*> The formation of considerable amounts of the
simple deiodination product 47 also provides evidence of
the less than perfect chain transfer and the corresponding
buildup of unreacted stannane in the reaction mixture over
the course of the addition. We also studied the stannane-

50

mediated reaction of the phenyl iodobenzoate 51 in the
presence and absence of catalytic benzeneselenol (Scheme
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17).** A complex reaction mixture was obtained, owing to
the existence of two reaction manifolds arising from the two
rotamers about the ester bond. One series of products
resulted from trapping of the frans conformation 53 by the
solvent benzene, whereas a second series was derived from
the cis conformation 53 and the intended cyclization
process. The most significant difference between the un-
catalyzed and catalyzed reactions was in the quantity of the
cyclohexadienes 60 and 61, which increased from essentially
0% in the uncatalyzed process to 40% in the presence of the
selenol. The acyloxycyclohexadienyl radical 58 suffered
oxidation even in the presence of the selenol, again pointing
to the limits of the hydrogen transfer reaction.*” The expul-
sion of acyloxy radicals from cyclohexadienyl radicals, as in
the fragmentation of 55 to 56, was subsequently exploited
by Studer and Walton in their quest for alternative radical
sources.*®

Scheme 17. Reaction of Phenyl lodohenzoate
2 2.
coY O
[ 52
51 Ky
BusSne A
0
2,
o]
(0} ] ©.)J\
e 5§
53'
Kadd
\ /k5-exo \re-endo
o]

80
+
o o,
’J:::] +PhSeH
9@
81 57

substrate (PhSe), recovered
[conc, M] (M%) substrate products (% yield)

51[002] © 27% 52 (25), 59 (5), 57 (3)

52 (17), 60+ 61 (40; 6.8:1),
59 (12), 57 (21)

51[0.02] 0.004 0%

With the isomeric iodophenyl benzoate 62, only one
series of products arising from the intermolecular addition
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of the intermediate radical o-(benzoyloxy)phenyl to ben-
zene was observed.*® In the absence of the selenol, the
fully aromatic 2-benzoyloxybiphenyl was the major prod-
uct, while in the presence of the selenol, the cyclohexa-
diene 63 was favored (Table 3).

Table 3. Selenol-Catalyzed Addition of Aryl Radicals
to Benzene>4"1°

product
substrate (percent yield, 1,4:1,3)
o (¢]
Ph)ko Ph)J\O O
. J
62 63 (77, 2.5:1)

OAc OAc
MeO. | MeO
NHCO,Me O NHCO,Me

64 65 (40)

VN
m;\ /E
D

4 L

=z
oo
@ 4
Z’b

67 (44; 3:1)
| @
o C
o
0" 68 OH
o
0769 (61: 5:1)
U )
OD/W“V C1)
oTBSO o NEt,
70 oTBSO

71 (traces)

I
@/NHCOZMe O O

72 NHCO,Me
73(0)

Selenol quenching of cyclohexadienyl radicals takes
place predominantly at the central position, leading
preferentially to the formation of 1,4-cyclohexadienes
rather than the more stable conjugated dienes. This
regioselectivity agrees with that seen in the quenching of
cyclohexadienyl radicals by oxygen.®° It appears that there
is a considerable steric interaction between the selenol
and aryl moieties when the hydrogen is delivered to the
terminal position, and that the change in the 1,4/1,3 ratio
with the substrate is related to the changing steric
environments. It is also possible that the quenching
regioselectivity is related to the uneven spin distribution
in the cyclohexadienyl radicals, as hinted at by electron
spin resonance (ESR) spectroscopy.®!

Various functional groups are tolerated (Tables 3 and
4), but it is evident that steric hinderance stymies the
addition of 70 to benzene.*® Another failure was observed
with the N-benzyl carbamate 72 when the major product
was the selenide 74.*® The addition of ortho-functionalized

SePh
@[/NHCOOMe

74
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aryl iodides to benzene, followed up with an electrophilic
ring closure onto the cyclohexadiene, presents the op-
portunity for facile and direct syntheses of partially
reduced tricyclic heterocycles (Scheme 18).52 A number
of systems were synthesized in this way as exemplified in
Table 4.

Scheme 18. Aryl Radical Addition and Cyclofunctionalization

AIBN, O H
@[I BugSnH oyt O
PhySe; (cat.
< TN 2 (cat.) XHY

XH
CeHe, A

Table 4. Aryl Radical Addition and

Cyclofunctionalization?8-52
diene cyclized product,
substrate (percent yield, electrophile

1,4:1,3) (percent yield)

O H SePh

: j|
OH
77
) PhSeBr (76)
@' @ @
CO,H O | SePh
CO,H ©

*IQ

§$ 9.

79 (54, 10:1) 0 go
PhSeBr (79)
(0] o o] H
‘o, e
O O SePh
OH OH O H
OMe OMe OMe
81 82 (44, 10:1)
PhSeBr (71)

I H, /=
CO,Me O
N ®
H
N-CO,Me
H

85 (41,3:2)
1 ¢
< o
O@[COZH < O
OH o} OH
87 OH O
88 (30, >10:1)

In an application of this process to synthesis, the highly
functionalized tetrahydrocarbazole 90 was converted to
carbazomycin B by heating in the presence of ferz-butyl
hydroperoxide, followed by saponification (Scheme 19).*”
The aromatization of the cyclohexadiene formed upon syn
elimination of the intermediate selenoxide is achieved
with benzeneseleninic acid, which itself arises from dis-
proportionation of the syn-elimination byproduct, ben-
zeneselenenic acid. The selenium moiety therefore has
triple usage, provoking the electrophilic cyclization, then
permitting the syn elimination, and subsequent aromati-
zation.

The aryl radical addition/cyclofunctionalization reac-
tion also provides the opportunity to prepare dibenzo-
heterocycles substituted in both benzenoid rings, by

Scheme 19. Carbazomycin B Synthesis

N H SePh
A
) COM
CO,Me 2Me
65 20
OAc OH
MeO. O MeO. O
TBHP O NaOH O
CeHg, A N AT75% N
CO,Me
53 % 91 92

exploitation of the C-electrophile bond. This was il-
lustrated through a synthesis of a S-turn mimic (Scheme
20), which also highlights the resistance of the cyclo-
hexadiene moiety to the conditions of the Wittig reac-
tion.*®

Scheme 20. 4,6-Disubstituted Dibenzofuran Synthesis

AIBN, BU3SnH ‘ PPh;=CHCO,Et
—————
oH PhzSe; (cat) O
CgHg, reflux

CHZCN, 12 h,
OH 80 %
61% ~
O 9 (5:1)
t\’omoo
COzEt COEt
94 13%
1. Pd/C, Hp H
MeOH
56% H OH2 DMP, CH,Cl, ol %
69 %, 2 steps
Et0,C o, ¥
H

PhsP=CHCN Pd/C, PhANO,

CgHg, reflux, 14 h o \ 150° G, 67 %
60% H CN
98
EtOC £z 51
NiCly, NaBH,4, Boc,O O O
O
MeOH, 0°C,65%
100
EtO,C BocNH

COZEt

The aryl radical addition/cycloaromatization sequence
was also applied to the synthesis of a number of phenan-
thridine derivatives related to the Amaryllidaceae alkaloids
(Scheme 21). The aluminum hydride reduction of the
nitrile group in the presence of the cyclohexadiene is
noteworthy.*®

Catalytic osmoylation of the aryl cyclohexadienes
provides a very direct, two-step synthesis of aryl-
substituted cyclitols from aryl iodides and benzene
(Scheme 22).53
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Scheme 21. Phenanthridine Synthesis

Bu;SnH
% I;r (PhSe), ) hAHs
AIBN, CeH6< ..) Boc,0
CN

67 44 %

o) O ‘ m-CPBA H\D BF3 Et,0
< ouse (I woosmn

NHCO,t-B
COBu <o NHCO,t-Bu
10171%

102 60 %

103 68 %

Scheme 22. Cyclitol Synthesis

HQ, OH
0504

NMNO 1eq. HO
75 %

EtO0C 106
ol )<
HO, OH

EtOOC 105 ; OsO4

NMNO 2eq. HO@""

78 %
EtO0C HO OH
107

Aryl Radical Addition to Other Arenes

The addition of aryl radicals to arenes other than
benzene is more complex, owing to the possibility of

ortho, meta, para, and ipso addition, coupled with the
potential variance of the 1,4-/1,3-diene ratio according
to the substituent. Nevertheless, the considerable body
of early work carried out upon the addition of aryl
radicals onto a wide variety of arenes and heteroarenes,
for the most part under nonchain conditions and
typically with rearomatizarion of the cyclohexadienes,**3
prompted a brief exploration. Typically, the addition
products were obtained in modest yield and in the fully
aromatic form (Table 5), consistent with the failure of
substituted, stabilized cyclohexadienyl radicals to un-
dergo chain propagation with the selenol, as noted for
radicals 50 and 58.>* Nevertheless, with both chlo-
robenzene and naphthalene, cyclohexadienes were
isolated. In the additions of o-iodophenol and o-
iodobenzoic acid to anisole, the products from attacked
ortho to the methoxy group underwent in situ acid-
promoted cyclization to give tricyclic products, clearly
indicating chain transfer and cyclohexadiene formation
in these cases.

Aryl Addition to Heterocycles

Previous work on the oxidative addition of aryl radicals
to neutral pyridines indicated a slight preference for the
reaction at the ortho position.>® Tris(trimethylsilyl)silane
promoted addition of aryl halides to nitrogen hetero-
cycles, by a process requiring large amounts of initiator
and leading to fully aromatic products, has also been

Table 5. Radical Addition to Arenes®

arene substate products
anisole I OMe
Cr ) 9 9
on Lo O ®
OMe
75 o OH OH
108 20% 109 12% 110 5%
anisole @[ ‘ O ‘ OMe
COZH "OMe
OMe
COH COH
111 19% 1M27% 1132%
benzonitrile CEl O O CN O
i ® L
CN
75 OH OH OH
114 10% 115 9% 116 5%
chlorobenzene @(' cl ‘
OH ‘ O cl
75 O OH
OH
1M717% 118 3%

naphthalene @[
OH
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Table 6. Radical Addition to Nitrogen Heterocycles®*5”
arene substrate products
ridin r
pyridine |@—Br [ _
P
N N\ />—< >7Br
122
Br .
12318 % 12412% 1255%
pyridine U\ | x> ST s
I = =
126 / NG
12719 % 128 24% 1297 %
pyridine E:[l
84 MeO,CHN MeOZCHN
129 38% 1313 %
pyridine @El
132 VeHN NHMe MeHN
13325 % 1347% 1355%
isoquinoline I
Cx y
OH
OH
s ~N OH
136 4% 1374 %
pyrrole @[' B
N
OH H
75 13817 %
benzothiazole |
L °
i -0 Ly
N
& : PN,
13919 % s

described.?® Results from the selenol-catalyzed stannane
method were in agreement with the earlier finding of
limited regioselectivity, until iodoarenes carrying po-
tential hydrogen-bond donors at the ortho position were
examined. The higher ortho selectivity obtained in these
cases is attributed to the pseudo-intramolecular nature
of the reaction arising from hydrogen bonding between
the donor and the substrate (Table 6),°*>7 consistent
with the high ortho selectivity seen with protonated
pyridines.®>® All additions to nitrogen heterocycles
afforded fully aromatized products, with no evidence
for the intermediate formation of cyclohexadienes even
in the crude reaction mixtures.

Additions to furan and thiophene, again on the
basis of early literature precedent,>®>® were more in-
teresting once an initiator compatible with the lower
boiling point of the substrate was selected. In all
cases, the addition adjacent to the heteroatom was
preferred (Table 7).°*%° However, the regioselectivity
of the trapping step changed from furan to thiophene,
consistent with the differing degrees of spin delocal-
ization in 1l-oxa- and 1-thia-allyl radicals (Scheme
23).61,62

Although the yields were only moderate, the most
interesting results were obtained with the o-iodophenol-

140 7%

Scheme 23. Aryl Radical Addition to Furan and Thiophene

X ! BusSn-+ Xy furan or R/\/ N\ M
RT RT T = /
Z X & X thiophene %

PhSeH (proximal quench) ‘
l M = O, minor; M = S, major
PhSeH
Rz A M (distal quench),
4 M = O, major;
— — M =8, minor
X
M R X =OH R\ M
e \ /
N\ == —
O

type radical precursors when the radical addition was
followed by immediate cyclization to give a one-pot
synthesis of the 2,3,4,5-tetrahydro-2,3-epoxy-1-benz-
oxepins (Scheme 23 and Table 7).5*°

Conclusion

The catalysis of stannane-mediated radical chain reactions
by benzeneselenol once again demonstrates that a single,
inefficient propagation step may be advantageously re-
placed by two well-matched steps. The application of this
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Table 7. Aryl Radical Addition to Furan and

Thiophene®*5°
substrate products
furan
o o O ==
| | | |
o)
o
OH o] OH
OMe OMe OMe
81 14151 % 14214 %
I 3 =
¢ o
NHCO;Me
84 NHCO,Me NHCO,Me
14343 % 14419 %
| A =
[ :[ o o
CN
145 CN CN
146 45 % 14722 %
thiophene
L .
S
(0] OH

1484 % 14932 %

75
X JU I
¥
. (e aload
CN

CN CN
145 150 151 15225 %
13% (2-/3-1.4/1)
| A ==
X s s
NHCO,Me
" NHCO,Me NHCO,Me
15311 % 154 31 %

concept opens numerous doors previously closed to the
synthetic chemist.
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ABSTRACT

The rapidly growing chemistry of the cations, radicals, and anions
based on the group 14 elements heavier than carbon (Si, Ge, Sn,
and Pb) is one of the most important organometallic fields. Recent
developments in this research area moved such species from the
class of short-lived reactive intermediates to the class of easily
accessible, isolable, and fully characterizable compounds. In this
Account, we deal with the major accomplishments in the field of
the stable representatives of “heavy” cations, radicals, and anions.

1. Introduction

As classes of reactive intermediates of great importance,
carbocations, free radicals, and carbanions have been well
recognized for more than a century, since the first
generation and observation of such fundamental species
as the triphenylmethyl (trityl) cation PhyC*,' triphenyl-
methyl radical Ph;C-? and Grignard reagents RMgX® at
the very beginning of the 20th century. A great deal of
invaluable synthetic and mechanistic information about
these very important species became available in the
course of their systematic investigation in the first half of
the previous century. However, the modern era of reactive
intermediate chemistry began in the second half of the
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20th century, associated with such milestone achieve-
ments as the synthesis of the alkyl cations in superacidic
media,** generation and direct EPR observation of per-
sistent free radicals,*? and isolation and characterization
of a variety of organometallic reagents (organolithium and
organomagnesium compounds).’® The chemistry of the
heavy congeners of the above-mentioned classes of com-
pounds, that is Si-, Ge-, Sn-, and Pb-centered cations,
radicals, and anions, is much less developed. The story
of their systematic study is not long, dating back to only
the early 1960s as the starting point of the most intensive
and productive research. Progress in the field of such
heavy cations, radicals, and anions proceeded through
several evolutionary steps: the earliest observations of the
short-lived species as reactive intermediates in the gas
phase, then their direct identification in solution by
spectroscopic means, and, finally, as the culminating step,
isolation of the species as stable individual compounds
and their full characterization, including determination
of crystal structures.> We are unable to review the whole
story due to the limited space of this Account; instead,
we will focus on the last step concerning the chemistry
of the stable, crystallographically characterizable com-
pounds, giving particular emphasis to the synthesis and
structural characterization of the representatives recently
prepared in our research group.

2. Cations of the Heavy Group 14 Elements

The remarkable crystal structures of the first silylium ion-
like species, [Et,Si*(toluene)]B(C4F5),~ ¢ and Pr;Si®*
[CB,,HgBrgl°~,” were published in 1993 by the groups of
Lambert and Reed, respectively. However, their silylium
ion nature, particularly that of [Et;Si* (toluene)]-B(CgFs),
was questioned by both experimentalists and theoreti-
cians. As a consequence of hot debates, it was finally
concluded that both compounds feature a major contri-
bution of silylium ion character with weak coordination
to either toluene solvent (for Et;Si")® or the Br atom of
the counteranion (for Pr,Si*),” this story being nicely
covered by Reed in his recent review.? Thus, the goal of
synthesizing true silylium, as well as germylium, stanny-
lium, and plumbylium ions lacking any coordination to
external nucleophiles, was not achieved. Resolving this
problem actually required nearly a decade of very inten-
sive research, culminating in the synthesis and structural
characterization of the RRR'E" cations, free of any
detectable covalent interactions with either counterions
or solvents.®?

Cyclic Cations. The synthesis of the first stable free
cation of the heavy group 14 elements was accomplished
in 1997 by Sekiguchi and co-workers. This compound,
cyclotrigermenylium tetraphenylborate, 1"-BPh,~, was
prepared by the oxidation of the cyclotrigermene
(‘Bu,Si),Ge, with Ph,C*BPh,” in benzene (Scheme 1).°
The crystal structure analysis of 17-BPh,~ revealed that

* To whom correspondence should be addressed. Fax: +(81) 29-853-
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Scheme 1
ReSi  SiRs SiR
Ge Ge
_\ + PhgC**BPhy, — & /@\ BPh;~
_Ge—Ge CgHg /Ge—Ge
R,Si SiRg R,Si SR,
R,Si = Si'Bu, 1%+ BPh,~
Scheme 2
R3Sl SR, SiR'
Si Si
/N + PhCnBA /N - BAy
_Si—Si_ toluene _Si—Si
RsSi SiR, RsSi SiR,
R3Si = SiBus, 2% BAr,”

R';Si = SiMeBu,
BAr,~ = B(CgFs)s™, B(2,3,5,6-F4-CeH)4™, B(4-

‘BuMe,Si-2,3,5,6-F4-Cg)4~

the cationic portion of the molecule, 1%, is represented
by an equilateral triangle composed of the Ge-Ge bonds,
whose lengths of 2.321(4)-2.356(4) A were just intermedi-
ate between those of the typical Ge-Ge and Ge=Ge bonds.
In other words, 1* was reliably shown to be a heavy
analogue of the classical cyclopropenylium ion, in which
the 2m-electron aromatic system was free from any
observable interactions with either counterion or solvent
molecules. Interestingly, earlier calculations by Schleyer
et al.'® revealed the preference for the nonclassical
nonplanar hydrogen-bridged C;, structure over the clas-
sical cyclopropenylium-type planar Ds; compound for
cations E;H;" (E = Ge, Sn, and Pb).

The silicon version of the cyclopropenylium ion, cy-
clotrisilenylium tetraarylborate 2*"BAr,  [BAr, =
B(C4Fs),, B(2,3,5,6-F,-CsH),~, and B(4-"BuMe,Si-2,3,5,6-
CeF4)4 1, was also synthesized by Sekiguchi and co-
workers by oxidation of cyclotrisilene with Ph;C*BAr,~
in toluene (Scheme 2 and Figure 1).!" Similar to 1*-BAr,,°
2"-BAr,” also exhibited a planar 27-electron aromatic Si,
ring, lacking any bonding interactions in the solid state
and in solution, which agreed well with the calculations
that found a planar cyclopropenylium Dy, structure for
the parent Si;H," as a global minimum.'°® Oxidation of
cyclotrisilene, substituted with the less bulky ‘Bu,MeSi

FIGURE 1. Crystal structure of cyclotrisilenylium 2* [Crystal Maker
view; counteranion B(4-'BuMe,Si-2,3,5,6-F,-Cg),”, crystallization sol-
vent (toluene) molecule, and hydrogen atoms are not shown].

groups, with [Et;Si* (CgHg)'B(C4Fs),~ in benzene resulted
in the formation of the unexpected cationic species,
cyclotetrasilenylium ion 3*-B(CgFs),  (Scheme 3).'? The
cation 3" was also free; moreover, the positive charge on
it was delocalized over the three skeletal Si atoms (Sil,
Si2, and Si3) accompanied by an Sil-Si3 through-space
orbital interaction. This was interpreted in terms of the
overall homoaromaticity of 3%, this hypothesis being
further supported by the observation of the resonance of
the Si2 atom at an extraordinarily low field of 315.7 ppm.

Acyclic Cations. The stable free tricoordinate cations
R;E*" (E = Si, Sn, and Pb) with the diagnostic trigonal-
planar geometry have been a long-standing goal for many
organometallic chemists. The first achievement in the
synthesis of such highly desirable compounds was that
of Lambert et al., who prepared the free trimesitylsilylium
ion Mes;Si**B(C4Fs), , 4"B(C¢Fs), , by the reaction of
Mes;Si-CH,-CH=CH, with the fg-silylcarbocation Et;Si-
CH,CPh,"B(C¢F5),~ in 1997.'3 The 29Si NMR resonance
of 4"B(C4Fs), was observed in the low-field region at
225.5 ppm,'? a value that agreed well with those of 230.1
(GIAO/HF) and 243.9 ppm (GIAO/DFT), calculated for the
free Mes,Si" cation.'* After exchange of the counteranion
from B(CgF5), to CB,;HMe;Bry~, the crystal structure of
4"CB,;HMe;Brs~ was determined to show the trigonal-
planar geometry of 4", free from counterion and solvent
interactions.'® Likewise, the oxidation of allyltrimesityl-
stannane Tip;Sn-CH,-CH=CH, with Phy;C"B(C4F5), in
benzene resulted in the formation of the cation Tip,-
Sn*-B(C4Fs),~, 57B(CgF5),, which was also characterized
as a free tricoordinate planar stannylium ion.'®

Another approach to resolving the problem of free
tricoordinate silylium, germylium, and stannylium ions
was recently demonstrated by Sekiguchi and co-workers.'”
As the substituents of premier choice, the electropositive
‘Bu,MeSi groups have been selected. The two main
reasons brought about such a choice: the factor of the
great steric bulkiness of this substituent (effective separa-
tion of cation from anion, nucleophilic solvent, or any
other external nucleophiles) and o-electron donating effect
of the electropositive silyl substituents. A straightforward
method was employed for the synthesis of such silyl-
substituted heavy cations: the one-electron oxidation of
the corresponding free radicals. Thus, the reaction of both
germyl (‘Bu,MeSi);Ge- and stannyl (‘Bu,MeSi);Sn- radicals
6 and 7, respectively, with Ph;C*B(C4F5),  in ben-
zene cleanly produced the corresponding germylium
(‘Bu,MeSi);Ge™ and stannylium (‘Bu,MeSi);Sn™ ions,
isolated in the form of their B(C4F5),  derivatives
8"B(C¢Fs), 7@ and 9"B(CgF5),~ '"" (Scheme 4).

