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Abstract: Near-infrared (NIR) fluorescent probes have at-
tracted much attention, but despite the availability of vari-
ous NIR fluorophores, only a few functional NIR probes,
that is, probes whose absorption and/or fluorescence spec-
tra change upon specific reaction with biomolecules, have
been developed. However, functional probes operating in
the NIR range that can be targeted to protons, metal ions,

nitric oxide, (3-galactosidase, and cellular stress markers
are expected to be effective for fluorescence imaging
in vivo. This Focus Review concentrates on these func-
tional NIR probes themselves, not their applications.

Keywords: biosensors - electron transfer - fluorescent
probes - functional probes - ratiometric probes
/

1. Introduction

Fluorescence imaging is widely used in various research
fields, because it has fine temporal and spatial resolution
and can be safely performed with simple instruments and fa-
cilities. Molecular imaging, including fluorescence imaging,
has proved useful for clinical diagnosis™ and drug discov-
ery,™ and contrast agents such as Gd** complex™ or fluoro-
deoxyglucosel are used in MRI (magnetic resonance imag-
ing) or PET (positron emission tomography) for clinical di-
agnosis.”) However, fluorescent probes are hardly used for
clinical diagnosis. This is because most conventional fluores-
cent probes for bioimaging are based on chromophores with
peaks in the UV/Vis region, in which absorption by biomol-
ecules is high. Light in this wavelength region is well-ab-
sorbed by biomolecules, for example, water and hemoglobin.
Furthermore, visible light is easily scattered and cannot pen-
etrate deeply into tissues. There is also strong autofluores-
cence in this region, which causes high background noise.
These drawbacks result in low signal-to-noise ratios, and
thus conventional dyes are unsuitable for in vivo imaging.®!

On the other hand, light in the near-infrared (NIR)
region (650-900 nm) is relatively poorly absorbed by bio-
molecules and can penetrate deeply into tissues. There is
also less autofluorescence in this region.™”) Thus, much
higher signal-to-noise ratios can be obtained, and probes

[a] K. Kiyose, Dr. H. Kojima, Prof. Dr. T. Nagano
Graduate School of Pharmaceutical Sciences
The University of Tokyo

7-3-1, Hongo, Bunkyo-ku

Tokyo 113-0033 (Japan)

Fax: (+81)3-5841-4855

E-mail: tlong@mol.f.u-tokyo.ac.jp

K. Kiyose, Dr. H. Kojima, Prof. Dr. T. Nagano
CREST, JST

4-8-1 Honcho, Kawaguchi

Saitama, 332-0012 (Japan)

[b

[

Chem. Asian J. 2008, 3, 506515

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

that absorb and emit in the NIR are expected to be suitable
for invivo imaging. Recently, many NIR imaging agents,
such as fluorophore-biomolecule conjugates, have been de-
veloped and applied to vascular mapping, evaluation of
tissue perfusion, detection of inflammation and atheroscle-
rosis, and so on.”! Some NIR fluorophore-biomolecule con-
jugates are already commercially available for in vivo imag-
ing.®! However, because they are always fluorescent, high
background noise, which causes low signal-to-noise ratios, is
often a problem. Therefore, fluorescent probes whose fluo-
rescence intensity changes upon specific reaction with bio-
molecules are required for invivo imaging. Herein, we
review recent developments relating to such functional NIR
fluorescent probes.

2. NIR Fluorescent Probes Activated by Proteases

Generally, when two fluorophores are in close proximity to
each other, they become nonfluorescent because of self-
quenching. Therefore, changing the distance between two
fluorophores by means of enzymatic or other reactions can
provide a means of controlling fluorescence intensity. Re-
cently, Weissleder etal. developed a method of imaging
tumor-associated lysosomal protease activity in a xenograft
mouse model in vivo by using NIR fluorescent probes based
on the above mechanism.”! Probes were bound to a graft co-
polymer of poly-L-lysine and methoxypolyethylene glycol
succinate (Scheme 1). Following intravenous injection into
nude mice, the NIR fluorescent probe carrier accumulated
in solid tumors, and an intratumoral NIR fluorescence
signal was generated through cleavage of the macromolecule
by lysosomal proteases in tumor cells, thereby releasing the
quenching. In vivo imaging showed a 12-fold increase in the
NIR fluorescence signal, thus allowing the detection of sub-
millimeter-sized tumors.
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Scheme 1. Chemical structure of segment of repeating graft copolymer
indicating quenching of Cy and site of enzymatic degradation (green
arrow).