In both compounds, the cations 8" and 9" displayed
no interactions with either the B(C4F5),” anion or benzene
solvent, implying their free status in the crystalline form
and featuring perfect trigonal-planar geometries around
the cationic Ge and Sn centers. This freedom was also
maintained in solution, as manifested by the solvent-
independent >°Si NMR spectra of both 8"“B(C4Fs), and
9" B(CgFs), ."" In particular, the ''Sn NMR resonance
of 9"-B(CgFs),~ was observed at the extremely low field
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Scheme 3
Bu
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of 2653 ppm, representing a record deshielding of a Sn By Bu By Bu
nucleus of all the currently known stannylium ions.'”? This / /
value by far exceeded the value expected from the Si ] Si
290: 119 .. . 18 'BuzSiNa or KCq
Si-**Sn empirical correlation (1500-2000 ppm)-® and RySi—Sit------Si3—SiR, RSi—Si1,  Si3—SiR,
another estimate calculated for the free trialkylstannylium % B0
ion (~1000 ppm);'® however, it agreed reasonably with ?'2 ?‘2
the value of 2841 ppm calculated for the model (H;Si);Sn™ SiRy SiRy
at the B3LYP/6-311G(d) level.'”? One should note that the 3% B(CeFa)e 12
extreme deshielding of the persilyl-substituted stannylium RSi = SiMe'Bu,
ion, in comparison to those of trialkyl-substituted species,
is definitely due to the well-known effect of paramagnetic Scheme 7
contributions, defining the total deshielding of the Sn R;Si R;Si
nucleus, the magnitude of which is inversely proportional —
. : . Ge Kt *Ge
to the energy difference between the frontier orbitals BCaFe)
HOMO (Sn-Si ¢-orbital) and LUMO (Sn 5p,, orbital).2° In GG s e T8 o Ce—Gen.
X . . . R3Siv "SiRg THF R3Si "18iRg
persilyl-substituted stannylium (as well as silylium and . o
germylium) ions, the energy level of the Sn-Si o-orbitals
is markedly elevated, thus resulting in a decrease of the RsSi = Si'Bu 13

HOMO-LUMO energy gap and, consequently, in the
overall strong deshielding contribution to the chemical
shift of the heteroatom E cationic center. A similar
oxidation of the stable silyl radical (‘Bu,MeSi),;Si 10 with
Ph;C**B(C4F5),~ in toluene produced a transient silylium
ion [(‘Bu,MeSi);Si*], which isomerized to [{Me(‘Bu,-
MeSi),Si}'Bu,Si*] through a 1,2-methyl migration from the
peripheral silicon to the central cationic silicon atom.?!

3. Radicals of the Heavy Group 14 Elements

Neutral Cyclic Radicals. The very first radical of this
type, 11, the germanium version of the cyclopropenyl
radical, was synthesized by Power’s group by the reduc-
tion of chlorogermylene :Ge(Cl)(2,6-Mes,-CgHs) with KCq
in THF in 1997 (Scheme 5).?? The solid state structure of
11 features an odd electron on one of the Ge atoms and
a double bond between the other two Ge atoms. The
solution structure of 11 was deduced on the basis of its
EPR spectrum [g = 2.0069, hfcc a("*Ge) = 1.6 mT]: the
small a("*Ge) value is indicative of the predominantly p
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character of the SOMO, implying sp® hybridization of the
Ge radical centers and their planarity.

The silicon version of the cyclobutenyl radical, cy-
clotetrasilenyl radical 12, was prepared by Sekiguchi’s
group by the one-electron reduction of the cationic
precursor 3"B(CgF5),” (section 2) with either Bu;SiNa
or KCg in Et,0 (Scheme 6).%3

The unpaired electron in 12 was delocalized over the
three Si atoms of the Si, ring (allylic-type radical), as
evidenced from its crystal structure: a nearly planar four-
membered ring, Sil-Si2 and Si2-Si3 bonds intermediate
between the typical Si-Si and Si=Si bonds. The EPR
characteristics of 12 [g = 2.0058, hfcc values a(*°Si) = 1.55,
3.74, and 4.07 mT], in particular the small values of a(*°Si),
are consistent with the planarity of radical 12 in solution.*

An interesting bicyclic Ge-centered radical, 1,6,7-
trigermabicyclo[4.1.0]hept-3-en-7-yl 13, was recently syn-
thesized by Sekiguchi and co-workers by the one-electron
oxidation of the bicyclic anion with B(CgF5); in THF
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Scheme 8
Bu,MeSiNa Bu,MeSiNa
(BuMeSi),SiBr, ——————» [ (Bu,MeSi),E: | «—————  ECl,dioxane
Et,0 , Et,0
(E = Si, Ge, Sn) (E = Ge, Sn)
Bu,MeSiNa | Et,O
(‘Bu,MeSi);ENa
ECl,dioxane | Et,0
(‘Bu,MeSi)gE »
(10: E=Si;6: E=Ge; 7. E=Sn)

(Scheme 7).?* In contrast to the delocalized radicals 11
and 12, the unpaired electron in 13 was specifically
accommodated on the Ge atom featuring trigonal-planar
geometry.

Neutral Acyclic Radicals. The simple tricoordinate
radicals RgE- (E = Si, Ge, Sn, and Pb), lacking the
stabilizing but highly perturbing effects of the cyclic
m-delocalization, represent the most desired challenge
among the stable radicals of group 14.

The major breakthrough in the development of such
derivatives was accomplished only several years ago by
Sekiguchi and co-workers, who reported the synthesis of
a series of stable radicals of the type (‘Bu,MeSi);E: (E =
Si, Ge, and Sn).?® All these radicals, 10 (E = Si),>>* 6 (E =
Ge),?°* and 7 (E = Sn),?°® kinetically and thermodynami-
cally stabilized by the bulky electropositive silyl substit-
uents, were uniformly prepared by very simple synthetic
procedures: oxidation of the intermediary anionic deriva-
tives (‘Bu,MeSi);ENa (E Si, Ge, and Sn) with
GeCl,-diox?*® or SnCl,diox*®® in Et,0 (Scheme 8 and
Figure 2).

All the radicals, 6, 7, and 10, featured perfectly trigonal-
planar geometries, implying sp® hybridization of the
central element (Si, Ge, or Sn) and p character of the
SOMO.?® Such a spatial arrangement of the ‘Bu,MeSi
substituents promotes the hyperconjugative stabilization
of the unpaired electron over the antibonding o* orbitals
of the Si-C(‘Bu) bonds. The solution structures of radicals
6, 7, and 10 were deduced from their EPR spectra: 10 [g

FIGURE 2. Crystal structure of silyl radical (‘Bu,MeSi),Si- 10 (Crystal
Maker view, hydrogen atoms are not shown).

= 2.0056, a(*Si) = 5.80 (a-Si) and 0.79 mT (8-Si)],>°* 6 [g
= 2.0229, a("*Ge) = 2.00 mT],**® and 7 [g = 2.0482,
a(*'*117sn) = 32.9 mT]?® (Figure 3). The very small values
for the hfcc definitely are evidence of the p character of
the SOMO of these radicals, as well as their planarity in
solution; that is, 6, 7, and 10 truly belong to the class of
s-radicals,”® which is in marked contrast to the highly
pyramidalized simple alkyl and aryl o-radicals.>*™®

Charged Anion Radicals. The two classes of anion
radical species will be discussed below: anion radicals of
heavy alkenes R,E=ER, and anion radicals of the heavy
alkynes RE=ER (E = Si or Sn), the isolation and structural
characterization of which were accomplished only very
recently.

The first stable disilene anion radical derivative
14°~[Li* (thf)] was synthesized by the direct reduction
of the very sterically crowded disilene (‘Bu,MeSi),-
Si=Si(SiMe’Bu,), with ‘BuLi in THF (Scheme 9).2% The
central Si-Si bond of the starting disilene became highly

g =2.0056

)
F———— a(a®s)=580mT
‘l

' a(8%Si)= 0.79 mT

FIGURE 3. EPR spectrum of silyl radical (‘Bu,MeSi),Si 10.

Scheme 9
i i SiR
R3Si /S|R3 BuLi 3 '
Si=Si _ = _Sit—si2 « [Li*(thf),]
R,Si
RySi = SiMeBu,

14" [Li*(thf),]
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Scheme 10
R3Si\ /SiRB K/ (2.2.2)cryptand SiR
/Sn=Sn —_— Sn1—Sn2 ¢ [K*(2.2.2]cryptand)]
) N e N
RsSi SiRy THF RS / SR,
R,Si
R,Si = SiMe'Bu,
15 "+ [K*(2.2.2]cryptand)]
Scheme 11 of a resonance structure of 16"~ in which both tin atoms

Ar
KCq
Ge: ——— [ArSnSnAr]"” » [K*(thf)]
CI/ THF

16 “7 [K*(thf)g]

twisted (88°) and elongated [2.341(5) Al upon reduction
due to the decrease in bond order. One of the core Si
atoms in 14" (Si2) features a planar geometry, being a
radical center, whereas the other core Si atom (Sil) is
pyramidal, representing an anionic center. In contrast, the
solution EPR characteristics of 14°+[Li* (thf) ;] [g= 2.0061,
a(®*Si) = 2.45 mT] provide evidence of delocalization of
the unpaired electron over both core Si atoms (Sil and
Si2): the hfcc value of 2.45 mT of 14°~26 is less than half
that of the structurally similar silyl radical 10 (5.80 mT).?>?

The distannene anion radical derivative 15" +[K"-
(2.2.2)cryptand] was also synthesized by Sekiguchi
and co-workers by the reduction of the distannene
(‘Bu,MeSi),Sn=Sn(SiMe'Bu,), with potassium mirror in
THF in the presence of (2.2.2)cryptand (Scheme 10).%”
Distannene anion radical 15°~ also has a highly twisted
(74°) and stretched [2.8978(3) A] Sn-Sn bond, in which
one of the Sn atoms (Sn2) is essentially planar and the
other Sn atom (Snl) is distinctly pyramidal, indicating
separation of the unpaired electron and the negative
charge. Such a separation was also preserved in solution,
as manifested by the EPR spectrum of 15" [K*(2.2.2)-
cryptand], showing a resonance with a g value of 2.0517
accompanied by two pairs of satellite signals with hfcc
a(*9117Sn) values of 34.0 (a-Sn) and 18.7 mT (3-Sn).?” At
low temperatures, 15" +[K"(2.2.2)cryptand] forms para-
magnetic triplet biradical dimers, as confirmed by the
observation of the diagnostic half-field EPR resonance at
163.1 mT corresponding to a forbidden AMg = 2 electronic
transition.?”?

The anion radical of the valence isomer of distannyne
16" +[K" (thf)g] was synthesized by Power et al.?® by the
reduction of chlorostannylene :Sn(C)Ar (Ar = 2,6-Tip,-
CgHs) with potassium graphite in THF (Scheme 11). The
two substituents at the Sn atoms are strongly trans-bent,
and the length of the Sn-Sn bond of 2.8123(9) A is normal
for the Sn-Sn single bond. 16°+[K" (thf)¢] revealed an EPR
signal (g = 2.0069), the hfcc values of which were
simulated as follows: a(*'’Sn) = 0.83 mT and a(''°Sn) =
0.85 mT. The small values of the hfcc were indicative of
the p character of the SOMO and, hence, the zz-character
of 16°". These experimental data point to the formulation
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bear a lone pair and the unpaired electron is accom-
modated over their 5p,, orbitals.

Sekiguchi and co-workers performed a reduction of
the stable disilyne [(Me;Si),CH],PrSi-Si=Si-Si’Pr[CH-
(SiMey),|,?° with an equivalent amount of potassium
graphite in THF, which provided straightforward access
to a disilyne anion radical derivative 17°[K*(dme),]
(Scheme 12).3° The anionic portion 17°~, free from coun-
tercation interaction, revealed a trans-bent geometry
around the central Si-Si bond, whose length of 2.1728(14)
A was indicative of its double bond character. This
distance was ~5% longer than that of the disilyne precur-
sor [2.0622(9) A],* due to the evident decrease in the bond
order taking place upon reduction. The EPR resonance
of 17" [K*(dme),] was measured as a triplet [coupling
with the two o-H atoms of the Pr group, a(*H) = 0.23 mT]
centered at a g of 1.99962, which is among the smallest g
values known for silyl radicals. Similar to the case of the
disilene anion radical 14"~,%® the unpaired electron in 17°~
was also delocalized over both central Si atoms, as
manifested in the hfcc a(®*°Si) values being equal to 3.92
(o-Si) and 2.24 mT (8-Si), of which the former was smaller
than that of silyl radical 10 (5.80 mT).>°

4. Anions of the Heavy Group 14 Elements

There have been many important accomplishments in this
field; in this Account, we will deal only with the most
recent of them, published mainly since 2000.

Acyclic sp® Anions. The preparation of 1,1-dianionic
compounds of the type R,EM, (E = heavy group 14
element, M = alkali metal), the heavy congeners of the
synthetically very useful dilithiomethane derivatives
R,CLi,,*" was one of the very attractive targets for orga-
nometallic chemists. However, the experimental realiza-
tion of this problem was achieved only several years ago,
when Sekiguchi and co-workers published the synthesis
of the first stable 1,1-dilithiosilane and 1,1-dilithiogermane
derivatives (R4Si),ELi, 18%[Li* (thf)],%** (R;Si = ‘Bu,MeSi
or 'Pr,Si; E = Si) and {192 [Li* (thD],}, (R;Si = ‘Bu,MeSi;
E = Ge),3?® prepared by the reduction of silirene and
germirene derivatives, respectively, with metallic lithium
in THF (Scheme 13).

The central anionic Si atom in 182[Li* (thf)], (R;Si =
’Pr,Si) is sp® hybridized, being directly bonded to the two
Li atoms in the crystalline state. The Si-Li bonding was
also maintained in the solution of 18>[Li*(thf)],, as
manifested in its ?°Si NMR spectrum displaying the
resonance of the anionic Si atom at —292 ppm as a quintet
due to coupling with the two °Li nuclei (I = 1) with a
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Scheme 12
RsSi RsSi
Si=si _ 1 KCe /THF Si=gi . [K*(dme),]
) 2) DME )
S|R3 SIRa
RsSi = SiPrDsi, [Dsi = CH(SiMes),] 17 7 [K*(dme)]
Scheme 13
ReSi.  SiRg
\ S RS SiR,
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> E
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R4Si = SifPr,, SiMe'Bu,
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Scheme 14
ReSi_ 2 _—Sis M RaSi 5o
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6 (E = Ge), a E=Si,M=Li
7 (E=8n) b:E=Ge, M=Li,
R,Si = SiMeBu, G:E=SnM=LiK

coupling constant of 15 Hz.*** In contrast to monomeric
1,1-dilithiosilane 18> [Li* (thf)],, 1,1-dilithiogermane de-
rivative {19%[Li*(thf)],}, was represented by a dimeric
structure in the crystalline form.>2®

A family of tricoordinate persilyl anions (‘Bu,-
MeSi);EM™* (E = Si, Ge, or Sn; M = Li or K), 20a—c*M™,
was recently synthesized by Sekiguchi and co-workers by
a straightforward one-electron reduction of the stable
radicals (‘Bu,MeSi);E: 6, 7, and 10 (section 3) with alkali
metals (Scheme 14).3® The structural diversity of
20a—c *M™" depends on the polarity of the solvent, result-
ing in a variety of structural modifications: monomeric
or dimeric, solvated or nonsolvated, covalently bonded
or ionic. Thus, in hexane silyl- and germyllithium deriva-
tives 20a,b Li* (E = Si for 20a and E = Ge for 20b) adopt
nonsolvated monomeric structures, in which the geometry
around the central anionic atom E is almost planar due
to the great steric bulk of the ‘Bu,MeSi substituents and
an intramolecular Li-CH; (‘Bu groups) agostic inter-
action®3* (Figure 4 and Figure 5).

Acyclic sp® Anions. The first representative of such
species, Tip,Si=Si(Tip)Li (Tip = 2,4,6-triisopropylphenyl)
21 +[Li"(dme),], was prepared by Scheschkewitz by the
reduction of Tip,SiCl, with metallic Li.>* In the solid state,
21"[Li" (dme),] exhibited a 2.192(1) A Si=Si bond, which
was longer than that in neutral Tip,Si=SiTip, (2.144 A).
The doubly bonded Si atoms in 21 [Li*(dme),] are
deshielded compared with those of Tip,Si=SiTip,: 94.5
and 100.5 ppm versus 53.4 ppm.

In the same year, Sekiguchi’s group synthesized an-
other disilenyllithium derivative (‘Bu,MeSi),Si=Si(Mes)Li
22"+[Li* (thf)4] by the reduction of tetrasila-1,3-butadiene
(‘Bu,MeSi),Si=Si(Mes)-Si(Mes)=Si(SiMe'Bu,), with ‘Bu-
Li.3® The Si=Si bond length in 22 +[Li" (thf);] was close

THF-Et,0 (E = Ge)

182« [Li*(thf)], (R4Si = SiPrs, SiMe'Bu,; E = Si)
{192+ [Li*(thf)],}, (ReSi = SiMeBuy; E = Ge)

to that in 21 +[Li"(dme),]: 2.2092(7) and 2.192(1) A,
respectively. The anionic sp? silicon atom in 22 +[Li* (thf) 4]
was much more deshielded (277.6 ppm) than the other
doubly bonded silicon atom (63.1 ppm).

Reduction of the disilene (‘Bu,MeSi),Si=Si(SiMe'Bu,),
with alkali metal naphthalenides also produced disilenide
derivatives of the type (‘Bu,MeSi),Si=Si(SiMe'Bu,)M
23a—cM* (M = Li for 23a, M = Na for 23b, and M = K
for 23c¢).3® Both sp? silicon atoms in 23a[Li*(thf),]
revealed planar geometries around them with the length
of the Si=Si bond being 2.1983(18) A. As in the case
described above, the anionic sp? silicon atoms resonate

FIGURE 4. Crystal structure of silyl anion derivative (‘Bu,MeSi),SiLi
20a-Li" (Crystal Maker view, hydrogen atoms are not shown).

FIGURE 5. Space filling model of (‘Bu,MeSi),SiLi 20a—Li* (hydrogen
atoms are not shown; gray for C, yellow for Li, and red for Si).
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Scheme 15
RsSi : Li i i*
3 s BuLi R4Si v OME RBSI\ _ Li*(dme)s
SiI=Si T /Si=Si — /Si:Sl
SiR, H SiR, H \SiR3
R3Si = SiPrDsi, [Dsi = CH(SiMeg),] 25~ Li* 257 [Li*(dme)s]
Scheme 16 Scheme 17
Tip, Tip By  Bu By  Bu
\/ \/ \/
Tip\ Tip y /Ge Si Si
1 Li
Ge=Ge ———>  Tip—Ge, _ .Ge-Tip +[Li*(dme)g] R3Si—Si------ ~Si—SiRy — - RsSi—Si, . Si—SiR,
Ti “Tip  DME AY N THF N _
° ?e s * BCeFs)s S « [Li*(thf)]
Tip = 2,4,6-Prs-CgH, Tip éiRS éiRa
267 [Li*(dme);] 3% B(CgFs)s™ 27-+ [Li*(thf)]
R;Si = SiMe'Bu,
at a diagnostic very low field: 328.4 (23a™), 325.6 (23b"),
and 323.1 ppm (23¢7). Scheme 18
Power et al.>” recently reported the reduction of the SiR, o
(aryl)chlorogermylene and (aryl)chlorostannylene (2,6- RaSIL s/| Kkt = Shs

Tip,-C¢H3)(CDE: (E = Ge and Sn) with alkali metals
(Na and K), resulting in the formation of the doubly
reduced species (2,6-Tip,-CgH3)E=E(2,6-Tip,-CsH3)* 2M+
24a,b?>-2M" (E = Ge and M = Na for 24a, and E = Sn
and M = K for 24b), in which the two elements E are
formally doubly bonded. Accordingly, the Ge-Ge distance
of 2.3943(13) A in 24a%> -2Na' is comparable to those of
typical Ge=Ge bonds, whereas the Sn-Sn distance of
2.7663(9) A in 24b®>-2K" is in the range of those of normal
Sn=Sn bonds.

The reduction of the above-mentioned disilyne
[(Me;Si),CHI,PrSi-Si=Si-Si’Pr[CH(SiMe,),],2° with BuLi
in THF resulted in the formation of disilenyllithium
25 -Li" as a result of the formal addition of LiH across
the Si=Si bond through the initial single-electron transfer
step (Scheme 15).3° The Si=Si bond in 25 [Li*(dme);]
0f 2.2034(9) A was longer than those of the starting disilyne
[2.0622(9) A] and even that of the disilyne anion radical
17°[K" (dme),] [2.1728(14) A]. Both sp? Si atoms in
25 Li* were observed as expected in the low-field region:
165.0 (Si-Li) and 124.7 ppm (Si-H).

Cyclic and Polycyclic Anions. The remarkable cyclotet-
ragermanide ion 26 [Li" (dme);] was prepared by Weiden-
bruch et al.*® by the reduction of the tetraaryldigermene
Tip,Ge=GeTip, (Tip = 2,4,6-triisopropylphenyl) with me-
tallic lithium (Scheme 16). The negative charge in 26~ is
delocalized over the allylic Ge; fragment of the planar
four-membered ring with two sharply different Ge-Ge
bonds of 2.5116(6) and 2.3679(6) A.

A silicon version of the above compound, cyclotet-
rasilenide ion 27 +[Li" (thf)], was synthesized by Sekiguchi
and co-workers by the two-electron reduction of cyclotet-
rasilenylium ion 3*-B(CgF5),  (section 2) with Li (Scheme
17).3° 27 [Li*(thf)] also exhibited an allylic ion-type
structure both in the solid state and in solution: tricoor-
dination of the Li* ion to the three skeletal Si atoms with
an extremely deshielded central Si atom of the Si; unit
(273.0 ppm).
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Ge™ \ __»SRs  2KGs ReSi—Ge™ o\ _SiR,

cery

; Si.
SiR e
ph s THR == SiR,
Ph
H H
R,Si = SiMe'Bu,
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RqSi / RS, & (hf)
~_. _-Si . RSN
Ge "~ \ LiBr /SI-:\
— Si—SiRy —— RySi—Ge, (== Si—SiR;
_R.Si THF
ReSK o K+ >—
Ph H
H

28"+ [Li*(thf)]

The heavy analogue of the cyclopentadienide ion,
lithium 1,2-disila-3-germacyclopenta-2,4-dienide 287
[Li* (thf)] was prepared by the reduction of disilagerma-
cyclopentadiene with potassium graphite followed by
exchange of the countercation from K* to Li* by treatment
with LiBr (Scheme 18).4°

Despite the incorporation of three heavy group 14
elements into the cyclopentadiene ring, 28 [Li* (thf)] still
features a stabilizing aromatic delocalization, as evidenced
by its crystal structure characteristics. The nucleus-
independent chemical shift [NICS(1)] value for the model
of 28 +[Li" (thf)], computed at 1 A above the ring center,
was negative (—12.0), indicating the aromatic ring current
effects. The aromaticity of 28 +[Li* (thf)] is preserved in
nonpolar solvents (toluene and benzene), as manifested
by the diagnostic high-field shift of the “Li NMR resonance
of —5.4 ppm.*® However, in polar THF 28 -[Li*(thf)] is
unable to benefit from the aromatic delocalization any
further; instead, NMR spectral data point to the prefer-
ential localization of the negative charge on the Ge atom.
That is, in THF, the coordination mode was dramatically
changed from the delocalized »° to a localized ' coor-
dination (Scheme 19).

Other examples of charged 6s-electron ring systems,
the heavy analogues of the cyclobutadiene dianion, disi-
ladigermacyclobutadiene dianion 292 -2[K" (thf),], and
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Scheme 19
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tetrasilacyclobutadiene dianion 30% -2[K'(thf),], were
synthesized by the reductive dehalogenation of the dichlo-
rodisiladigermetene and tetrabromotetrasiletane precur-
sors with KCq in THF (Scheme 20).*' In contrast to the
aromatic heavy cyclopentadienide 28 [Li*(thf)], both
29%27:2[K* (thf),] and 30%>-2[K" (thf),] were classified as
nonaromatic compounds on the basis of their spectral and
crystal structure characteristics. Thus, the four-membered
rings of these compounds were puckered with both
potassium cations being alternatively dihaptocoordinated
above and below the ring at the 1,3- and 2,4-positions
(Scheme 21, A). Moreover, the skeletal Si-Si bonds in
302 2[K" (thf),,] were not equivalent to each other. The
magnetic criterion of aromaticity is also not satisfied for
2927:2[K" (thf),] and 302 2[K*(thf),]: NICS(1) values for
the model compounds were calculated as 4.3 and 6.1,

Scheme 22
RaSi,_ /SR ’\(Athf)n
Ge=0Ce M (Mg, Ca)  RgSi—ns” . —~SiRs
| | Ge\ Ge
SI—Si THF \SI—/S/I
L WSiR
ReSi CI/ A ReSi” SiR,
2—y 2+
RsSi = SiMe'Bu, 31a,b% [M™(th),]

(M=Mg,n=3;M=Ca,n=4)

respectively. In solution, 29% 2[K"(thf),] acquires the
properties of the localized cyclobutene-1,2-diide, featuring
the Si=Si bond and both negative charges, localized on
the more electronegative Ge atoms (Scheme 21, B).*! In
contrast, the degree of delocalization of the two negative
charges in 30% -2[K" (thf),] is more important than that
in 292 2[K" (thf),], because the electronegativity differ-
ence (Si vs Ge) favors electron localization*! (Scheme 21,
0.

Surprisingly, when the same dichlorodisiladigermetene
was reduced with alkaline earth metals (Mg and Ca)
instead of alkali metals, totally different products were
isolated: Mg or Ca derivatives of 1,3-disila-2,4-di-
germabicyclo[1.1.0]butane-2,4-diide 31a,b®> *[M*"(thf),,]
(M = Mg and n = 3 for 31a, and M = Ca and n = 4 for
31b) (Scheme 22).%?

. Conclusion and Outlook

Being considered just a few decades ago only as fleeting
reactive intermediates, silyl, germyl, and stannyl cations,
radicals, and anions now constitute an important class
of real, observable, and in many cases isolable and fully
characterizable compounds. The interplay and intercon-
version among the heavy cations, radicals, and anions is
very important for the future development of synthetic
organometallic chemistry. A clear example of such an
interplay is represented by the reversible oxidation-re-
duction transformations between the persilyl germyl and
stannyl cations, radicals, and anions:

[red]
(‘Bu,MeSi),E* :é] (‘Bu,MeSi),E-
(0).¢4

[red]

= (Bu,MeSi),E~ (1)
[ox]

(see section 2 for cations,'” section 3 for radicals,?® and
section 4 for anions®3).

However, despite the recent important progress in this
field, the chemistry of the stable cations, radicals, and
anions of heavy group 14 elements is far from complete,
and there is much that remains to be done. Looking to
the future, one should first of all expect further develop-
ments in the synthesis of such compounds, based on
sophisticated experimental techniques and advanced
theory of bonding and reactivity of organometallic com-
pounds. Apart from the synthesis itself, the widespread
utilization of such derivatives in organometallic chemistry,
just like that of the extremely synthetically useful car-
bocations, free radicals, and carbanions in organic chem-
istry, is highly desirable.
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ABSTRACT

Multicopper oxidases (MCOs) are encoded in the genomes of
Eukarya, Bacteria, and Archea. These proteins are unique in that
they contain at least four Cu atom prosthetic groups organized into
one each of the three spectral classifications of copper sites in
biology: type 1 (T1), type 2 (T2), and binuclear type 3 (T3), where
the T2 and T3 sites form a trinuclear Cu cluster. With these four
redox-active copper sites, the multicopper oxidases catalyze the
four-electron (4e™ reduction of dioxygen to 2H,0, an activity that
they alone share with the terminal heme-containing oxidases. Most
MCOs exhibit broad specificity towards organic reductants, while
a relatively small number of family members exhibit equally robust
activity towards metal ions like Fe'!, Cu', and Mn'" and, thus, are
considered metallo-oxidases. This Account analyzes the structure-
—activity features of multicopper oxidases that determine their
relative substrate specificity. Since the substrate oxidation step
involves an outer-sphere electron transfer from the reductant to
the T1Cu site in the protein, the concepts of Marcus theory are
applied to unravel the origin of the substrate specificity of the
multicopper ferroxidases.

A little examined aspect of biological catalysis is the
mechanism(s) by which essential transition metal ions are
reduced and oxidized. Certainly for aerobic organisms,
these reactions are critical to metal homeostasis because
aerobes are confronted with higher valent states, com-
monly exchange inert metal ion valence states, and utilize
these metals in their lower valent forms. This pattern is

Liliana Quintanar received her Ph.D. from Stanford University, where she studied
bioinorganic chemistry. After a postdoctoral fellowship at the Department of
Neurochemistry of Instituto de Fisiologia Celular, UNAM, she is now Assistant
Professor at the Department of Chemistry of Cinvestav (Mexico), where she
studies metal neurotoxicity.

Christopher S. Stoj received his Ph.D. degree from the University at Buffalo
examining ferroxidase structure—function relationships. He is currently an
Assistant Professor of Biochemistry in the Department of Biochemistry, Chemistry,
and Physics at Niagara University.

Alexander B. Taylor received his Ph.D. degree from the University of Texas at
Austin. He is now the Technical Director of the X-ray Crystallography Core
Laboratory at the University of Texas Health Science Center at San Antonio.

10.1021/ar600051a CCC: $37.00
Published on Web 04/11/2007

[J 2007 American Chemical Society

-1 A _—
. T2 (normal) Cu

2H,0

02
s T3 Cu
(coupled binuclear)

Trinuclear cluster: site of
oxygen reduction

s+
‘57 T1 (blue) Cu

Site of substrate
oxidation

FIGURE 1. Active site of the multicopper oxidases. Cu sites are
shown in green spheres. Figure generated from the crystal structure
of ascorbate oxidase (pdb accession number 1A0Z).°

exemplified by iron and copper; aerobic organisms first
reduce the Fe'! and Cu" found in the environment to Fe'!
and Cu!, in most cases via the activity of a heme-
containing metalloreductase. These lower valent ions are
then substrates for a variety of permeases, metallochap-
erones, or both but ultimately undergo a re-oxidation in
the course of their metabolism. In iron metabolism, the
oxidative half of this cycle is sometimes catalyzed by
multicopper oxidases (MCOs) with specific activity to-
wards Fe'. This Account summarizes our understanding
of the structure and function relationships in MCOs that
lead to this metabolically critical but heretofore poorly
understood specificity.

An Introduction to Multicopper Oxidases

The MCOs are a family of enzymes that couple the one-
electron oxidation of four substrate equivalents with the
four-electron reduction of O, to H,0.! The catalytic motif
in these proteins includes at least four Cu atoms that are
classified into three types of sites (Figure 1): type 1 Cu"
(T1Cu); type 2 (T2) Cu", with an electronic structure
comparable to simple planar Cu" complexes; and the type
3 (T3) binuclear Cu"™-Cu" cluster, which is diamagnetic
because the coppers are antiferromagnetically coupled
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through a hydroxide bridge.® The type 2 and type 3 sites
form a trinuclear Cu cluster, which is the site of oxygen
reduction.?

The main electron transfer (ET) steps in the reaction
mechanism of MCOs are (i) reduction of the T1Cu site by
the substrate, (ii) ET from the T1Cu site to the trinuclear
cluster, and (iii) O, reduction by the trinuclear cluster.*
Thus, the main functional role of the T1Cu site is to shuttle
electrons from the substrate to the trinuclear Cu cluster
site over a distance of ~13 A (Figure 1). Its coordination
sphere always contains two histidine ligands and one
cysteine; the latter forms a very covalent Cu-S bond with
an intense Sy, — Cu' charge transfer band at ~600 nm
and leads to the characteristic blue color of the MCOs.'®
The covalency of the T1Cu site facilitates ET to the
trinuclear Cu cluster through a cysteine-histidine protein
pathway (Figure 1).

The multicopper oxidases are present in several organ-
isms.! They are important for lignin formation in plants
(plant laccases); pigment formation, lignin degradation,
and detoxification processes in fungi (fungal laccases);
iron metabolism in yeast (Fet3p)”® and mammals (hCp
and hephaestin); copper homeostasis in bacteria (CueO);?
and manganese oxidation by bacterial spores (MnxG)."°
Therefore, the physiological substrates of the multicopper
oxidases vary from organic compounds to metal ions like
Fe", Cul,*! and Mn".

Most MCOs can use a wide variety of aromatic phenols
and amines as reducing substrates,' while a few exhibit
an equally robust activity towards Fe", Cu', or Mn". The
latter group includes Cp and Fet3p in Eukarya and CueO
in Bacteria, but it is likely that several other metallo-
oxidases exist in pro- and eukaryotic genomes. Since
substrate oxidation occurs via the T1Cu, substrate speci-
ficity is conferred by structure-activity relationships near
this site and not at the trinuclear cluster. Therefore, the
substrate of T1Cu ET step of the MCO reaction is the focus
of the remainder of this Account.

Examining the MCO Type 1 Cu Site: Electronic
Structure and Reduction Potential

The T1Cu coordination sphere can come with or without
an axial methionine residue; archived laccase (Lc) se-
quences divide roughly 50:50 in this respect. A four-
coordinate T1Cu site, as found in ascorbate oxidase (AO),
tree laccases, and the two redox-active T1 sites in human
Cp (hCp), involves short Cu-S¢,, and long Cu-Sy;,, bonds
(Figure 2A). In the fungal laccases, Fet3p and the redox-
inactive T1Cu site in hCp,'? the absence of a methionine
ligand results in a shift of the Cu atom into the Ny~
Niis—Scys plane and a trigonal planar geometry (Figure
2B). Spectroscopic studies of the T1Cu site in fungal lac-
cases have shown an increased covalency of the Cu-Scy,
bond and ligand field strength, compared with the classic
blue Cu site in plastocyanin.'® Thus, in Fet3p and the
fungal laccases, the Cu-S¢, bond strength compensates
for the lack of an axial ligand.
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FIGURE 2. The four-coordinate T1Cu site in plastocyanin (A) and
the trigonal planar T1Cu site in Coprinus cinereus laccase (B).
Figure generated from the crystal structures (accession numbers
1PLC™ and THFU,'® respectively).

Table 1. Comparison of Reduction Potentials of MCO
T1Cu Sites®

MCO E° (mV vs NHE)
T1Cu Sites with Axial Methionine Ligand
Cucurbita pepo medullosa AO 344
Rhus vernicifera laccase 434
human ceruloplasmin (redox active T1Cu’s) 448
Polyporous pinsitus laccase F463M mutant 680
T1Cu Sites without Axial Methionine Ligand
Saccharomyces cerevisiae Fet3p 427
Coprinus cinereus laccase 550
Polyporus pinsitus laccase, wild-type 770
Polyporus versicolor laccase® 778
human ceruloplasmin (T1 in domain 2) >1000

« Adapted from ref 14. ¢ Polyporus versicolor laccase is also
known as Trametes versicolor laccase (TvLc).

The relationship between T1 site ligation, electronic
structure, and reduction potential (E°) has been a subject
of extensive examination.® The reduction potentials for
the T1Cu sites in MCOs vary from 0.34 V in Cucurbita pepo
medullosa AO to 0.79 V in Trametes versicolor laccase
(TvLc) (Table 1). Overall, the three-coordinate T1 sites of
fungal laccases exhibit substantially higher reduction
potentials than four-coordinate T1 sites. Site-directed
mutagenesis has been used to evaluate the role of the
T1Cu axial ligand in tuning the E° of the site.'® Conversion
of the three-coordinate T1Cu site in Polyporous pinsitus
laccase into a four-coordinate site in the F463M mutant
reduces its E° from 780 to 680 mV (Table 1). Similarly,
mutation of the axial methionine ligand of the T1Cu sites
in azurin, cucumber stellacyanin, nitrite reductase, and
rusticyanin to non-coordinating groups results in an
increase in E° of the T1 site of 80-130 mV.® Thus, the
presence of the methionine ligand contributes to a
decrease of ~100 mV in the reduction potential, given that
the remaining protein environment is kept constant.

A methionine axial ligand is present in most of the
metazoan MCOs that are likely to be ferroxidases, while
in fungal ferroxidases the T1Cu sites are three-coordinate.
For the three-coordinate T1Cu sites in Fet3p and the
fungal laccases, the E° ranges from 430 to 790 mV, yet
the geometric and electronic structure of their T1 sites
are comparable.'®'* Conversely, the multicopper ferroxi-
dases Fet3p and hCp exhibit similar substrate specificity
and comparable E° (430 mV), yet the former has a three-
coordinate T1Cu site, while the redox-active T1 sites of
hCp have methionine ligands.'* Clearly, there are other
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FIGURE 3. T1Cu" reduction kinetics in laccases and ferroxidases:
(A) reduction of the T1Cu sites of hCp (—), Fet3p (— — —), Rvlc
(- - -), and CclLc (- - -) with hydroquinone; (B) reduction of the same

proteins by Fe'. Note the 5-fold difference in the time scales. While
Fet3p and hCp are the slowest in their reduction by hydroquinone
(A), they are both completely reduced by Fe" within 2 ms (B). Figures
reprinted with permission from ref 14. Copyright 2001 American
Chemical Society.

factors, such as solvent accessibility, dipole orientation,
and H-bonding, that contribute to the tuning of reduction
potentials.

Reactivity and SEecilicity of the T1Cu Site:
Fingerprinting MCOs

The reactivity of the T1Cu site can be probed by following
the bleaching of the 600 nm band upon addition of
reductant. Figure 3 shows that Rhus vernicifera laccase
(RuvLc), Coprinus cinereus laccase (CcLc), Fet3p and hCp
exhibit differential reactivity towards 1,4-hydroquinone
(Figure 3A) and Fe' (Figure 3B).'* While the reduction of
the T1Cussites in Fet3p, hCp, and CcLc by Fe' is extremely
fast, RuLc is at least 4 orders of magnitude slower (Figure
3B, Table 2). In contrast, in the reduction kinetics of the
T1Cu sites by 1,4-hydroquinone, CcLc showed the fastest
reduction: >2-fold faster than RvLc, which in turn is 10-
fold faster than Fet3p, which in turn is 10-fold faster than

hCp. Note that the T1Cu sites in RuLc, Fet3p, and hCp
have essentially identical reduction potentials (~440 mV;
Table 1), yet strikingly different rates of reduction by
organic versus metallo-reductants. This example illustrates
that the driving force provided by the E° of the T1Cu is
not a strong predictor of substrate specificity and that
other factors must be considered.

The differential reactivity of the T1Cu sites in these
enzymes can be analyzed in terms of the semiclassical
theory for the rate of intermolecular ET, kyr, which is
described by eq 1.7

41T3/(h2)\kBT)(HDA)2 e[*(AGG +)\)2/(4)\kBT)] (1)

Here, K, is the equilibrium formation constant for the
electron donor-acceptor complex, S is a steric term that
grades how appropriate the donor-acceptor complex is
for ET; A is the reorganization energy associated with the
valence change at the donor and acceptor sites, AG® is
the electrochemical driving force, and Hp, is the electronic
matrix coupling element that quantifies the efficiency of
a given ET pathway from the donor to the acceptor.

RuLc is comparably slow with Fe'' and bulky organic
reductants like hydroquinone, while CcLc is fast with both
substrates. The reactivity difference between RvLc and
CcLc can be ascribed to several factors in eq 1. The T1Cu
site in CcLc is more oxidizing than that in RvLc by ~150
mV (Table 1), and being a three-coordinate and more
covalent site, the CcLc site will have a smaller reorganiza-
tion energy, which would increase kyr. However, the
differences in AG® and 4 cannot account for the >1000-
fold faster rate of reduction observed for CcLc in com-
parison to RuLc; thus, the relative contributions of other
factors must be considered. The binding of an organic
substrate to CcLc can be inferred by comparison to the
structures of two other fungal laccases: TvLc'® and Mel-
anocarpus albomyces laccase.'® In both proteins, one of
the two T1Cu histidine ligands is solvent exposed at the
bottom of a shallow cleft, where the substrate can bind
in possible H-bond contact with the histidine Ne2; this
has been demonstrated in TvLc. The structure of the TvLc
complex with 2,5-xylidine suggests that amino group
H-bonding to the protein contributes to ligand binding
and indicates that a typical phenolic substrate would bind
similarly via the D206 carboxylate and the H458 Ne2
hydrogen. The structure of this donor-enzyme complex
is consistent with the relatively rapid ET observed with
CcLc: substrate oriented for productive ET (favorable S)
in H-bond contact with a T1Cu ligand (favorable Hp,).
Since there is no crystal structure of RvLc, it is not possible
to assess the contributions of S and Hp, to the rate of
reduction. However, it is clear that CcLc exhibits faster
kgt than RvLc due to a significantly more solvent-exposed
T1Cu site (K,), a more favorable substrate-enzyme ori-
entation (S), and a more direct ET pathway into the T1Cu
site (Hpya).

In contrast to the CcLc and RvLc case, Fet3p and hCp
exhibit little difference in rate for a given substrate; they
are both equally fast (=1200 s~ ') for reduction by Fe,
while the rate of reduction of Fet3p by 1,4-hydroquinone
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Table 2. T1Cu'® Reduction Rates and Substrate Specificity®

kg, reduction by kgq, reduction by kpc/kugq (M)

MCO Fet s71) hydroquinone (M~ * s~ 1)° relative effective [Fe'l]
Rhus vernicifera Lc 0.026 3.9 x 106 6.7 x 107°
Coprinus cinereus Lc >1200 >8.6 x 10% >1.4 x 107
Fet3p >1200 3.5 x 10° >3.4 %1072
hCp >1200 6.1 x 10* >1.9 x 1072

«Data taken from ref 14. ® Second-order rate constant. « Estimated value based on the lower limit for %, at the lowest hydroquinone

concentration employed.

is only 10-fold faster than that for hCp (Table 2). The redox
potentials of the T1Cu sites in these enzymes are ap-
proximately the same (430-450 mV; Table 1). Their dif-
ference in reactivity towards 1,4-hydroquinone has thus
been explained in terms of the accessibility of their T1Cu
sites.' The crystal structure of hCp?®?! shows that the
redox-active T1Cu sites are buried ~10 A beneath the
surface, at the bottom of a long, narrow, highly negatively
charged channel, limiting access by bulky organic sub-
strates. On the other hand, the crystal structure of Fet3p*?
shows a more solvent-accessible T1 site, which facilitates
the formation of the substrate—-enzyme complex (S and
K, terms) and possibly shortens the ET pathway (increas-
ing Hp,), thus explaining its 10-fold faster rate of reduction
by 1,4-hydroquinone compared with hCp.

From Figure 3, it becomes evident that hCp and Fet3p
exhibit substrate specificity for Fe™. The origin of this
specificity has been subject for discussion. Early crystal-
lographic studies of hCp?° suggested the presence of one
divalent metal ion binding site in the vicinity of each
redox-active T1Cu site.>® The recent crystal structure of
Fet3p confirmed the presence of an Fe-binding site similar
to that of hCp.?? Thus, Fet3p is similar to hCp in that it
possesses an Fe-binding site that confers this enzyme with
substrate specificity for Fe''. However, Fet3p shares more
sequence homology to fungal laccases than to hCp; in fact,
it has a three-coordinate T1Cu site as all fungal laccases
do, while the T1Cu in hCp is four-coordinate. Thus, Fet3p
could be described as a fungal laccase adapted to perform
ferroxidase chemistry, and the comparison of the struc-
tures of TvLc and Fet3p can highlight the features that
differentiate a laccase from a ferroxidase.

Laccases versus Ferroxidases

The cupredoxin folds of TvLc'® and Fet3p?* are clearly
evident and render the two proteins virtually indistin-
guishable (Figure 4A,B). However, the protein fold around
the T1Cu sites in the two proteins is significantly different
and provides the basis for their substrate specificity. The
T1Cu site in TvLc (Figure 4C) is shallow with few steric
constraints for substrate binding, while the site in Fet3p
(Figure 4D) is more structurally defined, particularly by
acidic side chains like E185, D283, and D409, which confer
to the T1 site a negatively charged surface (Figure 4E). In
TvLc, the organic substrate binds to one of the T1Cu
histidine ligands via a H-bond with its Ne2 NH (Figure
5A), while in Fet3p, E185 and D409 “mask” the two T1Cu
histidine ligands (Figures 4E and 5B): the E185 Oe¢2 is
H-bonded to the H489 Ne¢2, while the D409 002 is
H-bonded to the corresponding nitrogen of H413. This
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Tv Lac

Sc Fet3p
FIGURE 4. Ribbon diagrams for Fet3p (A) and TvLc (B) illustrate

that the overall folding of the two proteins is indistinguishable.'®?

The strand topology is illustrated together with the ligating histidine
imidazole side chains (C, D). Although the T1Cu sites are similar, a
loop in TvLc blocks solvent accessibility to H395. Inclusion of the
side chains of the surrounding amino acid residues (E and F) explains
the structural origin of the specificity of the two enzymes. In Fet3p
(E), acidic residues E185, D409, and D283 shield the imidazoles H489
and H413 from solvent, while in Tvic (F), the T1 site is lined with
nonpolar side chains including F162, L164, F239, F265, F332, F337,
P394, and P397.

distinction in second-sphere coordination dictates the
connectivity between the substrate and the T1 site and,
therefore, how the electron is transferred from the sub-
strate to the T1Cu'. The Fet3p structure suggests that
these glutamic acid and aspartic acid residues may be the
signature motifs of a multicopper ferroxidase.