Weissleder and co-workers then developed some NIR
protease probes based on the same strategy.’”’ Some are
commercially available for imaging in animals.

3. NIR Fluorescent Probes for Detecting pH
Changes

Intracellular pH changes in response to diverse physiological
and pathological processes; thus, quantitative measurement
of pH is useful for cellular research or diagnosis. An acidic
environment may be related to inflammation or tumor.!']
Consequently, many pH probes have been developed, and
some are commercially available.? However, most of them
have fluorophores that absorb and emit in the visible region,
and there are few NIR pH probes.

3.1. Self-Quenching Fluorescent pH Probes

Weissleder and co-workers found that acid-catalyzed hydrol-
ysis can be used as the basis for designing a new type of
fluorescent probe for detecting acidic environments.'*! They
combined two dicarbocyanines and a peptide with an acid-
labile hydrazone linker (Scheme 2). At the physiological pH
of 7.4, this is weakly fluorescent owing to self-quenching. At
pH 4.5, the hydrazone linker is cleaved, and the dicarbocya-
nines are released from the peptide, thus resulting in a
more-than-threefold fluorescence enhancement.

The probe can be applied to the monitoring of tumor an-
giogenesis and the probing of the acidic environment of the
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Scheme 2. Structure of self-quenching pH probe.
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tumor interstitium, and it also provides a tool for in vivo
imaging of the pharmacokinetics of hydrazone-linked pro-
drugs.

3.2. Norcyanine-Based NIR Fluorescent pH Probes

The general structure of cyanine dye is shown in Scheme 3.
Dyes with R=H, so-called norcyanines, are pH-sensitive,
because they have a protonata-
ble amine group within the flu-
orophore core. The nordicarbo-
cyanines (n=2) and nortricar-
bocyanines (n=3) show absorp-
tion and emission peaks in the
NIR region and can work as
pH probes. Alonso and co-
workers synthesized nortricar-
bocyanine with various substituents on the indole ring and
reported the relation between substituent and pK,."! Zhang
and Achilefu focused on pH in the physiologically relevant
range.™ They modified the structure of indocyanine green
(ICG) (Scheme 4) and developed a novel NIR pH probe, H-
ICG (Scheme 5), which has strong NIR absorption and fluo-
rescence emission at pH <4.

Scheme 3. General structure of
cyanine dyes.

N
‘0385

Scheme 4. Structure of indocyanine green (ICG).

N
H
i/so3

Scheme 5. Mechanism of pH response by protonation and deprotonation
of H-ICG.

The simple structure of H-ICG and its ease of synthesis,
solubility in aqueous media, and pK, of 7.2 are advanta-
geous for biomedical research.
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Cooper and co-workers synthesized pH probes based on
nordicarbocyanines.' The photochemical properties of
their probes are similar to those of H-ICG, but their probes
contain a pendant carboxylic acid that allows rapid conver-
sion into the NHS ester, thus facilitating the labeling of bio-
logical molecules such as proteins or antibodies. This feature
is expected to be widely useful. A series of these pH probes
was synthesized (Scheme 6), which led to CypHer5, which
has a carboxy group and a pK, of 6.1 (Table 1);'"! this pK,

R? R4
@I w
N NN
N N

R R?
I:R = H, R? = (CH,),SO;H, R® = SO3H, R* = CH,CO,H, X = C(CH,),
II: R = H, R* = CH,CH; R®=S03H, R* = SO3H, X = C(CHa),
Il R = (CH,)sCO,H, RZ=H, R®*=H, R*=SO;H, X =S
IV: R = H, R? = (CH,)sCO,H, R® = SO;H, R* = SO3H, X = C(CH,),
V:R=H, R?=H, R®= CO,H, R* = SO;H, X = C(CHs),

Scheme 6. Range of Cy5 pH-sensitive fluorescent probes.

Table 1. Spectral properties of Cy5 pH-sensitive probes.

Dye Amax (abs) [nm] Amax (em) [nm] pKa
pH 4.67 pH9 (ex=630 nm)

1 645 484 665 7.5

I 650 515 665 6.4

111 640 531 670 6.85

v 653 501 660 7.5

V (CypHer5) 655 500 665 6.1

value is excellent for biological applications. At pH>7,
CypHer5 is >95% deprotonated, and this causes a change
in the absorption spectrum such that the fluorophore cannot
be excited at 633 nm.