Analysis of the MCO sequences shows that residues
E185 and D409 are completely conserved in the multi-
copper ferroxidases and absent in the fungal laccases
(Table 3). Particularly striking is the complete conservation
in all MCOs (both ferroxidases and laccases) of the
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FIGURE 5. Hydrogen-bond networks at the T1Cu distinguish a Tvlc
(A) from the ferroxidase Fet3p (B). Binding of the substrate analog,
2,5-xylidine, at the T1 site in Tvic (A) involves H-bonds to D206 and
to one of the NE2 pyrrole nitrogens of H458, a ligand to the T1Cu.'™
In Fet3p (B), both histidine ligands to the T1Cu, His489 and His413,
are H-bonded to carboxylate side chains of E185 and D409,
respectively.?2

Table 3. Sequence Comparison of Four Fungal
Ferroxidases and Two Fungal Laccases®

Ferroxidases E185 D283 D409

ScFet3p NP TGAEPIPQNL DDTMLDVIPSD NNQDTGT HPFHLHG
ScFet5p NP TGAEPIPQNI DETMLDVVPPE NNYDSGR HPFHLHG
SpFiol NP TGAEPVPDTG DESLFDTIP-D DNHDTGK HPFHLHG
CaFet3p NP TGAEPIPQNF DTTMLDSVPAD NNFDTGK HPFHLHG

Laccases

TvLac DA TLINGLGRSA NLTVIEVDGIN ALAP-GA HPFHLHG
MaLac TQ NNAPPFSDNV SLVNHTMTVIA PEGPFSL HPMHLHG

@ Se, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe;
Ca, Candida albicans; Tv, Trametes versicolor; Ma, Melanocarpus
albomyces.

HPFHLHG motif that includes three histidine ligands to
the Cu atoms in these proteins, in contrast to the lack of
homology in the sequences that include three conserved
acidic residues (E185, D409, and D283 in Fet3p). These
differences are reflected in the structures of Fet3p and the
fungal TvLc. The conformation of the two T1Cu coordi-
nating histidines is identical in the two proteins (Figure
4C,D), but the polypeptide strands framing them are
different. The H413/H395 strand in Fet3p is short and
contains D409, which is poised to be H-bonded to the
H413 Ne2; while in TvLc this strand is longer and serves
as a flap that blocks access to the H395 NH moiety. As to
the strands that frame the H489/H458, in Fet3p this strand

loops over H489 (Figure 4C,E) and contains E185, which
is H-bonded to the H489 Ne&2; while in TvLc the confor-
mation pulls the chain back exposing the H458 Ne2 fully
to solvent (Figure 4D,F), and it contains nonpolar residues
appropriate for binding of large nonpolar reductants.
Finally, the loop that includes D283 in Fet3p extends into
the site, bringing D283 along with it; while in TvLc, this
loop is short and pulled back leaving plenty of room for
the docking of a bulky organic reductant.

Thus, the active site in the ferroxidase Fet3p is distin-
guished from that in TvLc in three ways: (1) it is spatially
more constrained and has a negative (instead of a non-
polar) electrostatic surface; (2) the Ne2 NH groups of the
T1Cu histidine ligands are not solvent-exposed and there-
fore not easily accessible to reducing substrates; and (3)
each of the two pyrrole NH groups is in H-bond contact
with a carboxylate group (E185 or D409), which in turn is
solvent-exposed and thereby accessible for interaction
with a metallosubstrate. The contributions of this struc-
tural arrangement to the ferroxidase activity of Fet3p have
been analyzed through site-directed mutagenesis, mag-
netic circular dichroism (MCD), and kinetic studies, as
discussed below.

Probing Fe(ll) Binding Sites in the Multicopper
Ferroxidases: Contributions to Reactivity

The notion that the E185, D409, and D283 residues play
an important role in Fe'' oxidation is confirmed by
reductive half-reaction and steady-state turnover kinetic
studies.?*"2° While the reduction of the T1Cu site in wild-
type Fet3p by Fe' is very fast (k.,s > 1200 s~ !, Table 2),
mutations at the E185, D409, and D283 residues cause a
significant decrease in rate (Table 4). This is consistent
with steady-state turnover kinetics that show an increase
in the Michaelis-Menten constant for Fe' for all variants
(Table 4), indicating a decrease in affinity for Fe™. The
largest effect is observed upon elimination of the car-
boxylate moiety at the E185 position.

The presence of an Fe' binding site in Fet3p was first
probed using magnetic circular dichroism (MCD) in the
near-IR region, where non-heme Fe' sites exhibit ligand
field transitions.>* MCD studies showed that Fe™" binds
to Fet3p with high affinity, yielding a signal at ~8900 cm ™!
(Figure 6). The E185A mutation shifts this signal to ~9700
cm™ !, where Fe" in buffer solution absorbs, indicating that
the high-affinity Fe"' binding is abolished by this mutation.
In contrast, the MCD spectrum of Fe! bound to E185D
Fet3p (Figure 6) indicates that the high-affinity Fe(II)
binding is conserved when a shorter carboxylate moiety
is retained at the E185 position. Thus, MCD titrations
demonstrate that the carboxylate moiety at the E185
position plays a critical role in high-affinity Fe'' binding
to Fet3p.

MCD analysis indicates that Fe" bound to Fet3p is six-
coordinate.** Similar MCD studies with hCp have identi-
fied comparable Fe" binding sites. The hCp crystal
structure suggests the participation of three carboxylates
and one histidine residue in the Fe™ coordination envi-
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Table 4. Redox and Kinetic Properties of Wild-Type and Mutant Fet3 Proteins®

Michaelis—Menten
constants for HQ

Michaelis—Menten

constants for Fe!! first-order rate constants

Fet3p T1 redox Ky (mM) Ky (uM) for T1Cu reduction by Fe'!
species potential (mV) Beqy (min 1) Beq, (min 1) (g, 571
WT 433 25,5 £2.5 49+18 >1200
131.3 £ 5.0 40.1+1.4
E185D 434 82+1.1 8.6+1.2 141+ 7.0
94.3 £ 4.3 32.0 £ 3.0
E185A 433 182+ 1.5 35.6 £ 2.8 7.8+0.2
91.7 £ 2.6 243+ 0.6
D283A 439 193+1.1 193+ 15 681.9 + 23.7
169.5 + 3.5 75.7+ 1.9
D409A 550 30.3 £ 2.4 188+ 1.6 62.03 £+ 0.60
139.7 £ 4.7 48.2 +1.2
E185A/D409A 549 30.5 £2.1 3994 + 387 0.41 £ 0.01
132.8 £ 3.9 139+ 04

«Data taken from refs 24-26.

(E185D :
6000 8000 10000 12000
Energy (cm'1)

FIGURE 6. Fe" binding to Fet3 proteins, followed by near-IR MCD.
Spectra of reduced Fet3p wt (blue), E185D (green), and E185A (red)
with 1 equiv of Fe'. Fe" does not bind to the E185A protein, but it
does bind to Fet3p wt and E185D. Figure adapted with permission
from ref 24. Copyright 2004 American Chemical Society.

ronment.?° Thus, hCp-bound Fe" can be reasonably
described as a six-coordinate site with three monodentate
carboxylates, one histidine, and two water molecules.?*
In light of the recent crystal structure of Fet3p, it has
become clear that E185, D409, and D283 participate in
Fe" binding to this protein.?? Consistently, the E185A,
D409A, and D283A mutants display practically no Fe
uptake in vivo, and turnover kinetic experiments show
that the mutation of these carboxylate residues to alanine
leads to an increase in the Michaelis-Menten Ky, for Fe™!
(Table 4). This effect is particularly strong in the E185A
mutant, which shows the largest increase in K, implying
a significant decrease in SK, and explaining the dramatic
decrease in the rate of T1Cu reduction by Fe' observed
for this mutant (Table 4). Thus, one of the main contribu-
tions of these carboxylate residues is to provide a coor-
dination environment for high-affinity binding of the Fe!!
substrate.

Another important contribution of the Fe" binding sites
in Fet3p and hCp is their ability to tune the E° of the
bound iron. The T1Cu sites in these ferroxidases have a
redox potential of ~430 mV, while that for aqueous Fe!
is 420 mV at pH 6.5; thus, the 1e~ ET to the T1Cu'" is not
thermodynamically favorable. However, these enzymes
are fully reduced by stoichiometric Fe", suggesting that
the E° of protein-bound Fe'' must be decreased to an
upper limit of 190 mV (Figure 7) For hCp-bound or Fet3p-
bound Fe to exhibit a E° of ~190 mV, the ratio of the
affinities of these proteins for Fe' and Fe" must be ~10'°
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Protein bound T1 site

E(mV)

<180 420 430 770
1 l

l
> I’ICJ ~ IB (I] log (B,/ By
FIGURE 7. Tuning of the E° of the Fe' substrate in the multicopper
ferroxidases. Reaction of the T1Cu site (£° = 430 mV) with aqueous
Fe' at pH = 0 (E° = 770 mV) would not proceed, while at pH = 6.5
(E°(Fe"/Fe") = 420 mV), this reaction would have a very small
thermodynamic force. Thus, the E£° of the protein-bound Fe must
be <190 mV for its reaction with the T1Cu site to be stoichiometric.

According to the expression £y, eous — Eprotein = 59 10g(5y/By), this

corresponds to a ratio of affinities for Fe'"' and Fe" /8, = 10,
where 5, and /3, are the equilibrium constants for the formation of
the Fe'protein and Fe'—protein complexes, respectively.

(Figure 7). Overall, oxygen donor ligands stabilize Fe!

more than Fe'; the stability constants of dicarboxylic
ligands for Fe' can be 4-10 orders of magnitude higher
than those for Fe'. In ferric-binding proteins, like trans-
ferrins, high affinity for Fe™ is achieved by using oxygen
donor ligands and by neutralizing the metal charge with
exogenous anions.?” Thus, the E° for Fet3p-bound Fe is
tuned down, such that it is significantly below the E° of
the T1Cu site, supplying sufficient driving force for this
ET reaction. Note that this tuning of the substrate’s E° is
only required in the ferroxidase reaction; the potentials
for aromatic reductants are generally <200 mV. Thus, the
carboxylate residues at the Fe binding sites in the
multicopper ferroxidases also play an important role in
providing the driving force for ET to the T1Cu site.
Finally, a third factor that contributes to the rate of ET
from the Fe! substrate to the T1Cu site is the Hy, term.
In this regard, the Fe" binding sites in Fet3p and hCp are
optimized for efficient ET pathways. In the crystal struc-
ture ofhCp, three main ET pathways have been identified,'***
the most efficient being through E272, which is part of
the Fe' binding site and is H-bonded to one of the T1Cu
histidine ligands. The recent crystal structure of Fet3p*?
shows that the E185 and D409 residues exhibit a similar
connectivity to each of the T1Cu histidine ligands: the
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E185 O¢2 is H-bonded to the H489 Ne2, while the D409
002 is H-bonded to the corresponding nitrogen of H413
(Figures 4E and 5B). Therefore, the E185 and D409
residues not only contribute to the high affinity for Fe!
(increasing SK,) and help tune the Fe" redox potential
(increasing AG®) but also provide efficient ET pathways
into the T1Cu site, increasing Hp,. It is not surprising then,
that mutating these residues to alanine yields large
decreases in the rates of T1Cu reduction by Fe'" (Table
4). This is particularly striking in the E185A/D409A mutant,
which highlights the important contributions of these two
residues to kgr.

The notion that the E185 residue plays an important
role in ET into the T1Cu site is illustrated by the E185D
protein, which exhibits no change in the T1Cu E° (no
change in AG°) and conserves high-affinity Fe"" binding
(same SK,) yet shows a decrease in T1Cu reduction rate
compared with wild-type. The main effect of the E185D
mutation is likely the loss of the E185/H489 pathway: a
shorter carboxylate residue would perturb the H-bonding
connectivity to H489, and D409/H413 would provide the
most competent ET pathway. Eliminating the E185/H489
pathway is calculated to decrease k- by 1 order of
magnitude, consistent with the >10 fold decrease in T1Cu
reduction rate observed for the E185D mutant (Table 4).
Thus, the decrease in rate for this mutant mostly reflects
the loss of an efficient ET pathway.

In summary, systematic deletions of the three carboxy-
lates in Fet3p that primarily distinguish it as a ferroxidase
have shed light into how the multicopper ferroxidases
achieve their substrate specificity towards Fe'". The protein
fold around the T1Cu site is rich in carboxylate residues
that (i) provide a coordination environment for high-
affinity binding of Fe', (i) tune the reduction potential
of the bound iron to afford a large driving force for Fe"
oxidation, and (iii) provide efficient pathways for ET into
the T1Cu site.

Concluding Remarks

A subset of the MCO family has diverged from the rest to
adapt its reactivity towards a new cohort of substrates,
lower valent first row transition metals ions. In order to
achieve this metallo-oxidase activity, these MCOs have
engineered a substrate binding site that maximizes each
of the factors that contribute to ET from the metal ion
substrate to the T1Cu site. Our work highlights the fact
that, while binding and orienting the substrate, these
metallo-oxidases also tune the reduction potential of the
protein-bound metal ion and provide the electron-
coupling pathways for its oxidation. Thus, the use of a
combination of spectroscopic studies and single and
steady-state turnover kinetic experiments, blended with
concepts that quantitatively describe the free energy
landscape for ET has lead to a mechanistic understanding
of the biologic redox cycling of transition metals. Further
insight into the specificity of the MCOs will certainly
derive from analogous studies on other metallo-oxidases

of this family, including CueO° and MnxG,?® which possess
Cu' and Mn" oxidase activity, respectively.

This research was supported by NIH Grants DK31450 (to E.LS.)
and DK53820 (to D.J.K.) and R. A. Welch Foundation Grant AQ-
1399 (to P.J.H.).
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ABSTRACT

Organooxotin cages, clusters, and coordination polymers contain-
ing [Sn,(u-0)], [Sn,(u-OH)], [Sn,(u-0),], [Sn,(u-OH),], and [Sng(us-
0)(u-OR),] building blocks have been assembled by the reactions
of organotin precursors with phosphonic, phosphinic, carboxylic,
or sulfonic acids. Various synthetic methodologies including Sn-C
bond cleavage reactions and solventless procedures have been
utilized to generate several nanodimensional organostannoxane
assemblies. The synthesis, structure, and structural interrelation-
ship of these diverse organostannoxane compounds are discussed.
The synthetic knowledge gained to prepare specific organostan-
noxane structural forms in high yields has been utilized for the
construction of dendrimer-like molecules. These contain a central
stannoxane core and a functional periphery. The functional
periphery can be readily modulated to assemble photoactive,
electroactive, or multisite coordinating molecules. The synthesis,
structure, and potential uses of these compounds are discussed.

Introduction

Organotin compounds are an important family of orga-
nometallic compounds and are receiving attention for
several reasons. Many organotin compounds are used as
reagents or catalysts in organic synthesis.! Stille reaction
utilizes organotin compounds such as R;SnR’ (representa-
tive examples include n-BuzSnPh, n-Bu;SnC(O)CH,CHj,
Me,;SnPh, and PhSnCl;) for the formation of new C-C
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Chart 1. Triorganotin and Diorganotin Hydroxides and Related
Condensed Products
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R R
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Q [R2SnO, R/Sn/ s
Mes _~OH l | R
Mes S“\OH R = Me, Et, vinyl, n-Bu, Ph OH OH
Coordination Polymer R = CH(SiMe3),
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R\ /R
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I | l l O—?n\—OH
Oo—sn—R  R= —R
7NN HO—sn_
R R R R/ R

R = t-Bu, t-Am, Mes,
CH,SiMes, 2,4,6-i-Pr;CgH,

R = CH(SiMe3), R = n-Bu, CH,Ph
=n-Bu, CHy

bonds and is a powerful tool in the synthetic repertoire
of organic chemists.! Triorganotin radicals have been used
widely in organic synthesis,’ while diorganotin com-
pounds have been used in esterification and transesteri-
fication reactions.” The use of diorganotin compounds in
the stabilization of poly(vinyl chloride) is well-established.’
In addition, many triorganotin compounds are used as
fungicides and acaricides and in antifouling paints.?
Some tri- and diorganotin compounds have been shown
by in vitro studies to be active against a wide range of
tumor lines.?

Among organotin compounds, organostannoxanes con-
taining Sn-O units are a particularly interesting family.*
Much of the interest in these compounds arises from the
amazing structural diversity that they possess. The struc-
tural plasticity of organostannoxanes appears to be unique
among the corresponding organometallic compounds of
group 14 elements. Synthetic methodologies are now
available that make it possible to design and assemble
different types of organooxotin cages and clusters.* This
Account focuses, mainly, on our recent endeavors involv-
ing large-sized nanodimensional monoorganostannoxane
compounds. For the sake of completeness, a few diorgan-
otin compounds are also discussed. The synthetic strate-
gies involved in the preparation of these organooxotin
assemblies, their structural features, and the structural
interrelationship between different organooxotin cages
and clusters will be presented in this Account. Finally, we
will also demonstrate how the knowledge of organostan-
noxane synthesis can be used in the construction of
dendrimer-like molecules containing interesting periph-
eral groups that are photoactive or electroactive or mul-
tisite coordinating ligands.

* To whom correspondence should be addressed. E-mail: ve@iitk.ac.in.
Telephone: (+91) 512-259-7259. Fax: (+91) 512-259-0007/7436.

10.1021/ar600061f CCC: $37.00  [J 2007 American Chemical Society

Published on Web 04/18/2007





Nanodimensional Organostannoxane Molecular Assemblies Chandrasekhar et al.

Chart 2. Monoorganotin Hydroxides and Related Condensed Products
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Building Units of Organostannoxane Cages and
Clusters

Although organostannoxane cages and clusters can be
assembled by the use of a large variety of starting materials
and by employing diverse routes including Sn—C bond
cleavage reactions,” the most convenient synthetic pre-
cursors are organotin hydroxides and oxides (Charts 1
and2). These can be elaborated into complex structural
forms by reaction with an appropriate protic acid, such
as RCO,H, R,P(O)OH, (RO),P(O)OH, RP(O)(OH),, RSeO,H,
or RSO;H.* In every case, the stannoxane cores of the
resultant products are built by utilizing one or more of
the three basic building blocks: (a) [Sn,(u-0)] and [Sn,(u-
OH)J; (b) [Sny(u-0),] and [Sn,(u-OH),J; (€) [Sng(us-0) (u-
OH),] (Chart 3).

Tetranuclear Cages (Containing [Sn,(x-0)])
and Coordination Polymers (Containing
[Sny(-0H)] Building Units)

We will begin this Account by considering the tetranuclear
cages that contain the simplest of the building units, the
[Sn—O-Sn] linkage. The first example of the tetranuclear
cage, {[(n-BuSn),(u-0)][0,P(OH)-#-Bul,}, (n-Bu = -C,Hg
(n-butyl); +Bu = -C,H,4 (tert-butyl)) (1) was discovered
by Holmes.® Our investigations on this reaction began with
an examination of the reactions of [rn-BuSn(O)OH],, and
n-BuSn(OH),CI with #~BuP(O)(OH), and its silylated de-
rivatives. All the reactions that we examined afforded
exclusively the tetranuclear cage 1 (Scheme 1).” Such a
remarkable preference for a single cluster type in varied
reactions implies the rapid formation of a common
intermediate. It was not possible for us to identify this
species in these reactions. We turned our attention to
obtaining analogous cages containing other substituents
on tin. Benzyl- and allyltin compounds are known to
undergo facile Sn—C bond cleavage reactions.” We have
found that reactions of Bn,SnCl, or Bn,SnO-H,O (Bn =
-CH,CgH; (benzyl)) with ~BuP(O)(OH), afford a mono-

Chart 3. Types of Stannoxane Building Blocks Found in
Organostannoxane Compounds

H
@] o]
@ o Ng, o g,

[Snx{(n-0)] [Shy(u-OH)]
Sn o] Sn OH
(b)
e} Sn HO Sn
[Sny(u-0),] [Sny(1-OH),]
/Sn
HO ﬂ \OH

N Sn/O\Sn
N

H
[Sn3(p3-O)(u-OH);]

debenzylated product, {[(BnSn),(u-0)][0,P(OH)-#-Bul,},
(2), which possesses an identical molecular structure to
that of 1 (Scheme 2).2 Use of Bn,SnCl also affords 2 in a
reaction that involves double debenzylation.

The ''°Sn NMR of 2 shows a triplet of triplets with a
chemical shift of -661.6 ppm.? The analogous resonance
for 1 occurs at —630.4 ppm.® The formation of 2 can be
monitored by NMR. Thus, the >'P NMR spectrum of the
reaction mixture shows the initial formation of a half-cage
intermediate, 2a, with signals at 33.7 and 31.8 ppm, which
eventually dimerizes to form the full-cage 2 over a period
of time (Scheme 2).2 The rapid formation of an analogous
half-cage intermediate is responsible for the exclusive
formation of 1 in various reaction conditions described
above.

The molecular structure of 2 is made up of two
[Sn—O-Sn] units (Figure 1). In each [Sn—O-Sn] unit, the
two tin atoms (Snl and Sn2) are bridged by an oxygen
atom (O1) and by two bidentate [+BuP(OH)O,] ™ ligands
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Scheme 1.

4 n-BuSn(OH),CI
+
8 -BUP(0)(OH),

Ligand-Driven Assembly of the Tetranuclear Cage 1
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+
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(P1 and P2). This generates an open-book-shaped bicyclic
ring, which is made up of two six-membered rings
[Sn1-01-Sn2-012-P1-011] and [Sn1-01-Sn2-021-P2-022]
with a dihedral angle of 68.51(2)°. The Sn—O bond distance
within the [Sn—O-Sn] unit (Sn1-01 and Sn2-01) is 2.117(3)
A, while the Sn1-01-Sn2 angle is 135.17(2)°. Two such
[Sn—-O-Sn] units are further bridged on either end by
means of two pairs of bidentate [~-BuP(OH)O,] " ligands
(P3, P4, P3*, P4*) (Figure 1).

Debenzylation reactions need not be the only reaction
course of benzyltin compounds. Recently we have found
that the reaction of Bn,SnCl, with pyrazole-3,5-dicarboxyl-
ic acid (L'Hj) affords a two-dimensional coordination
polymer {[(Bn,Sn),(u-OH)(L"),],[Bn,SnCl],}, (3) (Scheme
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3).° The latter contains hexatin macrocyles interlinked to
each other by Bn,SnCl groups (Figure 2a). It can be noted
that all the Sn—-Bn bonds in compound 3 remain intact.
Each macrocycle repeating unit of 3 contains two tri-tin
subunits where two tin atoms are held together by a 4-OH
group. The macrocycle repeating unit of 3 is approxi-
mately rectangular in shape, and its dimensions are
nanometric (Figure 2b). Hydrolysis of 3 in presence of pyri-
dine affords a one-dimensional polymeric tape {[(Bn,Sn);-
(u-OH) (LY, (Py)],[(Bn,Sn), (13-0) (u-OH) ]}, (4) (Scheme 3).
The robust nanodimensional macrocyclic repeat unit of
3 is retained in 4, while the bridging Bn,SnCl units have
been transformed into the tetranuclear ladder, [(Bn,Sn), (u5-
0)(u-OH)], units (Figure 2c).

In addition to the two- and one-dimensional coordina-
tion polymers discussed above, we have also been able
to obtain a phosphinate-supported one-dimensional co-
ordination polymer that contains a [Sn—-OH-Sn] unit.
Thus, the reaction of [n-Bu,Sn0],, with 1,1,2,3,3-penta-
methyltrimethylenephosphinic acid, cyc-P(O)(OH), affords
{(n-Bu,Sn),(u-OH) (cyc-PO,)5},, (5) (Scheme 4).'° Com-
pound 5 is a coordination polymer that contains alternate
eight- and six-membered rings where every tin atom is at
the junction of a spirocyclic ring system.

FIGURE 1. Organooxotin core of tetranuclear cage 2 shown along
with the PO, part of the -BuP(0)(OH), ligand.
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Hexanuclear Organostannoxane Drums and
Double 0-Capped Clusters &ontaininsq_ ]
Eli(l:(z: simz] and [Sn;(z4-0)(z-0R);] Building

As mentioned above, the four-membered [Sn,(u-0),] rings
constitute important building blocks for the construction
of organostannoxane cages.* The most ubiquitous of such
cages are the hexanuclear compounds, [n-BuSn(0)O,CR]g,
also known as drums. Although, several synthetic routes
are available for the preparation of these cages, the most
convenient synthesis of this class compounds is from a
direct 6:6 reaction of the monoorganotinoxide-hydroxide,
[n-BuSn(O)OH],, with protic acids such as carboxylic
acids.* This reaction is quite general as indicated by the
synthesis of compounds 6-20 (Scheme 5).'! The hexa-
nuclear drums are also formed in reactions of [n-Bu-
Sn(0)OH],, with phosphates of the type (RO),P(0)(OH).'?
Reactions of [n-BuSn(O)OH],, with phosphinic acids,
R,P(O)OH, are more complex and various products such
as cubes, butterfly clusters, crowns, extended clusters and
O-capped clusters are formed. These will not be dealt in
this Account as this subject has been adequately covered
elsewhere.*

Molecular structures of several organostannoxane drums
reveal the following common features. All of them contain
a central SngO4 stannoxane core, which contains two
puckered six-membered [Sn;(u;-0)5] rings as its top and
bottom faces (Figure 3).'' On the other hand, the side of
the drum contains six puckered four-membered [Sn, (15-0O),]
rings. Alternate tin atoms are held together by the
coordination action of bidentate carboxylate groups. All
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FIGURE 2. (a) Two-dimensional polymeric structure of 3, (b) cartoon
representation of the two-dimensional network of 3, and (c) cartoon
representation of the ladder bridged one-dimensional polymer 4. In
all cases, the rectangular boxes drawn in pink color represent the
hexanuclear macrocyclic units.

the tin atoms of the drum compounds are chemically
equivalent and a single chemical shift is seen in their ''°Sn
NMR at about —480.0 ppm.!' The structural features of
various drum compounds are similar. In general, the Sn—O
bond distances involving the SngO4 core are shorter
(average value for 6, 2.060(4) A) in comparison to those
found exo to the cage (average value for 6, 2.141(4) A).''?
The Sn—-O-Sn bond angles in the six-membered rings are

VOL. 40, NO. 6, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 423





Nanodimensional Organostannoxane Molecular Assemblies Chandrasekhar et al.

2 [n-BuySnO],
+ Toluene, n-Bu
Reflux, 6h  «y

OM
o> /
3 57" -H0 Sh Sn
{é ot 2 g | ~N \0\ g \O\P/on

Scheme 5
R
Bead R\C —0_ n-Bu
[ ot
n-Bu Q=—F—5n
Benzene \Sn/(\j JnBy | \\Oo\
or v \o 2!/ én/ c—R
6 [n-BuSn(O)OH]n  Toluene Y | /
. Reflux C, —Sn _X"O 2
6 RCOzH R O0— i ~J/
6 H,0 NN nbe g | 9 =i
Sn—/—o / n-Bu
N
n-Bu o C\ /0

9
3?
-§-©-§
@
0

" é

g Me +
X
QR QY SO @'@
Ak a
13 e 16
R R
M=Cu 19
Pd 20

R Q)55 R & )%
19 R'= %-@-Me

wider (average value for 6, 132.10(2)°) than those found
in the four-membered rings (average value for 6, 100.37(2)°).

18

FIGURE 3. (a) Molecular structure of the hexaferrocenyl assembly
6 and (b) side view of the hexameric stannoxane core in 6 (all the
Sn,0, and Sn;05 rings are puckered).
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Many of the drum compounds exhibit rich supramo-
lecular architectures in their crystal structures. Various
noncovalent interactions including O-H---O, C-H---O,
C-H--+F, C-F-+«wr, C-H-- -7, and z-stacking interactions
have been documented. The cumulative effect of such
interactions is manifested in the form of one-, two- and
three-dimensional supramolecular structures.'! A repre-
sentative example of such a supramolecular structure is
shown in Figure 4.

In attempting to extend the range of organooxotin
cluster types, we investigated the reaction of [n-BuSn-
(O)OH],, with (PhO),P(O)H. The only product that we were
able to isolate was a hexanuclear cage, {[(n-BuSn);(us-0O)-
(u-OPh);(HPO,),],} (21) (Scheme 6).'3 An in situ hydrolysis
of (PhO),P(O)H affords phenol and the phosphonate
ligand (HPO;>"), which assist the formation of the cage
21, also known as double O-capped cluster. A series of such
hexanuclear cages (22-24) were synthesized in a direct
reaction involving [n-BuSn(O)OH],, and H;PO4 and vari-
ous phenols (Scheme 6).'*

The molecular structure of these cages is very similar
and consists of two [(n-BuSn);(us-O)(u-OR);] subunits
(Figure 5). A u3-O (01) is involved in bridging three tin
atoms (Snl, Sn2, and Sn3) in a capping coordination
mode. Three phenoxide oxygen atoms (08, 09, and 010)
are involved in binding two adjacent tin centers. This
concerted coordination action of the oxide and the
phenoxide ligands results in the formation of three
contiguous [Sn,(u-OPh),] four-membered rings to afford
a Sn;0, building block (O-capped tri-tin, Chart 3). The
average Sn—(u,;-0) distance for 21 is 2.065(4) A, while the
average Sn—(u-OPh) distance for 21 is 2.172(4) A.'®> The
solid-state structures of the double O-capped clusters
22-24 show interesting supramolecular architectures as
a result of halogen bonding (Figure 6).'*'3

Hexanuclear Prismane Cage (Containing
[Sn,(x-0H),] Building Units)

[Sn,(u-OH),] building units are also important in forming
organostannoxanes.'*® For example, the reaction of
(Ph;Sn),0 with RCO,H affords {[Ph,Sn(x-OH)(O,CRy)]}
(Ry = 2,4,6-(CF3)3;CgH,) (25) (Scheme 7).'® Compounds
with analogous [Sn,(u«-OH),| cores are obtained in the
reaction of [t-Bu,SnO]; with carboxylic acids''f!!817
(Scheme 7), as well as in the reactions of [R,SnO],, with
CF;SO5H.'®

In view of the limited structural types formed in the
reaction between [1n-BuSn(O)OH],, and carboxylic acids,*
we probed the reaction of 9-hydroxy-9-fluorenecarboxylic
acid (L?H,). We anticipated that the presence of the
geminal hydroxyl group in L?H,, [C(OH)CO,H], would
provide an additional binding site that would lead to new
product types. This was realized in the isolation of {[n-
BuSn(u-OH) (L?)] :3H,0-2CHCL;} (29) (Scheme 8).'° On the
other hand, the reaction of [n-BuSn(O)OH],, with L?H,, and
4-iodophenol affords {[n-BuSn(u-OH)(L?)]s#6ROH-6H,0-
CHCl;} (ROH = 4-iodophenol) (30) (Scheme 9). The
molecular structures of 29 and 30 are very similar and
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FIGURE 4. C—H- - -0 hydrogen bonding mediated supramolecular assembly in the crystal structure of 7. Reproduced with permission from ref

11b. Copyright 2002 American Chemical Society.
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contain two centrosymmetrically related tri-tin subunits,
which are held together by three [Sn,(u-OH),] units
(Figure 7). Each of the three tin atoms of a subunit
occupies the vertices of an equilateral triangle. Two such

FIGURE 5. Molecular structure of the hexanuclear double 0-capped
cluster 21 (unlabeled atoms are symmetry-related to the labeled
atoms).

equilateral triangles are joined to each other by six x-OH
groups to afford the regular trigonal prism cage structures
of 29 and 30. The role of the ligands (L?) in holding the
six tin atoms is very crucial. The carboxylate part of the
ligand is involved in bridging two adjacent tin atoms, while
the hydroxide part is bonded to one tin. The various Sn-O
distances involved in the cage are very similar (Sn—-OH
2.153(2), Sn-0 2.017(3), Sn-0 2.174(2) A).

The crystal structure of 30 reveals the presence of a three-
dimensional columnar supramolecular structure containing
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FIGURE 6. P-0---Br halogen bonding mediated two-dimensional
supramolecular assembly in the crystal structure of 23 (alternate
rows of bromine-donor and bromine-acceptor clusters). Reproduced
with permission from ref 14. Copyright 2005 American Chemical
Society.

FIGURE 7. The core structure of the prismane cage 29.

C, symmetric voids.' The diameter of these columns is
about 10 A. The interior lining of the column contains
hydrophilic Sn—OH units and carboxylate oxygen atoms and
hydrophobic n-butyl units. Because of the alternation of
hydrophobic and hydrophilic regions, a discrimination of the
guest molecules is achieved based on site-selective entrap-
ment. Thus, chloroform molecules preferentially occupy the
hydrophobic pockets, while phenol molecules bind to the
hydrophilic region (Figure 8).

Dodecanuclear Foothall Cage Containinﬂ_
ing

Sn (54-0)2] and [Sn;(z4-0)(z-0H),] Buil
nits

One of the condensation products of a putative RSn(OH)4
is the dodecanuclear football cage, {[(n-BuSn);,(us-O) 4 (u-
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OH)¢]*"20H }.2° The simplest synthesis of such cages
involves the reaction of [n-BuSn(O)OH],, with an arylsul-
fonic acids (Scheme 10).?! The football structure of the
macrocation in 32 consists of 12 tin atoms, which are
linked by u;-O and u-OH bridges.?! All the n-butyl
substituents attached to the tin atoms point away from
the stannoxane core. Among the 12 tin atoms present in
the molecule, three each are situated at the two poles of
the cage and the remaining six tin atoms occupy the
equator of the cage. The poles consist of trimeric O-
capped subunits, [(7-BuSn)4(us-0) (u-OH),]. Within these
subunits the tin atoms are hexacoordinate and possess
bridging oxo and hydroxo groups. The equator of the cage
is spanned by a hexameric organostannoxane cycle, [(n-
BuSn)¢(u5-0)4,], containing [Sn, (u-0),] building blocks. In
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FIGURE 8. Hydrophobic and hydrophilic pockets in the supramolecular assembly of the compound 30. Reproduced with permission from ref

19. Copyright 2005 American Chemical Society.

Scheme 10
R2
3[R'Sn(O)OH], +
Toluene SOzH
Reflux

this subunit, the tin atoms are five-coordinate and are
nearly square pyramidal. The diameter of the hexameric
cyclic structural unit is 6.366(5) A.

Structural Interrelationship hetween
Organooxotin Cages

All the organooxotin cages discussed in this Account have
an intimate structural interrelationship. We will begin this
discussion by first examining the important bond param-
eters found in these compounds, which are summarized
in Table 1. For comparison, the structural parameters of
a trinuclear O-capped cluster, {[(7-BuSn);(u5-0) (u-OH),-
(0,PPh,);]*[Ph,PO,] },% are also given. The core struc-
tures of monoorganoxotin cages such as the drum, the
double O-capped cluster, and the football cage contain a
us-0, which is formally an oxide (0*) ligand.* The football
cage and the double O-capped cluster also contain u-O
in the form of hydroxide (HO™) or phenoxide (RO")
ligands. Similarly the O-capped cluster contains a u5-O
and a u-OH. In general, the Sn—O bond distances of the
stannoxane cores do not vary much and are comparable
in the various structural forms (Table 1). In the football
cage, O-capped cluster, and double O-capped cluster, the
Sn—(u3-0O) bond distance is found to be shorter than the

corresponding distance involving u-O (Table 1). The
Sn-Ogyo-cage distance in all the cases is similar to the
Sn—(u-0) cuge distance. The overall size of the drum (1.4 x
1.8 x 1.8 nm?), the football cage (1.8 x 1.8 x 1.8 nm?),
the double O-capped cluster (1.6 x 1.7 x 1.8 nm?®), and
the tetranuclear cage (1.3 x 1.5 x 1.8 nm® clearly
indicates that these structural forms are nanodimen-
sional.®

It is interesting to examine the formation of these cages
from a structural point of view. Thus, the drums can be
structurally assembled in at least five ways (Chart 4). Four
of these involve the fusion of (a) two [Sn,(u-0),] four-
membered rings with two Sn—O units, (b) three [Sn,(«-0),]
four-membered rings, (c) two six-membered [Sns(u-0)]
rings, and (d) two O-capped clusters, [Sng(us-O) (u-OH);],
in a face-to-face manner. The fifth possibility is the folding
of an open-chain hexanuclear ladder into a closed drum
form. Two of these possibilities, the conversion of the
open-chain ladder or the O-capped clusters into the drum,
have been experimentally realized.* The football cage can
be structurally assembled by coupling three [Sn,(«-0),]
four-membered rings with two O-capped clusters (Chart
5). The double O-capped cluster can be formed by
combining two O-capped clusters in a back-to-back
manner with the assistance of four tridentate phosphonate
ligands (Chart 5).'*'* The tetranuclear cage is formed by
the combination of two [Sn,(u-O)] units with eight
[RP(OH)O,] ligands (Chart 5).”8

The intricate structural relationship between the drum,
the football cage, and the double O-capped cluster
becomes evident when one considers the following. As
mentioned above, one of the ways of achieving the drum
is by a face-to-face combination of two O-capped clusters,
[Sn;(us-0) (u-OH),] (Chart 4). If the two O-capped cluster
cores are allowed to join back-to-back by the intervention
of bridging [HPO,]?" ligands, the double O-capped cluster
is obtained. If, instead of [HPO,]*>" ligands, the two
O-capped cluster cores are joined back-to-back by a
central belt of SngO,,, the football cage is formed (Chart
5).1%14 Thus, it is clear that the football cage consisting of
two poles (O-capped cluster) and an equator (SngO,,) is
structurally very similar to the double O-capped clusters.
This relationship is further emphasized by the bond
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Table 1. Average Bond Parameters for Various Nanodimensional Organostannoxane Compounds

Sn—(u5-0)

Sn—(u-OR) Sn—-0(X) P--P* (u3-0)+:+(uz-0)

compound structure (A) @A) (A) A) A) ref

{[(n-BuSn)5(us-O)(u-OH); - O-capped cluster 2.075(5) 2.128(6), R=H 2.122(6),X=P 22
(O5PPhy),] " [Ph,PO,] 7}
{[(n-BuSn)3(us-0)(u-OPh); - double O-capped cluster 2.072(2) 2.172(2), R = Ph 2.072(2), X =P 6.337(1) 3.778(4) 13
(HPOy),l5} (21)
{[(n-BuSn);5(15-0)14(u-OH)g|** football cage® 2.087(4) 2.110(5),R=H 6.366(5)°  3.955(5) 21
2(2,5-Me,CsH;S0,7)} (32)

2.117(4)°

2.059(4)°
[n-BuSn(0)0,CC;H, FeC;H;ls (6)  drum 2.087(6) 2.166(6), X = C 1la
{[((BnSn),(u-O)][O,P(OH)-¢-Bul }, (2) tetranuclear cage 2.117(2),R=0 2.079(2), X =P 6.311(2) 3.601(3Y 6

« Average distance between the diametrically opposite phosphorus atoms present in the equator. ¢ Two crystallographically independent
molecules are present. Bond parameters of only one molecule are given here. < Pole tin atoms bonded with u3-oxygens, which are part of
the equator. ¢ Equator tin atoms bonded with us-oxygens, which are part of the equator. ¢ Average distance between the diametrically
opposite tin atoms present in the equator. / Distance between the diametrically opposite u-O atoms present in the poles.

Chart 4. Structural Assembly of the Sng0; Core of the Drum
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parameters found in these systems. The interpole distance
of (u3-0): « «(u5-0) in 32 is 3.955(5) A. In compounds 21-24,
this ranges from 3.778(4) to 3.825(9) A. Similarly the
distances between the diametrically opposite phosphorus
atoms in 21-24 range from 6.274(5) to 6.337(1) A. This is
also comparable to the distance of diametrically opposite
tin atoms in the central Sngz0O,, belt (equator) of the
football cage 32 (6.366(5) A) (Table 1). Although structur-
ally distant, the internal geometric parameters of the
tetranuclear cage are similar to those of the football cage
and the double O-capped cluster. Thus, the interpole (u-
0)- - «(u-0) distance in the former is 3.601(3) A, while the
distance between the diagonally opposite phosphorus
atoms of the central core is 6.311(2) A.

Solventless Synthesis

In addition to conventional synthetic procedures, re-
cently, we have found that many different types of
organotin compounds can be readily synthesized by a
solid-state reaction, which involves grinding the reac-
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tants together at ambient temperature. A variety of
products can be prepared by this protocol with yields
in excess of 90% (Scheme 11).!''¢ In many cases, the
progress of the reaction can be monitored by NMR. An
interesting feature of this solid-state reaction is that
during no stage of the reaction was a visible melt
observed. It is believed that mechanical grinding pro-
vides sufficient contact between reactants to allow the
reaction to occur. We were able to show by powder
X-ray diffraction that crystallinity is maintained through-
out the progress of the reaction.''®

Applications

The current state-of-the-art in the synthesis of organo-
stannoxanes allows the assembly of any specific stannox-
ane cage or cluster exclusively. By a proper choice of the
supporting ligands, it is possible to prepare dendrimer-
like molecules containing a stannoxane core and a func-
tional periphery. This strategy is detailed in the following
sections.
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Chart 5. Structural Assemhly of the Various Stannoxane Cores
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Multi-photoactive Assemblies

Interest in photoactive compounds in new applications
such as OLEDs, white-light emitters and in other opto-

Scheme 11. Solventless Synthesis of Various Organostannoxanes

O-capped Cluster

. . . . . Hydrated Catit
electronic applications** has spurred our interest in at- Cube, Vel Y Calicos
. . . . . PhyPO2H

tempting to synthesize multi-photoactive assemblies sup- Ehe
ported on stannoxa}ne cores. By chposmg common ﬂuqr— PhyPOH S BE
phores and by varying the organotin precursor we readily _
assembled a variety of photoactive compounds (Scheme e
12, Table 2).''8 The absorption spectra of these com-

) ) p p FcCO,H / Organotin %{ 2,4,6-Me3CeH2COoH Coordination

pounds are characterized by strong ligand centered 7—z*
transitions. Their molar extinction coefficients show a
strong dependence on the number of chromophores
(Table 2). These compounds emit quite strongly when

Drum

| Precursor 2,5-Me,CgHsSO3H Polymers

t-BuPO3H
excited at their respective maximum absorption wave-
lengths. Thin-film photolqmmesce_ncg of these corr.lpounds PhaPOH
shows broad and red-shifted emission bands (Figure 9). e Ladder

This is due to the strong intermolecular interactions that
occur between the chromophores in the solid-state (crystal
structures of 27, 28, 33-35, and 37 show rich supramo-
lecular architectures due to the presence of intermolecular
noncovalent interactions).''® The largest red shifts are
seen for compounds containing six fluorenyl substituents.

Extended
Tetranuclear Cage

It is noted that such broad features in the emission are of
interest in white-light-emitting applications.>*
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Scheme 12. Synthesis of Multi-photoactive Assemblies Supported on Stannoxane Cores
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Multiferrocene Assembhlies

There is considerable interest in the assembly of multi-
metallocene assemblies in general and multiferrocene
compounds in particular. This is because of the potential
applications of such compounds as electron reservoirs,
electron-transfer mediators, electrode modification ma-
terials, ion sensors, etc.”® In general, the synthetic pro-
cedures for the preparation of these compounds involve
multistep protocols and the yields of the final product are
generally modest. The stannoxane synthesis route allows
assembly of multiferrocene compounds in a single step
with high yields. In addition, the stannoxane cores are
reasonably robust and do not interfere with the redox
properties of the ferrocene groups. Further, the number

1600000 — —— 33 in solution

| —+— 33 in solid state
1400000

1200000
*= 1000000
800000

600000

400000

Intensity (arbitrary units)

200000

. v . 7
300 375 450 525 600
A/ nm

FIGURE 9. Solution and solid-state emission spectra of the tetrafluo-
rene ladder 33. Inset contains the molecular structure of 33.
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Stannoxane
Support

and orientation of the ferrocene ligands in the periphery
can be easily modulated.'”

Accordingly, compounds containing two, four, and six
ferrocene derivatives were readily synthesized in nearly
quantitative yields in one-step reaction protocols (Table
3).11a11b.17 A single quasi-reversible oxidation peak in their
cyclic voltamogram (CV) characterizes the electrochemical
behavior of these compounds (Table 3, Figure 10). The
oxidation peak potentials are invariant and do not seem
to be dependent on the stannoxane assembly or the
number of the ferrocene units. Further, compounds 6, 7,
26, and 40, which contain the [Sn,(u-0),] units, do not
show electrochemical decomposition in solution even
after many continuous CV cycles testifying to the elec-
trochemical stability of these assemblies.

The tendency to form supramolecular structures pro-
vides a basic route to self-assemble the stannoxane-
supported ferrocene assemblies on predefined solid sur-
faces. The wetting behavior and electronic structure of 6
and 7 on a solid silicon surface has been recently dem-
onstrated.?®

Multiporphyrin Compounds

Multiporphyrin arrays are of considerable interest as
optoelectronic devices and in applications involving har-
vesting of light.*” On the other hand, porphyrins are
excellent ligands and the assembly of multiporphyrin
assemblies allows the construction of multimetal com-
pounds, which can be of interest in various catalytic
applications. After ascertaining from quantum mechanical
calculations that the hexameric stannoxane core (SngOg)
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Table 2. Photoluminescence Properties of Various Multi-photoactive Organostannoxane Compounds

11g

solution-state solid-state
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38

can support six porphyrin peripheral units (Figure 11), the
synthesis of 18 was accomplished in nearly quantitative
yields (Scheme 5).''9 The hexa-metallated copper deriva-
tive 19 was shown to be a potent nuclease.''® Rapid DNA
cleavage was achieved by 19 even in the absence of a co-
oxidant. Further, 19 was found to be totally inactive
towards protein cleavage, indicating the possibility of
utilizing 19 for the selective removal of nucleic acid
contaminants from cell extracts.