By N-terminally tagging GPCR (G-protein-coupled recep-
tor) with an epitope and labeling an antibody to that epi-
tope with CypHerS5, the internalization of GPCR from the
membrane (pH 7.4) to the endosomal pathway (pH 4-5) can
be monitored. This was the first report of the application of
an NIR pH probe.['"]

Hilderbrand and Weissleder subsequently developed
novel NIR pH probes with lower pK, values than CypHer
(Scheme 7 and Table 2). These probes are almost non-
fluorescent at pH 7.4, but emit strong fluorescence at lower
pH. They showed that the Cl-substituted dye can distinguish
between samples of mouse urine (pH 6.78) and blood
(pH 7.69) by fluorescence reflectance imaging. They also

R=H,Cl, Br

Scheme 7. Structure of novel NIR pH probes.
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Table 2. Optical properties of the novel pH probes in Scheme 7 in
aqueous media.

Rindye /A4 [nm]  Ag [nm] & [M'em™] 0% [%] pK
H 638 664 141000 12.9 6.3
Cl 642 663 167000 6.4 5.7
Br 639 659 146000 35 5.7

[a] Measured in 50 mm glycine buffer at pH 3.0. [b] Determined by pH
titration in 50 mm phosphate/citric acid buffer.

showed that the pK, values of the dyes can be modulated by
variation of the heteroatom substituents on the polymeth-
ine-conjugated system.

3.3. Difluoroboradiaza-s-indacene-Based NIR Fluorescent
pH Probes

4 ,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) is a
well-known fluorophore with a high molar extinction coeffi-
cient and high fluorescence quantum efficiency (®y) that
has found widespread application in biological research.!'*")
BODIPYs that emit in the NIR region have recently been
used to obtain functional probes.*!!

Daub and co-workers developed a fluorescent pH probe
based on distyryl-BODIPY (Scheme 8).??! This is essentially

~t -

Amay (@bs) = 620 nm

Amax (€M) =636 Nm
Pq=4x104

measured in acetonitrile

Amax (@bs) = 634 nm
Amax (€M) =652 nm

@y =0.75
measured in acetonitrile

Scheme 8. Structure and photochemical properties of NIR pH probe
based on distyryl-BODIPY.

nonfluorescent in a highly polar environment, but becomes
strongly fluorescent in the presence of protons. The pK,
value was determined to be 2.32 in ethanol/water (1:1 v/v).
This probe is unsuitable for biological research because of
its low pK, value and low solubility in water, but its quan-
tum efficiency is much higher than that of norcyanine-based
probes. Structural modification to improve the pK, value
and solubility in water may be feasible.
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4. NIR Fluorescent Probes for Metal Ions
4.1. Calcium Probes

Calcium is an important secondary messenger. Many biolog-
ical processes are regulated by temporal and spatial fluctua-
tions in calcium concentration. Some excellent fluorescent
probes for calcium have been developed.!'”

Akkaya and Turkyilmaz developed a squaraine-based

23]

probe for calcium (Scheme 9).!

Scheme 9. Structure of NIR probe for Ca’* based on squaraine.

In pH 7.2 aqueous buffer, the fluorescence intensity de-
creased in the presence of Ca?*, whereas a large excess of
Mg** ions had no effect on either the absorption or the
emission spectrum. The dissociation constant was deter-
mined to be 3.4 um, which seems suitable for biological stud-
ies, for example, of large ion spikes near the cellular mem-
brane.

Ozmen and Akkaya also developed a tricarbocyanine-
based probe for Ca** (Scheme 10).?" The absorption and

“SCcooH

Q

. r

N._-COOH

N

COOH
COOCH

Scheme 10. Structure of NIR probe for Ca’>* based on tricarbocyanine.

emission maxima are at 766 and 782 nm, respectively, which
is suitable for fluorescence imaging in vivo. The fluorescence
is modulated through the mechanism of photoinduced elec-
tron transfer (PeT). The quantum efficiency was found to be

Chem. Asian J. 2008, 3, 506 -515
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0.05 for the free chelator and 0.12 for the probe—Ca®* com-
plex. Thus, their work demonstrates that effective PeT-gen-
erated fluorescence signaling is possible in the NIR range.
The dissociation constant was determined to be 240 nw,
which is close to the resting concentration of intracellular
Ca®*, so the dynamic range of this probe is practical for bio-
logical applications.