Summary and Outlook

From the foregoing discussion on organooxotin cages, it
is clear that these compounds are extremely interesting
and possess diverse and varied structures. The preparation
of organooxotin compounds is achieved by conventional
procedures as well as by solventless methods. Organo-

stannoxane assemblies are quite adaptable in assuming
various structural forms. However, despite their apparent
dissimilarities, many organooxotin cages are structurally
related to each other not only in their gross metrical
parameters but also in the form of common building
blocks. In most cases, the core structure of the orga-
nooxotin cage/cluster is supported by the additional
coordination action of bridging multidentate oxygen-
containing ligands such as carboxylates, phosphinates, or
phosphonates. Because of their structural plasticity, changes
in the ligand structure (nature and number of coordina-
tion sites) has a profound influence on the eventual
structural form of the organooxotin assembly. There is,
therefore, considerable opportunity to design and use new
multidentate ligands to assist the formation of novel
organooxotin cages and clusters.
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11a,11b,17

reactants®

ratio products

By (V)

AE, (mV)

[n-BuSn(O)OH],, + R-CO,H

[Ph,SnO], + FeCO,H

[n-Bu,SnO],, + Fe-COH

[t-Bu,SnOl, + Fe-CO,H

[Ph,Sn],0 + Fc-CO,H

[n-BugSnl,0 + Fe-COH

6:6 |

R
R=Fc- (6)
R=FcCH,- (7)

e Ph

P /
O
N\,

S

Ph

FCscfo/\\ n/O n/O\
O 7 \\~A-C~
/ \O\ P \ o~ “~Fc
Ph \F
[o]

39
Fq nBy
C~o
\S
n—-=aQ
n- Bu\sn_o/ \O 5
\ =——Sh—n-Bu
/ \O—S 7 \ \n—Bu
O\C \ o
| 0~c
Fe n-Bu n-By

1:1or 1:2

n-Bu Fc
|
C\o

n-Bu

1:1

Fc

1:2

1:3

1:6

1:2

1:2

+0.72
+0.50

+0.69

+0.73

+0.70

+0.69

+0.65, +0.74

+0.66

+0.57

128
240

105

184

158

246

105, 92

106

112

«Fc = ferrocenyl, [(C;H;)Fe(C;H,)-].

The utility of organostannoxane synthesis in forming
dendrimer-like structures containing a central stannoxane
core and a functional periphery has been demonstrated.
We are confident that this aspect of organooxotin chem-
istry will receive much more attention in the future.>>=22
In addition, there have not been many reports thus far

432 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 6, 2007

about using organotin building blocks in building three-
dimensional structures for assembling porous hybrid
materials.

As mentioned above, most of the organooxotin as-
semblies are prepared using organotin hydroxides and
oxides as starting materials. Many of these starting materials
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FIGURE 10. Cyclic voltammogram (CV) for the hexaferrocenyl drum
6.

FIGURE 11. PM3-optimized geometry of the model compound
[MeSn(0)0,CCqH,-4-PH,]s (PH, = 5-21,23H-porphyrin). Reproduced
with permission from ref 11d. Copyright 2005 American Chemical
Society.

are not fully structurally characterized, and there is consider-
able scope in unraveling their mystery. There is no example
of RSn(OH); known thus far. The interesting chemistry
arising from RSi(OH)3, as well as other main-group hydrox-
ides such as LAI(OH), or LAI(OH)(Me) (LH = [(2,6-i-Pr,-
CgH5) {NC(Me)}],CH),?? warrant that serious efforts should
be made to isolate this missing organotin congener. Avail-
ability of such precursors would pave the way for assembling
novel heterometallic assemblies with interesting molecular
structures and chemical reactivity.

We are thankful to the Department of Science and Technology
and the Council of Scientific and Industrial Research, New
Delhi, India, for supporting our research endeavor over a long
period. V.C. is indebted to his co-workers, whose names are cited
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ABSTRACT

The development of a novel, chemoselective, and catalytic depro-
tection methodology that proceeds under mild and neutral condi-
tions is described, and its mechanism of action is analyzed in some
detail. The scope, limitations, and advantages of this protocol are
discussed. Selected applications in synthesis are also highlighted.

interesting synthetic targets could not be attained, either
because the protective groups that were employed stub-
bornly resisted cleavage or because the deprotection
conditions that were required were too harsh for ad-
vanced, sensitive synthetic intermediates. As a response
to these unfortunate predicaments, a number of new
methods for the cleavage of commonly employed protec-
tive groups appear regularly.” This Account describes the
genesis and development of a general and selective
deprotection methodology mediated by cerium(IV) am-
monium nitrate (CAN). In addition, selected applications
of this procedure in diverse synthetic contexts, by us and
by others, are also discussed.

Initial Observations and Discovery of the
Stoichiometric Procedure

Within the frame of a research program aimed at the
efficient preparation of functionalized, medium-sized
carbocycles,® we became interested in the fragmentation
reactions of bicycle 1. In particular, we were intrigued by

Introduction

In the art of multistep total synthesis of natural products,
protection and deprotection sequences are often unavoid-
able.! Examples abound in the chemical literature, where
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Table 1. Deprotection of Ketal 4
OH

)
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H
Conditions <il-p OI';
o
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product
entry conditions (yield)

1 PTSA (0.1 equiv), acetone, room temperature 6 (95%)
2 PdCl,(MeCN), (0.04 equiv), acetone, reflux 6 (95%)
3 CAN (2.5 equiv), MeCN/H,,0 (1:2), 70 °C 5 (53%)

an oxidative cleavage reaction previously reported by
Trahanovski that employed cerium(IV) ammonium nitrate
(CAN).*

In the event, upon addition of 2.5 equiv of CAN to a
water/acetonitrile solution of the 5-hydroxy ketal 1, at 70
°C, a dark red color immediately appeared and then
vanished within 2 min. At this point, TLC analysis indi-
cated complete conversion of the starting material (1) to
a single new compound. Astonishingly, this product
proved to be the keto alcohol 3 and not the expected
medium ring system 2 (Figure 1).

While CAN was already a well-known reagent for the
oxidative deprotection of S,S- and O,S-acetals and ketals,”
the oxidative cleavage of tert-butyldimethylsilyl ethers®
and the removal of tert-Boc groups,” to the best of our
knowledge, it had not been used to unmask acetals and
ketals. The surprisingly rapid and efficient deprotection
of ketal 1 prompted us to investigate in greater detail the
scope and limitations of this novel reaction.

The potential of this hitherto unknown procedure
became apparent when deprotection of hydrindane 4
was attempted (Table 1). Indeed, upon exposure to
acidic conditions, rapid and quantitative formation of
enone 6 could be ascertained (Table 1, entry 1). Similar
results were obtained when catalytic amounts of a Pd(II)
complex were used (Table 1, entry 2).8 In stark contrast,
the sensitive S-keto alcohol 5 was smoothly formed,
albeit in modest yield, under the conditions described
above. Furthermore, it is noteworthy that no epimer-
ization of cis-4 or cis-5 took place under these condi-
tions to afford the trans isomer.

These results further stimulated us to examine the
efficiency of this protocol on a range of substrates bearing
different functional groups. Selected results, obtained in
deprotection reactions mediated by 2.5 equiv of CAN, are
listed in Table 2.°

Several interesting trends emerge from these experi-
ments. On one hand, the previous observations on hy-
drindane 4 can be extended to analogous substrates. Once
more, no dehydration or epimerization is detected (Table
2, entries 1-3). Furthermore, the procedure tolerates the
presence of a terminal alkene, a ketone, or an enone in
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Table 2. CAN-Mediated Deprotection of Ketals and

Acetals®
R1 O CAN (2.5 eq. R
(2.5eq.) o
R: O H,O/MeCN (2/1),70°C R
entry substrate product yield (%) time (min)
OH OH
1 96 2
o
7 8
: oH { oM
2 @:P 79 >2
0"
/ o
9 10
OH OH
3 77 3
6' P 5' 0
11 12
(o]
0/_\0
0 o]
13 14
o]
5 °’<:><oj °=<:>=° 71 >3
15 16
o]
5 s K mo{ )0 >2
17 18
Q 0 Q
D >§,j = e 4
19

QN

=]
o]

9]

>84
21 22
F1C F3;C
0
9 cBzN X :> cszN>\:>=o 801° >ND®
24
F4C,
o
N 0
10 F3C 7510 30
26
0
1 cgnw)k 83 4
28
o)
12 ph/\)j\H 70 5
30
13 ] t'B"_<:>=° 71 5
32
o)
14 t'B"‘O%> t'B"_O:" 65 5
31a 32

« All yields refer to pure, isolated products. * Not determined.

the same molecule (Table 2, entries 3-5), as well as benzyl
ethers or protected amide functionalities (Table 2, entries
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FIGURE 2. Initial mechanistic rationale for the deprotection of 33
with 2.5 equiv of CAN.
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7,9, and 10).'° Moreover, ketals and acetals derived from
acyclic carbonyl compounds are also unraveled smoothly.

Finally, the ketal tether length does not appear to be
an important factor for the efficiency of this deprotection
procedure, since both 1,2-dioxolanes and 1,3-dioxanes are
cleanly excised (Table 2, entries 11-14). It should be
emphasized that, in each case, the reactions reached
completion within a few minutes, in stark contrast to the
classical acid-catalyzed protocols that often require lengthy
periods of time.

At this stage, the sequence of events depicted in Figure
2 became our working mechanistic hypothesis for the
conversion of ketal 33 to ketone 37 upon treament with
2.5 equiv of CAN. On the basis of the well-known ability
of CAN to function as a single-electron oxidant,'' it
appeared reasonable to consider radical cation 34 and
oxocarbenium ion 35 as key intermediates. If this was
indeed the case, then a catalytic version of our procedure,
hinging upon the well-documented use of co-oxidants in
conjunction with CAN, could be within reach.

Toward a Catalytic Procedure

From the wealth of co-oxidants known to efficiently
promote the use of catalytic amounts of Ce(IV) complexes,
NaBrOj; retained our attention. In preliminary studies, 3
mol % CAN and 3 equiv of NaBrO; were added to an
acetonitrile solution of ketal 4 (Figure 3). To prevent
dehydration of the tertiary alcohol 5, the reaction mixture
was buffered using a borate buffer'? at pH 8 (pHopution ~
2.5). Gratifyingly, the reaction proceeded smoothly to
afford ketone 5 in 90% yield.

Particularly striking was the yield increase (ca. 40%)
compared to our previous experiments using stoichio-
metric amounts of CAN (cf. Table 1), suggesting that this
catalytic version was somewhat milder in nature. Selected
crucial experiments that eventually confirmed this as-
sumption are summarized in Table 3. A diastereomerically
enriched mixture of ketals 38 (98:2 trans:cis ratio) was
subjected to both the stoichiometric and the catalytic
protocols. Though in each case the isolated yields of the
unmasked ketones 39 were very high, the diastereomeric
purity of the products clearly depended upon the condi-

o CAN (0.03 eq.), 70°C, OH
MeCN/borate buffer (1/1)
oo 93 %
4 J ? 5 O
FIGURE 4

Table 3. Deprotection of Epimerizable Ketal 38

ate

\\\‘$
o]

/ Conditions
38 (98:2)_\\ @\
yield diastereomeric
entry conditions (%) ratio (%)
1  CAN (2.5 equiv), MeCN/H,O (1:2) 99 80:20
2 CAN (0.03 equiv), NaBrO, 96 98:2

(1.5 equiv), MeCN/borate
buffer (pH 8) (1:1)

Table 4. Production of Glycol from the
CAN-Mediated Deprotection of Dioxolane 40

CeH
o) sH13
m :r Conditions > < > o Hoj/CsHm
° HO
40 32 a1

entry conditions 32 41
1 CAN (2.5 equiv), MeCN/H,,0 (1:2), 70 °C  100% ND*
2 CAN (0.03 equiv), NaBrO; (1.5 equiv), 95% 97%

60 °C, MeCN/borate buffer (pH 8) (1:1)
«Not detected.

tions that were employed. Thus, no erosion of stereo-
chemical information was observed when the aforemen-
tioned catalytic procedure was used, as opposed to its
stoichiometric counterpart.

Subsequent studies aimed at fully grasping the scope
and limitations of the deprotection mediated by the CAN/
NaBrO; couple unveiled what would become a key ele-
ment in the development of this methodology: the pres-
ence of significant amounts of glycols that could be
observed in the reaction mixture (Table 4). With the
intention of verifying these observations, the deprotection
of ketal 40 was performed in the presence of a catalytic
amount of CAN. The isolation of the diol 41 in quantitative
yields implied that CAN was not acting as an oxidant but
rather as a Lewis acid (Table 4, entry 2). Furthermore,
when the same reaction was carried out with 2.5 equiv of
the cerium complex, 1,2-octanediol 41 was never observed
(Table 4, entry 1). These experiments clearly suggest that
the mechanism for dioxolane cleavage with catalytic
amounts of CAN, in buffered acetonitrile, does not involve
oxidative cleavage.

Consequently, the adjunction of a stoichiometric co-
oxidant should not be necessary to effect full deprotection!

These surprising but coherent observations prompted
us to revisit the deprotection of 4 in the absence of NaBrO4
(Figure 4). Remarkably, 0.03 equiv of CAN in the presence
of a borate buffer and without co-oxidant smoothly
excised the dioxolane moiety of the hydrindane 4. A truly
catalytic deprotection protocol had been uncovered.'
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Table 5. CAN-Catalyzed Deprotection of Ketals and

Acetals
0/_\O CAN (0.03 eq.), 70°C, 0
R1><R2 MeCN/borate buffer (1/1) R” R,
entry substrate product yield (%)
OH OH
! o; ;o 99
./ o
92 43
o]
2 HO o] H°‘<:>=° 92
44 45
Q 0
3 T o i 86
46 47
0/_\0 [o]
4 CoHe® CoHyg 95
27 28
[\ (o}
0_0
5 é%lo @0 9
13 14
0_> H
0 o o} o}
6 95
48 49

After some optimization, conditions that proved to be
quite efficient were found, and a large variety of ketals
and acetals could be easily deprotected using only a
catalytic amount of CAN, in buffered acetonitrile (Table
5). Due to the mild conditions involved, this method is
compatible with a wide range of functionalities, including
free secondary or tertiary alcohols (Table 5, entries 1 and
2). It is interesting to note that unprotected alcohols are
neither oxidized nor eliminated. It is also noteworthy that
aldehydes can be easily unveiled from the corresponding
acetals, without overoxidation to the carboxylic acid by
the cerium(IV) catalyst (Table 5, entry 6). The contrast with
“classical” acidic conditions is apparent from the depro-
tection of 46, a compound which is otherwise prone to
retro aldol fragmentation. Finally, a distinctive feature of
this operationally simple protocol is its high chemoselec-
tivity, as most reactions deliver analytically pure products
after a mere aqueous workup.

Mechanistic Studies

Although the mechanistic hypothesis put forward in
Figure 2 had seemed plausible at that time, the develop-
ment of the catalytic version of this deprotection proce-
dure casts serious doubts on the true role of Ce(IV)
throughout the reaction. We thus sought additional
insights into the oxidation states experienced by the metal
center during the reaction. The deprotection of model
substrate 31 was thus monitored using cyclic voltamper-
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ometry (Figure 5). At the onset, an acetonitrile/borate
buffer solution was prepared as a blank and the spectrum
was recorded (Figure 5, curve a). Then, CAN was added,
and the spectrum, displaying the cerium(IV) reduction and
oxidation potentials, was recorded again. Under these
conditions, and using a sweep rate of 100 mV/s, reduction
to the Ce(III) state occurs at a potential of —485.7 mV and
reoxidation takes place at —357.2 mV versus SCE (Figure
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5, curve b). Importantly, the shape of the curve as well as
the position of the oxidation and reduction peaks re-
mained unaltered after the addition of ketal 31 during the
course of the reaction and at the end of the deprotection
(Figure 5, curve c). The only species detected throughout
the reaction was Ce(IV), clearly demonstrating that CAN
does not act as a redox catalyst.

To discriminate between possible Bronsted and Lewis
acid catalysis, we performed a series of experiments under
various pH conditions. While it is difficult to determine
precisely the pH of an organic/water mixture, it appears
that a solution of CAN (3 mol %) in MeCN and H,O (1:1)
is rather acidic (pH ~1.8). Nevertheless, several experi-
ments have already hinted at the absence of Bronsted acid
participation, including the absence of epimerization in
the deprotection of substrate 38 (Table 3), which is
particularly rapid under acid-catalyzed conditions, and the
lack of fragmentation during the generation of spirodi-
ketone 47, a process that occurs readily in the presence
of various acids.

Notwithstanding these observations, buffered solutions
of nitric acid and CAN were prepared (pH 1.8-4.4), and
the deprotection of model ketal 50 was performed at
different pH values and monitored by gas chromatography
(Figure 6).

While at low pH, the rates of deprotection proved to
be nearly identical between HNO; and CAN, interesting
results were obtained with pyridine-buffered solutions.
Reaction of 50 with CAN (buffered at pH 4.4 with pyridine)
led to almost complete formation of ketone 51 within 1 h
and quantitative unveiling after 3 h. In contrast, less than
20% of 51 was produced when a pyridine/HNO; solution
(pH 4.4) was employed.

Importantly, a literature survey revealed that lanthanide
cations are particularly efficient in the hydrolysis of
phosphodiesters,'* and among them, cerium(IV) is the
most active species, as documented by Moss and co-
workers.'®> This cation-mediated hydrolysis has been
investigated in detail, and it has been concluded that
cerium(IV) acts as a dimeric Lewis acid in solution. Our
own investigations, coupled with this literature precedent,
strongly suggest that the cerium(IV) salts present in
solution are the active catalytic species in this unique, mild
deprotection methodology.

Taking into account the importance of the nitrate
counteranion,'® we propose the mechanistic scenario
depicted in Figure 7. Coordination of the Lewis acidic
Ce(V) to one of the oxygen atoms of the ketal 31
presumably triggers intramolecular delivery of nitrate with
concomitant ring opening to hemiacetal 52. Elimination
to form a carbonyl group then releases Ce(IV) in solution
as well as nitrate monoester 53. It has been shown that

hydrolysis of such alkyl nitrates is fast in aqueous basic
media,’” and this presumably regenerates a cerium(IV)
nitrate, which re-enters the cycle. This mechanism nicely
accommodates the absence of epimerization that is
observed in the case of substituted ketones (Table 3), since
no oxonium intermediates are involved. It also provides
a rationale for the drop in the deprotection rate as the
steric hindrance around the ketal oxygens increases, since
both Ce(IV) coordination and nitrate delivery are likely
to be slower.

Selectivity in Dioxolane/Dioxane Deprotection

Given the efficiency observed in the deprotections men-
tioned above, it is important to outline the range of cyclic
ketals that are amenable to unraveling by CAN. Relevant
results are compiled in Figure 8.° Both simple and 3,3-
disubstituted dioxanes can be smoothly deprotected under
this protocol. Monosubstituted dioxolanes behave like-
wise. However, pinacol-derived substrate 57 remained
completely inert to the reaction conditions. This observa-
tion bears some interesting consequences. On the one
hand, it suggests that the cerium catalyst is highly sensitive
to steric hindrance in the ketal protecting group and/or
in its vicinity (vide infra). On the other hand, the fact that
acidic treatment of 57 readily affords ferz-butylcyclohex-
anone in high yields lends further credence to the
noninvolvement of an acid-catalyzed manifold in the
CAN-catalyzed procedure.

The mild conditions of the CAN-catalyzed protocol
have already proved useful in some synthetic ventures.
In a catalytic enantioselective synthesis of (-)-prostaglan-
din E; methyl ester 59, Feringa and co-workers prepared
enantiopure ketal 58 via a five-step sequence involving a
stereoselective conjugate addition-electrophilic capture
reaction (Figure 9).'® The final step in their synthetic
pathway, the chemoselective deprotection of the ketone
functionality, revealed a particularly labile g-hydroxy-
ketone. In the event, the CAN-catalyzed procedure proved
to be up to the task, delivering 59 in 45% yield. Despite
the moderate yield, this is still a remarkable result in that
no elimination or epimerization of the rather sensitive
product occurs.

The CAN-catalyzed deprotection of ketals also proved
its effectiveness in a supramolecular context (Figure 10).
Fréchet and co-workers were interested in the preparation
of self-assembled dendritic “bow ties”.!? In one of the
pivotal steps of this sequence, tetraisopropylidene ketal
60 was fully deprotected using 0.16 equiv of CAN, afford-
ing polyol 61 in 85% isolated yield. This spectacular
deprotection set the stage for a key esterification which
led to the coveted dendrimer.
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The two results described above also highlight the
modular nature of this deprotection. Indeed, in the case
of slightly hindered or recalcitrant acetals, sluggish reac-
tions may sometimes be observed using the conventional
protocol. In such situations, the amount of CAN employed
can be increased to enhance the rate and yield of the
deprotection.

Mazitschek and Giannis focused on the preparation
and biological evaluation of novel fumagillin and ovalicin
analogues as potential candidates for the interruption of
tumor-induced angiogenesis, the formation of new blood
vessels (Figure 11).2° At the midpoint of their synthetic
plan, removal of dioxolane 63 was required. The authors
were surprised to find that this ketal protecting group was
exceptionally stable, and all standard methods employed
for its unraveling resulted in either decomposition or
recovery of the starting material. Such a resilient behavior
is probably due to the particular concatenation of func-
tional and/or protecting groups present in 63.

Once again, CAN was the single method among those
tested that enabled the deprotection to take place, smoothly
yielding ketone 64 in nearly quantitative yield (only the
overall yields for the two-step sequence are given; no
details concerning the amount of CAN are provided). The
authors stated that “an additional advantage of this
procedure with regard to the adjacent stereogenic center
is the fact that the deprotection can be carried out under
neutral conditions”. Indeed, sensitive stereogenic centers,
formed before the removal of ketal, are preserved through-
out the deprotection sequence.
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Cossy and co-workers studied the potential of radicals
generated by irradiation of alkyl halides in the presence
of triethylamine.? These radicals underwent smooth
addition to neighboring double and triple bonds, yielding
interesting bicyclic structures. The authors then applied
this reaction to a formal synthesis of (+)-bisabolangelone
(Figure 12). Their elegant synthetic plan, leading to the
known intermediate 68, featured a fully diastereoselective
cyclization of bromide 65 and a sequential aldol reaction-
—dehydration sequence to introduce the side chain diene.
The final step was the cleavage of the dioxolane in
compound 67. This transformation was achieved by using
0.03 equiv of CAN in buffered acetonitrile, at 60 °C,
overnight. The desired ketone 68 was obtained in 60%
yield without affecting the diene or the TES-protected
alcohol.

One of the most interesting features of the CAN-
catalyzed procedure is the ease and reliability of its scale-
up. Indeed, Metzner, Briere, and co-workers required
access to bulk quantities of tetraol 70 as starting material
for their synthesis of conformationally locked sulfides 71
and 72 (Figure 13).% These scaffolds are particularly useful
catalysts for the enantioselective epoxidation of aldehydes
via the corresponding sulfonium ylide derivatives.

Their sequence started with the readily available tris-
acetonide of pD-mannitol. In their hands, the previously
described deprotection protocol, using acetic acid, proved
to be erratic. However, the use of catalytic amounts of
CAN in aqueous acetonitrile reproducibly afforded the
desired monoacetonide 70 in 98% crude yield. As observed
before, no additional purification was required and the
reaction could be performed on an up to 15 g scale.

Selectivity in the Deprotection of Glycosidic
Acetals

The smooth conditions involved in the aforementioned
CAN-catalyzed deprotections stimulated us to survey the
applicability of the process to sugars, the chemistry of
glycosides being a domain in which the manipulation of
protecting groups is of paramount importance. Our initial
essays focused on 1,2-5,6-di-O-isopropylidene-o-D-glu-
cofuranose 73 which contains two acetonide functional-
ities: one located on the side chain and the other directly
connected to the anomeric position (Figure 14). Gratify-
ingly, regioselective excision occured at the 5,6-O-isopro-
pylidene position while the anomeric protection remained
untouched. As we had observed in many of our previous
studies, the triol 74 is obtained in analytically pure form
and with an excellent yield, after a simple aqueous
workup. Furthermore, when the mixture was heated to
45 °C, the deprotection rate is enhanced without any effect
on the regioselectivity or the efficiency.

This deprotection is also efficient in the presence of a
benzyl group, smoothly yielding 1,2-O-isopropylidene
3-benzyl-a-p-glucofuranose 76 at 45 °C (Figure 15).

The same efficiency could be observed when the
unmasking of 1,2-3,5-di- O-isopropylidene-a-p-xylofura-





Deprotections Catalyzed by Cerium(lV) Ammonium Nitrate Maulide et al.

M

R R R
0.0 = 00 = H
o CH,N, , BF3.0Et, ijﬁoan CAN, MeCN/water _ 7 oBn
~ II,OH _780c v ‘I,OMe 65°C - 'I,OMe
0Bz 0Bz 94 - 95% overall OBz
62 63 64
FIGURE 11
hv, 254 nm 0/_\0
ller MeCN, Et:N é\ij\
T ew o
66 67
CAN (3mol%)
60% L MeCN/buffer (1:1)
previous work
bisabolangelone
FIGURE 12
cg)\
/ w S
OH Acetone OH - A
. CAN (3mol%)
HO. oy HY (cat) >() MeCNIHZO (1:1) >(3
OH
Wt NOH T s O, 98% ~OH ¢
OH >< OH \ q 9
D-mannitol 70 ,Z_)
s ‘y
72
FIGURE 13
><o HO CAN (1mol%), Ho
o o CAN (3mol%) o o /[/0 r.t., 24h, 1g Scale
H rt. 24h /45°C, 2h H ~f%—— or HO.
Q o 0, 0.
Oﬁ” >98% o o CAN (3mol%), rt. vﬁ/
74 24 h, 66g Scale
77 78
FIGURE 14 >98%
><o Ho FIGURE 16
CAN (3mol%
Bo o 455(:, 2h ) Ho | o HO MsO
n Bn ><° CAN (3mol%) Ho | o. mso~] o
o 84% o 45°C, 2h
° 82% o g‘/
75 76 ° o~ T081
80
FIGURE 15

nose 77 was performed (Figure 16). Because the 3,5-diol
protection is known to display low stability, as little as 1
mol % CAN was enough to ensure a complete reaction.
When the reaction was performed on a large scale, better
results were obtained using the traditional protocol (3 mol
% catalyst). The reliability of this reaction, even on a >50
g scale, is yet another invaluable asset of this procedure.

A C; exo-methylene functionality is also compatible
with the CAN-mediated deprotection protocol (Figure 17).
The unstable diol 80 is obtained in 82% yield, once more
without affecting the acetonide at the anomeric position.
To verify this result, the diol was mesylated directly in the

1. CAN (3mol%), 45°C, 2h; 2. Pyridine, MsCl 73% overall
FIGURE 17

crude mixture, providing bis-mesylate 81 in an overall
yield of 73%. No isomerization of the exocyclic double
bond could be detected under these conditions.

Finally, during a program devoted to the synthesis of
fluorine-modified nucleotides, the 3-deoxy-3-difluoro-
methylene glycoside 84 was required. Its preparation
through direct deprotection of 82 was envisaged. The
deprotection product 83 proved to be extremely labile,
and none of the acidic conditions employed for the
cleavage of the side chain acetonide moiety of 82 proved
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Table 6. Deprotection of THF and THP Ethers with
CAN“

CAN (0.03 eq.), 20-60°C R¢

R1
y )\0 Q ), __Borate buffer/MeCN Rs )\OH

(hn=1,2)

entry substrate product yield (%)
/W\OTHP /V\/\OH
1 94
85 86
Ph” NOTHP Ph” NOH
2 87
87 88
Ph” OTHF Ph” NOH
3 91
89 90
4 CIV\/\OTHP c'\/\/\OH 86
91 92
D\/OTHP D\/OH
5 S S 91
93 94
COOMe COOMe
s Gow Can "
95 96

« All yields are for pure, isolated products.

Table 7. CAN-Catalyzed Deprotection of Acid-Labile
Substrates

CAN (0.03 eq.), 20-60°C Ry
Borate buffer/MeCN

Ry
Rz/j\O/Q "

R2 OH
n=1,2)
entry substrate product yield (%)
>_/—>JOTHP OH

1 86

97 98

— —OTHP —\ —OH

9 Cl = Cl = 94

99 100

OTHP OH
3 87
102

101
s\ S\
4 g;;/\/\OTHP Q;/\/\QH 99
0 0
103 104
C:f/\\ Cfr\\

5 THP H 98

105 106

to be viable (including, for example, AcOH, HCI, and
H,SO,, at various concentrations). Once more, the use of
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3 mol % CAN afforded the unstable diol 83 (in 92% yield),
which was immediately subjected to an oxidative cleav-
age-hydride reduction sequence leading to the difluoro
alcohol 84 in 81% yield.

From Masked Ketones to Protected Alcohols:
THP and THF Deprotection

Given the remarkable success obtained in the deprotection
procedure catalyzed by CAN, we were intrigued by the
possibility of applying our protocol to the unmasking of
other classes of acetals. For instance, the widely used THP
and THF protecting groups for alcohols are, in practice,
no different than mixed acetals. One of the aspects that
stimulated us was the fact that the somewhat harsh
conditions that are normally required for excision of these
protecting groups are rarely compatible with sensitive
substrates.

With the aim of delineating milder and hence more
generally applicable reaction conditions, we subjected a
range of tetrahydropyranyl and tetrahydrofuranyl ethers
to catalytic amounts of CAN, in buffered acetonitrile, at
room temperature or 60 °C. Selected examples are col-
lected in Table 6.7

A number of interesting features emerged from this
study. For instance, no oxidation of benzylic alcohols or
aromatic (and even aliphatic, vide infra) sulfides was
observed, lending further credit to our proposal that CAN
acts exclusively as a powerful Lewis acid under these
conditions. Again, the compatibility of these conditions
with a variety of functional groups was ascertained (Tables
6 and 7).

Moreover, the exquisite chemoselectivity of this pro-
tocol is uniquely highlighted by the deprotection of a
number of acid-labile substrates, some of which are
compiled in Table 7. In each of these examples, extensive
decomposition and/or rearrangement ensued upon ex-
posure to even mild acidic conditions. For the majority
of these cases, the CAN-catalyzed protocol was the only
solution to a successful unveiling of the product alcohols
in high yields. Furthermore, no rearrangement was de-
tected when the camphor-derived THP ether 101 was
treated under these conditions, and alcohol 102 was
obtained in excellent yield (entry 3). Substrate 103 proved
to be impossible to hydrolyze using a wide variety of
common acidic procedures (entry 4). Several products,
including those resulting from the 1,3-migration of the
sulfur substituent or from the Michael addition of the free
alcohol onto the enone function, could be detected in
these complex mixtures. In stark contrast, CAN-catalyzed
deprotection proceeded smoothly and afforded 104 in
quantitative yield.

At this juncture, it appeared to be interesting to probe
the relative rates of deprotection of different groups,
through competition experiments. It was particularly
striking to observe that trityl ethers, usually highly labile
under acidic conditions, were in fact completely inert
when submitted to our CAN protocol. This unconven-
tional behavior enabled, for the first time, the selective
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t-Bu—<:>{::> + Q\/OTHP

3mol% CAN
MeCN/buffer

t-Bu—<:>=O + @\/‘)THP

)

> 95% selectivity

3mol% CAN

CsH11/\OTHP + C5H11/\0Tr

CsH4 1/\0H + CsH 11/\0Tr

MeCN/buffer

FIGURE 19

OBn OBn

\ \
THPO. CAN (3moi%), MeCN/buffer (1:1) TPAP o
S\0 NMO AcC§ 0

AcO 50°C
107 80% overall

108

109
FIGURE 20

110

3mol% CAN | ogo
MeCN/buffer J 99%

60°C

OTf
g Fe(acac); MeMgl g

g 96% d

111 112

FIGURE 21

unmasking of a THP group in the presence of a trityloxy
substituent.

Conceptually more intriguing was the behavior of THP
ethers vis-a-vis a protected carbonyl (Figure 19). The
remarkable observed selectivity, in favor of the ketal
unraveling, could prove to be quite useful in tricky
synthetic contexts.

Indeed, these conditions proved to be especially useful
in the enantioselective synthesis of the CD ring subunit
of paclitaxel, by Chida and co-workers (Figure 20).>* The
authors had foreseen a late-stage crafting of the oxetane
ring, followed by liberation of a primary alcohol function
and its oxidation to the required aldehyde 108. In the
event, intermediate 107, bearing three orthogonally pro-
tected hydroxyl groups, was to be freed from the THP
functionality to complete the synthesis. The CAN-cata-
lyzed procedure fulfilled this task admirably, delivering
the crude alcohol which was directly oxidized (TPAP/
NMO) to the aldehyde 108 in a respectable 80% overall
yield. Interestingly enough, when 107 was exposed to
PPTS in ethanol, the unmasked primary hydroxyl group
engaged the proximal, sensitive oxetane ring, generating

> 95% selectivity

significant amounts of a tetrahydrofuran derivative (whose
presumed structure is 109). Thus, even under these mild
acidic conditions, activation of the oxetane moiety is likely
to be operating, a problem which is not encountered with
the CAN protocol.

Chemoselective Deprotections in the Presence
of Enol Triflates: Story of a Synthetic Venture

During our recent total synthesis of members of the
spirovetivane family of sesquiterpenes, we have encoun-
tered a chemoselectivity issue.”®> The crucial, Fe(III)-
catalyzed formation of an elusive endocyclic, trisubstituted
double bond was serendipitously shown to proceed
smoothly only in the absence of the dioxolane ketal
protecting group (Figure 21).?° Thus, the success of our
strategy heavily relied upon the chemoselective and
efficient unmasking of the ketone function in the presence
of the labile enol triflate moiety of 110. In the event, the
CAN-catalyzed protocol®” played this role perfectly, de-
livering the pure, otherwise unavailable keto enol triflate
111 in quantitative yield. In stark contrast, using conven-
tional acidic conditions, rapid hydrolysis of the enol triflate
function took place.

The prominent role played by enol triflates in synthesis,
particularly in metal-mediated coupling processes, insti-
gated us to study this reaction.?®

At the onset, the two model enol triflates 113 and 115
(Table 8)?° were selected as representative substrates and
subjected to the CAN-catalyzed protocol, under typical
intermolecular competitive conditions (1:1 ratio), in the
presence of suitably protected partners. The results of
these experiments are collected in Table 8.

As can be seen from Table 8, dioxolane ketals derived
from both cyclic and acylic ketones 114 and 50 were
smoothly unraveled under mild conditions (room tem-
perature to 40 °C, 1-2 hours) and in a completely
chemoselective manner (entries 1-4). No hydrolysis of the
enol triflates, which could be easily recovered after the
reaction in quantitative yields, was observed.

The same levels of selectivity were ascertained when
the more demanding THP ethers 116 and 117 were
employed as the competitive substrates. In these cases
(entries 5-8), after 2-3 h at 60 °C, complete deprotection
occured without any noticeable decomposition of the enol
triflates. Furthermore, the 1,3-dioxane 119 and the more
labile dimethylketal 118 were also chemoselectively hy-
drolyzed under these conditions (entries 9 and 10). Finally,
it is noteworthy that the vinyl triflate 113 could be
submitted to the deprotection conditions for up to 12 h
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Table 8. CAN-Catalyzed Competitive Deprotections in the Presence of Enol Triflates”

enol protected deprotected temperature, % enol triflate
entry triflate substrate product time recovery
o]
%—( >—0Tf <:>< ] <:>=o
1 o 25°C,3h;40°C, 1 h >95
113 114 114a
Tf o
O e
2 o 40°C,1h >95
15 114 114a
YO & Iy
CeH
3 < Cais e 40°C,1h >95
113 50 51
Tf
I\
o)<°,c H /ﬂ\/can
4 sH1s 40°C,1h >95
51
115 S0
YO O O
5 60°C,3h >95
113 116 116a
T
Oreme Oron
6 60 °C,3h >95
1s 116 116a
> < > oTf “"otHp “"on
7 60 °C,2h >95
13 117 117a
T
< "otHP <""0oH
8 60 °C,2h >95
117 117a
115
YO O O
9 - 25°C,1h >95

D

119

113
Tf
115

e
40°C,2h >95

114a

« All competition experiments were performed using 3 mol % CAN and a 1:1 ratio of enol triflate 113 or 115 and protected compounds

114-119.

without any sign of competitive hydrolysis of the enol
triflate function.

It thus happens that this unique catalytic deprotection
procedure is fully compatible even with these sensitive
enol moieties, thereby highlighting its synthetic usefulness.

Encouraged by these results, we finally evaluated the
chemoselective deprotection of bifunctional substrates,
embodying both the protecting group and the enol triflate
functionality. Some selected examples are displayed in
Table 9.

As can be seen, this protocol offers the exciting pos-
sibility of efficiently and selectively constructing keto enol
triflates such as 121 and 123 (entries 1 and 2, respectively).
Furthermore, the system responds well to an important
increase in steric hindrance, as evidenced by the slightly
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higher temperature required to cleave the ketal function
of 122 (entry 2).

Interesting results were obtained when substrates
124-126, containing a masked alcohol function, were
employed. While both the THP-protected compound 124
and its fert-butyldimethylsilyl (TBDMS) analogue 126
could be converted to the desired alcohol 125, derivative
127, bearing a tert-butyldiphenylsilyl (TBDPS) group,
remained unaltered under our reaction conditions. In
contrast to 121 and 123, which could be easily purified
by rapid column chromatography, enol triflate 125 proved
to be particularly labile and decomposed extensively upon
attempted purification.>* CAN had not been employed
previously for the catalytic deprotection of silyl ethers and,
even in such a stringent scenario, performed quite well.
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Table 9. CAN-Catalyzed Deprotections in the
Presence of Enol Triflates®

temperature, yield

entry substrate product time (%)
1 E?QO“ °=Q°Tf 40°C,2h 90
120 121
OTf oTf

2 2 60°C,2h 94
a,o 0
122 123
OTf Tf
3 A~OTHP /?\/\/OH 60°C,3h 76
124 125
Tf Tf
4 ;\/\/OTBDMS ;\/\/OH 60 °C, 3 h 80
126 125

T
5 OTBDPS _

127

60 °C,3h NR?

« All reactions were performed using 3 mol % CAN in buffered
MeCN. ¢ No reaction.

Conclusions

The use of CAN as a catalyst for the deprotection of
commonly employed protecting groups no longer appears
to be a synthetic curiosity. Rather, it has become a
powerful methodology bearing a number of advantages
over standard procedures. Particularly noteworthy from
the examples described in this Account is the exquisite
chemoselectivity displayed by CAN as a Lewis acid, leading
to a very high tolerance of otherwise acid-labile function-
alities. We believe that this selectivity, coupled with the
simplicity of the experimental procedures, is bound to
provide CAN with a front seat in the arena of deprotection
conditions, particularly in the total synthesis of complex
and sensitive natural products. We hope that, as time
passes, new and exciting applications of this method will
be gradually unveiled.
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fully acknowledged. N.M. is grateful to the Fond National de la
Recherche Scientifique (FNRS) for his receipt of an “Aspirant FNRS”
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ABSTRACT

Anions are essential species in biological systems and, particularly,
in enzyme-substrate recognition. Therefore, the design and prepa-
ration of anion receptors is a topical field of supramolecular
chemistry. Most host-guest systems successfully developed are
based on noncovalent (ionic and hydrogen-bonded) interactions
between anions and ammonium-type functionalities or Lewis acid
groups. However, since the past 5 years, an alternative route toward
the synthesis of efficient anion hosts has emerged, namely, the use
of “anion—x” interactions involving nitrogen-containing electron-
deficient aromatic rings, as the result of several favorable theoretical
investigations. In this Account, the state of the (new) art in this
growing area of anion-binding research is presented and several
selected examples from our work and that of other groups will be
discussed.

1. Introduction

Anions are omnipresent in biological systems, where they
often play a crucial role.! For instance, more than two-
thirds of enzyme substrates and cofactors are anionic.?
Recently, it has been shown that the chloride channels
do not only contribute in stabilizing the membrane
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potential but are also involved in a number of essential
physiological and cellular tasks, such as the regulation of
pH, volume homeostasis, organic solute transport, cell
migration, cell proliferation, and cell differentiation.® Thus,
the malfunction of these channels causes diseases, such
as cystic fibrosis.” Therefore, a better understanding of the
biochemical mechanisms of anion recognition is of prime
importance to conceive efficient synthetic anion receptors
for potential medicinal applications. In addition, anions
such as phosphate and nitrate are largely incriminated as
pollutants of drinking water.> Hence, anion-binding sys-
tems may be used as well for environmental purposes.

In 1968, Simmons and Park described the first example
of a host system for a guest chloride anion.®® A total of
10 years later, Lehn et al. reported a similar bicyclic
azacryptand, i.e., [bis-tren](ClO,)¢ capable of binding a
linear azide anion through its six protonated amine
functions (Figure 1).° Since these pioneering discoveries,
the field of anion recognition has received increasing
attention from the scientific community.'® On the basis
of the initial findings of Lehn et al., most anion receptors
reported in the literature historically take advantage of the
negative character of anions and thus contain positively
charged and/or hydrogen-bond donor groups.'™'? This
approach has been extensively exploited, so that a number
of topical reviews have been published in the past 2
years,'316

Since 2004, a potential alternative strategy for the
preparation of anion hosts involving supramolecular
interactions has emerged'”'® from earlier fundamental
computational studies carried out by Alkorta et al.'®
Indeed, for the first time, theoretical calculations have
shown that an electron-donor molecule, such as HF
(through its F atom), can experience favorable binding
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FIGURE 1. Schematic representation of the [bis-tren(N,)]*" inclusion
compound reported by Lehn et al. Only the hydogen atoms involved
in hydrogen-bonding interactions with the azide anion are shown
for clarity.?

interactions with the & cloud of an electron-deficient
aromatic ring, namely, hexafluorobenzene.'® In contrast
to cation—z interactions,*® anion—z interactions are ex-
pected to be repulsive. However, theoretical investigations
have clearly established the potential binding interactions
between a negatively charged species and an electron-
poor 7 system.?! These theoretical results have greatly
encouraged the exploration of anion molecular recogni-
tion by aromatic systems.?? This Account provides an
overview of theoretical studies and experimental examples
of anion-x interactions, a rapidly rising new area of
supramolecular chemistry. Finally, the relevance of such
anion-sr contacts in biological processes is examined.

2. Theoretical Investigations on Anion—sz
Interactions

In 1997, Alkorta and co-workers reported the first density
functional theory (DFT) calculations, revealing favorable
binding interactions between an electron-rich molecule,
i.e., HF, and an electron-deficient aromatic ring, namely,
hexafluorobenzene.'® These studies led to a calculated
distance r between the interacting atom to the center of
the aromatic ring (centroid) of 3.127 A and a binding
energy E pssg of —5 kJ mol ! (Figure 2).

The potential existence of interactions between s-elec-
tron aromatic species and anions was suggested by
nuclear magnetic resonance (NMR) studies reported by
Schneider and co-workers 15 years ago.?® It thus appeared
that diphenylamine (1) could form 1:1 host/guest com-
plexes with both the dication 2 and the dianion 3 (Figure
3).22 Indeed, complexation-induced shifts (CIS) for the
guest molecule 1 are observed in the NMR spectra of
complexes 1+--2 and 1 --- 3, which allow us to establish
AGpose_guest (binding energy) values of 25 and 22 kJ mol !,
respectively. These values clearly indicate that the as-
sociation of 1 with the dianion 3 is almost as stable as
the one with the dication 2.2

A total of 1 decade later, the interest in anion—x interac-
tions suddenly rose and several concurrent detailed model-
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FIGURE 2. Optimized geometry of a complex [C¢Fs « ++ HF] using a
hybrid HF/DFT method with the 6-311++G** basis set. r=3.127 A,
and the interaction energy £, gsse = —5 kJ mol™"."®

Host N Me, Hp Guest Host

NMe2 1

3 Hp Guest
SO3

CIS on Guest (1):
0.10 (H,); 0.14 (H,;,)

CIS on Guest (1):
10.24 (H) 0.11 (H,); 0.09 (Hyy); 0.08 (Hp,)

FIGURE 3. CIS values for the supramolecular complexes 1-+-2 and
1...33

Table 1. Calculated” Binding Energies AEgggy (kdJ
mol ') and Centroid-Anion Distances r (A) for Cl-7

Complexes
aromatic host AEpssr? r reference
1,3,5-triazine -20 3.2 21
2,4,6-trifluoro-1,3,5-triazine -62 3.0 21
hexafluorobenzene -53 3.159 25
pentafluoropyridine -59 3.092 25
tetrafluorofuran -38 3.106 25
tetrafluorothiophene -34 3.252 25
octafluoronaphthalene =72 3.056° 25
1,3,5-trinitrobenzene —-824 3.27 26

«Calculated at the MP2 level. * BSSE stands for basis set
superposition error. ¢ The anion is located over the carbon atoms
linking the two rings. ¢ Optimized at the Hartree—Fock level.

ing studies on such supramolecular pairings appeared in the
literature. Thus, in 2002, three outstanding computational
investigations were reported almost simultaneously by Mas-
cal et al.,*! Alkorta et al.,” and Deya et al.?® These calcula-
tions ascertained favorable noncovalent binding interactions
between several anions and the aryl centroid of s-acidic
aromatic rings. For instance, values of binding energies and
host--- guest distances for [chloride - - - (electron-deficient
ring)] complexes are listed in Table 1, showing that this type
of attractive interaction is comparable to a moderate-strong
hydrogen bond (i.e., 16-60 k] mol ).

After these initial encouraging results, more compre-
hensive theoretical investigations have been performed,
and the aromatic rings as well as the anions considered
for these calculations are depicted in Figure 4. In all cases,
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FIGURE 4. Non-exhaustive list of electron-deficient rings and anions
taken into account for the computational estimation of their potential
binding interactions. 22~

favorable binding interactions have been theoretically
predicted.?!*-%7

Lately, Clements and Lewis®® have reported important
results of a quantum mechanical study that supports
earlier statements of Deya and Frontera.*® Indeed, it has
been theoretically demonstrated that haloaromatics, with
negative molecular quadrupole moments (symbolized as
0,,), can experience attractive interactions with anions,
albeit very weak (compared to electron-poor x rings).>®
This computational study thus suggests that not only
electron-poor aromatic rings but also electron-rich aro-
matics can lead to binding contacts with anions. These
findings are of great value regarding biochemical pro-
cesses because aromatic groups are generally found in the
active site of enzymes (see section 4).