4.2. Mercury Probe

Akkaya and co-workers also developed an NIR fluorescent
probe for Hg?*.?! They synthesized bis(2-pyridiyl)-substitut-
ed boratriazaindacene (AzaBODIPY) and found that the 2-
pyridyl substituents at the 1- and 7-positions create a well-
defined pocket for metal-ion binding. At a sufficiently high
concentration of Hg?*, a 35-nm red shift of the absorption
maximum and a 37-nm red shift of the emission maximum
were observed, which indicates that this probe could work
as a ratiometric probe for Hg** (Scheme 11). The dissocia-

Amax (@bs) = 655 nm
Amax (€M) =682 nm

Amax (BbS) = 696 nm
Amax (€M) =719 nm

Scheme 11. Structure and photochemical properties of NIR Hg?* probe
based on AzaBODIPY.

tion constant was determined to be 5.4 x107°wm, and the
quantum efficiencies in acetonitrile were 0.19 for the probe
and 0.17 for the probe-Hg** complex. This probe shows
outstanding metal-ion selectivity because of the rigid nature
of the ligand and the selectivity imposed by the type of
donor atom. This is the first AzaBODIPY analogue acting
as a probe for metal ions, and its mechanism of metal-ion
sensing is unique. However, its solubility in water is very

“ "N
|

x N/I
N .
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poor, so improvement will be necessary for application in
biomedical imaging.

4.3. Zinc Probes

Zinc is the second-most-abundant transition-metal ion in the
human body, where it has multiple roles in both intra- and
extracellular functions.” Fluorescent sensor molecules offer
useful information about chelatable Zn*" in cellular systems,
because we can study the concentration or distribution of
Zn** in real time, and fluorescence imaging of Zn?* has
become a widely used technique.'*?”’ Many probes for Zn>*
have been developed; however, we were the first to develop
a zinc ion probe that operates in the NIR.® A series of tri-
carbocyanine derivatives were synthesized to examine the
relationship between the nature of the amine substituent
and the photochemical properties. It was found that the
lower the electron density of the amine, the longer the
wavelength of the absorption maximum, with little change
in the emission maximum.

Thus, we synthesized dipicolylcyanine (DIPCY;
Scheme 12), which has an amine-substituted tricarbocyanine
as the NIR fluorophore. It has a high extinction coefficient
of 7.0x10°m 'cm ™' and a large Stokes shift, and the dipico-
lylethylenediamine (DPEN) moiety acts as a metal chelator.
When the dipicolylamine coordinates to a metal ion, the
electron density of the DPEN moiety is decreased, thus low-
ering the electron-donating ability of the amine in the fluo-
rophore.

At a sufficiently high concentration of Zn**, a 44-nm red
shift of the absorption maximum was observed, which indi-
cates that DIPCY could work as a ratiometric probe for
Zn** (Scheme 12). The apparent dissociation constant (K)
of (98+0.9) nm at pH 7.4 in HEPES buffer for Zn>* was de-
termined by plotting the fluorescence ratio at 760 nm for
627- and 671-nm excitation, and it was confirmed by plotting
the absorption ratio at 627 and 671 nm. The metal selectivity
of DIPCY was investigated. Various metal ions other than
Co?** and Cu**, whose concentrations in biological materials
are extremely low, had little influence on the Zn**-induced
red shift of the absorption maximum. This result indicates
that DIPCY is Zn?*-selective (Figure 1).

Ossj

Amax (@bs) =

627 NM, Amax (em) 758 nm
£=7.0x10*M" cm™’
@y =0.02 (in100 mM HEPES buffer, pH = 7.4)

Scheme 12. Structure and photochemical properties of NIR Zn?* probe.
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Amax (@bs) = 871 nm, Apax (€M) = 765 nm
£=85x10*M"' cm™
@ = 0.02 (in 100 mM HEPES buffer, pH = 7.4)
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Ratio (671-nm ex / 627-nm ex)
5

0.0

Mn2* Fe?* Fe®* Co?* Ni2* Cu?* Zn?* Cd?* Na* K* Ca?* Mg?*

Figure 1. Metal-ion selectivity of DIPCY. Bars indicate the fluorescence
ratio (671/627-nm excitation, 760-nm emission). DIPCY (1 um) was
added to heavy metals (1 um) and other agents (5 mm). All samples were
measured in 100 mm HEPES buffer, pH 7.4, I=0.1 (NaNO;). White bars:
the respective cation was added. Dark bars: the respective cation and
zinc ion were added.

This fluorescence modulation of amine-substituted tricar-
bocyanines should be applicable to dual-wavelength meas-
urements of various biomolecules or enzyme activities. Stud-
ies along this line are in progress, and novel ratiometric
probes should be reported shortly.