3. Experimental Evidences of Anion—z
Interactions

In 2004, the first crystallographic evidences of anion
recognition by aromatic receptors had been described.'”'®
These ground-breaking experimental proofs of anion-x
interactions have certainly promoted interest in this new
field of supramolecular chemistry, and new examples of
such supramolecular complexes are now regularly re-
ported in the literature.

3.1. Solid-State Evidences. Meyer et al. reported crys-
tallographic proofs of anion -+ contacts involving the
electron-deficient s-triazine ring.'” The reaction of 3 equiv
of copper (i) chloride with 1 equiv of the ligand dpyatriz*®
in methanol/dichloromethane gives dark green crystals
of [Cus(dpyatriz),Cls][CuCl,]Cl (Figure 5a). This com-
pound exhibits remarkable structural features that are the
attractive contacts between tetrachloridocuprate and chlor-
ide anions with triazine moieties (parts b and c of Figure
5, respectively). The value of the experimental Cl - - - centroid
distance, i.e., 3.170 A (Figure 5c), is close to the theoreti-
cally predicted one (3.2 A; Table 1).2!

FIGURE 5. (a) [Cus(dpyatriz),Cl,][CuCI,]CI complex."” (b) Top view
showing the Cl,Cu~Cl - - triazine interaction (CI - - centroid distance
of 3.112 A). (c) Top view showing the Cl---triazine interaction
(Cl -+~ centroid distance of 3.170 A).

FIGURE 6. (a) Representation of the cation [Cu,(azadendtriz)Cl,]*"
revealing the host basket® (b) Distances between the pyridine
centroids and the chloride ion: r; = 3525 A, r, = 3585 A, r; =
3555 A, and r, = 3525 A. (c) Triazine nitrogen atom N92 and the
chloride guest are separated by a distance of 3.012 A.

Almost simultaneously, some of us described an out-
standing supramolecular system formed by four pyridine
units able to host an electron-rich guest molecule (Figure
6).'® The reaction of copper(i) chloride with the ligand
azadendtriz*® in dichloromethane/water produces the
tetracopper complex [Cu,(azadendtriz)Cl,]Cl,(H,0), (Fig-
ure 6a). The coordination of the 16 pyridines from the
dendritic ligand azadendtriz to four copper ions generates
two cavities occupied by two chloride anions. Each
chloride sitting in a “molecular basket” is in close contact
with four pyridine rings (Figure 6b), with centroid -+ Cl
distances ranging from 3.5 to 3.7 A.'® These contact
distances are somewhat longer than the values determined
by theoretical calculations for electron-poor aromatics
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FIGURE 7. Representation of the 1D coordination polymer, generated
from [Cd.(dpyatriz),(NO,)g] building blocks.® Distance between the
triazine centroid A and the oxygen atom 08 of a coordinated nitrate
r=326A.

(Table 1). Anion-pyridine interactions have not been
investigated thus far, but larger anion - - - centroid separa-
tions are logically expected, because the pyridine ring is
less electron-deficient than aromatic derivatives, such as
1,3,5-triazine or hexafluorobenzene. However, it has to be
noted that the electron-poor character of the pyridine
moieties is enhanced by their coordination to the metal
centers.

This outstanding result has encouraged new triazine-
based ligands to be designed,*' and their potential
anion - -« triazine interactions have been investigated.*?
For instance, the reaction of cadmium(i) nitrate with
dpyatriz® in acetonitrile at 105 °C in a pressure tube yields
a one-dimensional coordination polymer, depicted in
Figure 7. This polymeric chain is built from trinuclear
[Cds(dpyatriz),(NOs)g] units, which are linked via the Cd2
atom (Figure 7). This Cd2 atom is indeed coordinated to
a second dipyridylamine moiety belonging to an adjacent
trinuclear building block. Interestingly, these connections
are further stabilized by nitrate-triazine interactions. The
oxygen atoms O8 and O8a of the two nitrate anions axially
coordinated to Cd2 are interacting with neighboring
triazine rings (centroid -+ O8 distance of 3.26 A; Figure
7). However, in the present example, one can sensibly
assume that the nitrate—triazine interactions are facilitated
by the fact that the anions are coordinated to the metal
centers, thus forcing the anion—w contacts. The occurrence
of such attractive interactions involving free nitrates is
necessary to confirm this observation. Therefore, further
investigations with nitrate metal salts and triazine-based
ligands have been carried out.

The reaction of 3 equiv of zinc(i) nitrate with 1 equiv
of the ligand dipicatriz® leads to the trinuclear complex
[Zn,(dipicatriz) (NO3)¢] (Figure 8a).** As expected, this
compound exhibits anion-z interactions. Actually, two
nitrate ions, coordinated to two different zinc atoms,
interact with the same triazine ring (on each face of the
aromatic ring; Figure 8b). As for the cadmium coordina-
tion polymer described above, the interactions involve
coordinated nitrates; nevertheless, this result represents
a very rare case** of anion-z—anion interactions.
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FIGURE 8. (a) Trizinc complex [Zns(dipicatriz)(NO5)s.** Distances
between the triazine centroid A and the oxygen atoms 05 and 011
of two coordinated nitrates: r, = 3097 A and r, = 3515 A,
respectively.

The reaction of copper (1) nitrate with dipicatriz*® using
the same experimental conditions yields a comparable
tricopper complex, namely, [Cus(dipicatriz)(NOs),-
(H,0)6l(NO3), (Figure 9a). Once again, the ability of the
triazine ring to bind an electron-rich molecule is con-
firmed in this coordination compound. Similarly to the
previous zinc complex, two nitrate anions are located on
each face of a triazine ring (see Figures 8a and 9a).
Furthermore, these two ions are now uncoordinated,
which corroborate the statements made above. The
oxygen atom O9 of one nitrate is in close contact (within
theoretically predicted values; Table 1) with the triazine
(centroid + -+ 09 distance r, = 3.201 A; Figure 9b). The
second nitrate interacts via its oxygen atom Ol1 at a
somewhatlonger distance of thering centroid (centroid - - - O11
distance r, = 3.502 A; Figure 9b). This weaker interaction
of the second anion is most likely due to the fact that the
triazine moiety is already involved in a nitrate—centroid
contact.

Because all computational studies performed thus far
have been devoted to the potential binding interactions
between one electron-rich molecule with one electron-
poor aromatic ring, the present nitrate-triazine—nitrate
system has been theoretically investigated. The interaction
energies for 1:1 and 2:1 nitrate/triazine complexes (Figure
10) have been estimated with both the HF and MP2
methods, using the 6-311++G and 6-311++G(3df,p) basis
sets.’ At the MP2 level, an optimum distance of r = 3.0
A (corresponding to a binding energy AFEgggy of —22.38 k]
mol ') has been calculated for the 1:1 complex. A r =1
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FIGURE 9. (a) Representation of the cation [Cug(dipicatriz)-
(NO,),(H,0)s]** showing the nitrate -« - triazine -« * nitrate interac-
tions.® (b) Distances between the triazine centroid A and the oxygen
atoms 09 and 011 of two free nitrates, r; = 3.201 A and r, = 3.502
A, respectively.

FIGURE 10. Geometries used for the calculations of the intermo-
lecular interactions in the (a) 1:1 and (b) 2:1 nitrate/triazine com-
plexes.®

= 3.2 A value has been obtained for the 2:1 host/guest
system (corresponding to a binding energy AEgggy of
—23.98 k] mol ). The longer distance observed, when two
anions are interacting with the triazine, can be rationally
explained as follows: the binding of the first nitrate gives
the electron density to the electron-poor ring; as a result,
this ring becomes less electron-deficient and the interac-
tion is weaker for the second anion (see r, and r, values
in Figure 9).

Further investigations on nitrate—(electron-deficient
arene) attractive interactions have been carried out using
other triazine-based ligands. For instance, the reaction of
copper (i) nitrate with the ligand dpatta*® in acetonitrile
under hydrothermal conditions yields the tetranuclear
complex [Cu,(dpatta)(NO;),](NO3),, whose cationic part

FIGURE 11. Representation of the cation [Cu,(dpatta)(NO,),J*"
showing the nitrate + - triazine interactions.”® The separation between
the nitrate oxygen atom 08 and the centroid A of the triazine ring is
r=3230A.

(a)

FIGURE 12. (a) Computational optimization based on the nitrate—tri-
azine model complex proposed by Kim et al.*® (b) Optimization based
on the crystal structure of [Cu,(dpatta)(NO5),J(NO5),.**

is represented in Figure 11. As evidenced in this figure,
nitrate—triazine close contacts are also observed for this
complex.*® Indeed, two nitrates are facing two electron-
poor aromatics via one of their oxygen atoms, with a
08 - - - centroid A distance of 3.230 A (Figure 11).

Similar to the previous example (see Figures 9 and 10),
the spatial arrangement of the nitrate anions on the top
of the triazine hosts is distinct to the one proposed by
Kim et al. (parts a and b of Figure 12);*° therefore,
comparative DFT calculations have been carried out on
both models (parts a and b of Figure 12).*> The DFT-
Becke-Lee-Yang—Parr (BLYP) geometry optimization for
the model depicted in Figure 12a is comparable to the
one reported by Kim et al. using MP2.3® Thus, the distance
rbetween the nitrogen atom and the centroid is estimated
to 3.4 A, while the MP2 value is 3.00 A.3° For the model
based on the crystal structure of [Cu,(dpatta)(NO;),l-
(NO,),, the theoretical r value amounts to 3.67 A. Surpris-
ingly, this model (Figure 12b) is found to be energetically
more stable (AE = —14 kJ mol!) than the a priori more
logical model (Figure 12a; AE= —11 k] mol '), where the
electronegative oxygen atoms of the nitrate anion are
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FIGURE 13. Representation of the complex [Ag,(bptz),(CH;CN),][PFgl,
showing the hexafluorophosphate—tetrazine—hexafluorophosphate
interactions.* Distances between the tetrazine centroid A and the
fluoride atoms F2 and F5a of hexafluorophosphate anions, r = 2.806
A and r = 2.835 A, respectively.

located on the top of the electropositive carbon atoms of
the triazine ring.

During the past year, a number of beautiful examples
of anion-(N-containing arene) interactions have been
described in the literature. Thus, Dunbar et al. recently
reported a series of such attractive contacts between
various polynuclear anions and the tetrazine-based ligand
bptz or the pyridazine-based ligand bppn.** For instance,
the reaction of silver(r) hexafluorophosphate with 1 equiv
of bptz in acetonitrile leads to the formation of complex
[Ag,(bptz),(CH;CN),] (PFg),, whose solid-state structure is
represented in Figure 13. Strong binding interactions
between the PF; ions and the tetrazine rings are observed
(distance F2---centroid A of 2.806 A; Figure 13). In
addition, the two electron-deficient arenes are further
interacting with two hexafluorophosphates from two neigh-
boring dinuclear silver complexes (distance F5a--- cen-
troid A of 2.835 A), giving rise to (anion-s—anion)-type
motifs (Figure 13). All structural evidences of anion-w
contacts have been corroborated by DFT calculations,
which show that the strength of the fluoride-arene bonds
is due to the high electropositive character of the tetrazine
rings.**

Comparable strong anion-z bonding interactions
have been illustrated with a new heteroaromatic deriva-
tive, namely, pyridazino[4,5-d]pyridazine (L).*® Accord-
ingly, a series of remarkable anion-pyridazine su-
pramolecular associations have been observed by Do-
masevitch et al.*® For example, the reaction of copper (i)
perchlorate with pyridazino[4,5-d|pyridazine in water
produces the complex [Cu(H,0),(L),](ClO,),nH,0, which
represents the building unit of a square grid framework
(Figure 14). Each square cavity composing the 2D
network encloses two perchlorate ions, which are
interacting, via two oxygen atoms, with two pyridazines,
with O - centroid separations of 3.051 and 3.497 A,
respectively (Figure 14).
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FIGURE 14. Two-dimensional coordination network (square grid)
formed by the complex [Cu(H,0),(L),](CI0,),snH,0 (L= pyridazino[4,5-
dlpyridazine), showmg the incorporation of two perchlorate anions
inside a square cage.’® Distance between the oxygen atom 04 of
the perchlorate anion and the pyridazine centroid A, r = 3.051 A;
distance between the oxygen atom 02 of the perchlorate anion and
the pyridazine centroid A, r = 3497 A.

o8
HM

FIGURE 15. Receptors designed by Johnson et al. to investigate
their comparative ability to generate anion— interactions.”

3.2. Experimental Evidences in Solution. In the ex-
amples illustrated in section 3.1, all anion—(electron-poor
aromatic ring) contacts are established on solid-state
structures. Recently, Johnson et al.*” reported experimen-
tal proofs of attractive interactions between a halide and
a pentafluorophenyl group in solution. Two receptors, i.e.,
4 and 5 (Figure 15), have been designed to investigate the
influence of an electron-deficient arene on the binding
abilities of halides in solution. The solid-state structure
of receptor 5 already reveals its aptitude to favorably
interact with electron-rich entities. Indeed, short
anion—-CgF5 contacts are observed between two molecules
of 5 (r = 2.956 A; Figure 16).

The comparative capacities of 4 and 5 to bind halides
in solution have been studied by 'H NMR in CDCl,.*’
Thus, n-Bu,NX salts (X = Cl, Br, and I) have been added
to CDCl; solutions of 4 or 5, and the binding constants
K, of the different halides have been determined from the
respective chemical shifts. The results are reported in
Table 2.

As evidenced in Table 2, the receptor 5, holding the
electron-deficient ring, is able to associate with a halide
in solution, while no significant interactions could be
detected with receptor 4. This investigation clearly dem-
onstrates the possibility to design and prepare host-guest
systems for anion recognition, on the basis of electron-
poor aromatic receptors.
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FIGURE 16. Representation of the crystal structure of receptor 5.
The crystal packing of 5 reveals attractive interactions between one
oxygen atom of the sulfonamide group of 5 and the pentafluoro-
phenyl group of an adjacent molecule. The distance r (0 + - centroid
A) amounts to 2.956 A.¥

Table 2. Binding Constants K, (M~ ') for Receptors 4
and 5 with Various Halides*”

4 5
Cl™ <1¢ 30+ 3
Br~ <1¢ 20+ 2
I <1¢ 34+6

«The binding constants for 4 were to small to be determined
by *H NMR titration experiments.

4. Incidence of Anion—s Interactions in
Biological Systems

Crucial biological systems very often involve aromatic
rings (DNA, porphyrins, some amino acids, and so on). It
would therefore be surprising if anion-arene interactions
were not occurring in biochemical structural arrange-
ments or processes. In fact, it appears that this type of
interaction has thus far largely been overlooked. This
negligence is most likely due to the fact that the attractive
interaction between an electron-rich molecule and a =
cloud is intuitively incongruous. However, as mentioned
in sections 2 and 3, a number of theoretical studies and
recent experimental results tend to confirm that such
interactions should be considered.

Many electron-poor aromatic moieties can be found
in biomolecules. For instance, the DNA bases are electron-
deficient arenes, which play an important role in stabiliz-
ing the DNA double helix, through #—7 stacking interac-
tions. A thorough CSD search (CSD version 5.27, August
2006) for halide—nucleobase interactions results in five hits
(CSD codes: CADCUC, ICIDII, GUANCU10, IBIDIG, and
IVOROA). The three most representative examples of
anion-base associations are depicted in Figure 17. A close
contact (r = 3.271 A; Figure 17a) between the six-
membered ring centroid of a coordinated adenine and the
fluoride atom of a lattice tetrafluoridoborate anion is
observed in a cobalt complex (CSD code ICIDII). Similarly,
a palladium complex (CSD code IBIDIG) exhibits anion—z
interactions between a guanine derivative and the fluoride
atom of a tetrafluoridoborate (r = 3.241 A; Figure 17b).
Finally, a case of thymine-tetrafluoridoborate pairing has

also been found in the CSD. Indeed, the crystal structure
of the copper compound (CSD code IVOROA) depicted
in Figure 17c shows tetrafluoridoborate-thymine binding
interactions (r = 3.282 A). These crystallographic cases of
halide-nucleobase supramolecular associations clearly
illustrate the possibility to generate anion-s binding
contacts with natural arenes.

As pointed out in the Introduction section, chloride
channels are vital for living beings. Its dysfunction will
give rise to serious diseases.* Therefore, chloride channels
have been intensively investigated, and the crystal struc-
ture of the chloride channel from Salmonella enterica
serovar typhimurium (StCIC) has been recently reported
by MacKinnon et al.*® The chloride-binding site of StCIC
is schematized in Figure 18. Interestingly, three of the six
amino acids found in the binding site of this chloride
channel are aromatic. This concentration of aryl groups
is even more remarkable if one realizes that only 4 of the
20 natural amino acids contain aromatic rings. The
presence of these arenes close to the binding site may thus
not be innocent. As stated by MacKinnon et al., “If is
noteworthy that in the CI” channel the ion does not make
direct contact with a full positive charge from lysine or
arginine residues. . . We suggest that a full positive charge
would create a deep energy well and cause a CI” ion to
bind too tightly.”*® Therefore, the phenyl rings (and
especially Phe348; Figure 18) may play a role in the
chloride recognition and/or the sliding of the ions through
the channel.

In that context, Matile et al. lately published a remark-
able synthetic ion channel based on anion-z recogni-
tion.*® The design and preparation of oligo-(p-phenylene)-
N,N-naphthalenediimide rods (O-NDIJ; see Figure 19) have
been achieved to create transmembrane anion- slides.
DFT calculations on the N,N-naphthalenediimide unit
reveals a strong electron-deficient character in the center
of the molecule (global quadrupole moment ®F,, of +19.4
B; B = Buckinghams). The activity of these O-NDI rods
has been evaluated with large unilamellar vesicles.*
Transport activities have been observed, with the following
unusual sequence selectivity: F~ > Cl™ > Br~ > I", which
is the opposite of the common Hofmeister series and thus
suggests the existence of very strong anion—x interactions
(because the energetic cost for the dehydration of the
anion is fully compensated by its binding to the anion
slide).*?

5. Interactions Between Neutral Electron-Rich
Molecules and Electron-Poor Aromatics

In the previous sections, the importance of anion-arene
interactions, as well as the rapidly rising scientific atten-
tion for this type of binding contact, has been highlighted.
It has to be mentioned that another type of largely
overlooked supramolecular interaction, i.e., the attractive
interactions between an electron-rich, neutral molecule
(such as water) and an aromatic group, is increasingly
considered and described in papers, especially for biologi-
cal systems.*°
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FIGURE 17. Attractive contacts with DNA bases. (a) Tetrafluoroborate—adenine interaction; (!istance of F++- centroid A, r=3.271 A [Cambridge
Structural Database (CSD) code ICIDII]. (b) Tetrafluoroborate—guanine interaction; r = 3.241 A (CSD code IBIDIG). (c) Tetrafluoroborate—thymine

interaction; r = 3.282 A (CSD code IVOROA).
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FIGURE 18. Schematic representation of the receptor site of a CIC
chloride channel, revealing the presence of six amino acids at the
binding site.”®

In 2003, Egli et al. reported an interesting case of H,O—x
interactions within an RNA pseudoknot.’! Indeed, the
crystal structure of a ribosomal frame-shifting RNA
pseudoknot has revealed strong lone pair-nucleobase
contacts (Figure 20). The distance from the cytosine C8
centroid to the water W71 oxygen atom is only 2.93 A
(Figure 20a), which is clearly indicative of lone pair-z
interactions. Actually, the interaction of the water W71
protons with the z face of the cytosine C8 residue is
unlikely because this would imply a H - - - centroid distance
of about 2 A, which is sterically not possible. Similarly,
lone pair—x interactions are observed between the water
molecule W73 and the adenine nucleobase A20 (Figure
20b; 7 = 3.01 A). These water-nucleobase stabilizing
interactions are considered to be of functional importance
for the frame-shifting activity of the pseudoknot.>!

Recently, some of us described the first crystallographic
example of the lone pair-s association between a non-
hydrogen donor, electron-rich molecule, namely, aceto-
nitrile, and the electron-poor s-triazine ring.>* The reac-
tion of zinc(i) chloride with the ligand oxodendtriz® in
methanol/acetonitrile yields the tetranuclear zinc complex
[Zn,(oxodendtriz)Clg] (CH;CN),, whose solid-state struc-
ture representation is depicted in Figure 21. As evidenced
in this crystal structure, acetonitrile-triazine close contacts
are present in this compound. The nitrogen atom of the
acetonitrile molecule is pointing toward the center of the
electron-deficient aromatic ring (N - - - centroid separation
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FIGURE 19. Electron-deficient rods (0-NDI) as chloride— slides in
lipid bilayer membranes.*®
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of 3.087 A; Figure 21). DFT calculations, on the basis of
the solid-state structure, indicate a binding energy A Ezggy
of —16.52 kJ] mol ! (which is comparable to a moderate
hydrogen-bondinginteraction) and an optimized N -- - centroid
distance of3.116 A [at the MP2level using the 6-311++G(3df,p)
basis set].>?

6. Concluding Remarks

Cation-r interactions are well-established interactions that
have been extensively exemplified and thoroughly investi-
gated.>®> On the contrary, the counter-intuitive anion—s
interactions (or more generally electron-rich/electron-poor
molecule pairing)®* have been mainly overlooked by the
scientific community. However, a simple survey of the CSD
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(b)

FIGURE 20. 0,,,,,— interactions observed in a RNA molecule.”"
(a) Distance of Owy1 *++ centroidgs, r = 293 A (b) Distance of
Ow73"' CentroldAzo, fl = 3.01 A.

FIGURE 21. Representation of the zinc complex [Zn,(oxo-
dendtriz)Clg](CHsCN), showing the interaction of acetonitrile mol-
ecules with each triazine unit of the ligand.%2 N, seroninite * * * CENtroid
A separation, r = 3.087 A.

shows that anion— interactions are more frequent than one
would actually expect. Two datasets were indeed created to
examine potential anion—w short contacts in the crystal
structures thus far deposited at the CSD. Thus, the search
for interactions between anions and five-membered aro-
matic rings (taking into account the distances between the
anion and each atom of the ring, as well as its centroid)
resulted in 40 hits (with anion -+ z-ring separations below
3.8 A), corresponding to 47 crystallographic evidences of
anion— close contacts (because some hits exhibit more than
one anion—x interaction). For a comparison, a similar search
has been performed for cation-(five-membered ring) inter-
actions, which only generated 19 hits (corresponding to 24
interactions). Analogous comparative quests for anion- and
cation—(six-membered aromatic ring) interactions produced
483 (554 examples of anion—r interactions) and 494 (494
examples of cation— interactions) hits, respectively. This
CSD study clearly demonstrates that this type of noncovalent
contact should be considered by the supramolecular chem-
ist, as are the well-accepted cation—x interactions.

This Account has briefly summarized and discussed
chemical research recently carried out in the nascent and
stimulating field of supramolecular chemistry, namely,
anion recognition by s systems.
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