Just after we reported DIPCY, Tang et al. developed a
fluorescent probe for Zn**, DPA-Cy, which utilizes a PeT
mechanism (Scheme 13).”! They chose a tricarbocyanine
with two propyl groups, which can readily penetrate cellular

Q?
N N
N

N //

Scheme 13. Structure of DPA-Cy.

membranes, as the NIR fluorophore, and 2,2-dipicolylamine
(DPA) to chelate zinc. Inhibition of PeT by coordination of
d" transition metals or protons to amines is a commonly ob-
served mechanism for fluorescence enhancement. DPA-Cy
gave a 20-fold turn-on response for detecting Zn**. Tang
et al. applied DPA-Cy with a Zn?*-selective ionophore to
macrophage cells (Raw264.7 cells) to examine whether it
worked in biological systems, and they showed that DPA-Cy
is cell-permeable and can respond quickly to Zn**.

5. NIR Fluorescent Probes for Nitric Oxide

Nitric oxide (NO), which is synthesized through conversion
of L-arginine into L-citrulline by NO synthase in vivo, is an
important signaling molecule involved in the regulation of a
wide range of physiological and pathophysiological mecha-
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nisms, and many disorders related to the impairment of NO
signaling have been reported.® Therefore, methods for vis-
ualizing NO would be powerful tools for examining in detail
the mechanisms of NO signaling®! and might eventually be
useful for diagnosis as well.

Recently, we developed several fluorescent probes for
NO, whose fluorescence is modulated through a PeT mecha-
nism, and these probes have been widely used in biological
applications.

Figure 2 A shows the increase in fluorescence intensity of
DAC-P (an NIR NO probe; see Scheme 14) in rat kidney
upon administration of NOCI13, one of the NO donors. The

(A) 110

100 | ...’ L™ ]
..
%0 ¥
Ila.u. °
80 [ ssstee o0°
o

o®

L)
70 ’....p"Noma (0.1mm)  NOC13 (1 mm)

60

»
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| MM

Low MEEESSSSE W High

Figure 2. A) Increase in fluorescence intensity of DAC-P in rat kidney
upon administration of NOC13. The fluorescence intensity is an average
value calculated from an entire picture plane. The rat kidney was per-
fused with Krebs—Henseleit buffer at 5 mLmin"'. After loading of DAC-
P (5 pm) for 4 min, NOC13 (0.1 or 1 mm) was administered for 3 min (in-
dicated by arrows). B) Captured NIR fluorescence image of a part of a
rat kidney after the loading of DAC-P. C) Image after the administration
of NOC13 (0.1 mm). D) Image after the administration of NOC13
(1 mm). All images are reproduced in pseudocolor.

fluorescence intensity is an average value calculated from
the entire picture plane. The rat kidney was perfused with
Krebs—Henseleit buffer at 5mLmin!. After loading of
DAC-P (5 pm) for 4 min, NOC13 (0.1 or 1 mm) was adminis-
tered for 3 min (indicated by the arrows). Figure 2B shows
the captured NIR fluorescence image of a part of the rat
kidney after loading of DAC-P. Figure 2C and D shows the
same kidney after administration of 0.l mm and 1mm
NOCI13, respectively. All the images are reproduced in pseu-
docolor.

Our NIR fluorescent probes for NO (DAC-S, DAC-P)®!
are based on the change in the electron-donating ability of
o-phenylenediamine upon selective NO-mediated transfor-
mation of diamine into triazole under aerobic conditions
(we named the corresponding triazole compounds DAC-Ts)
(Scheme 14). The NIR fluorescence intensity of the DACs
greatly increased in an NO-concentration-dependent

Chem. Asian J. 2008, 3, 506 -515
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DAG-P (R = CH,CH,CHa, X = 1)
DAC-S (R = CH,(CH,);803H,CH,(CH,);S05)

DAC-P-T (R = CH,CH,CHs, X = 1)
DAC-S-T (R = CH,(CH,);S03H, CH,(CH,)3S057)
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traordinarily long lifetimes and
large Stokes shifts.””! However,
there have been few reports of
lanthanide-based functional
probes, because of the difficulty
in designing suitable complexes
with a luminescence on/off
switch.

Recently, we developed a ra-

‘ weakly fluorescent I

‘ NIR fluorescent I

tional design for luminescence
probes and synthesized a long-

Scheme 14. Structure and photochemical properties of NIR NO probes.

manner, and the quantum efficiency of the DAC-Ts was 14-
fold higher than that of the DACs. We confirmed that DAC
could be employed in isolated rat kidneys (Figure 2).

Because the reaction of DACs with NO is fast and the ob-
servation of their NIR fluorescence is less subject to inter-
ference by biological substances, our NO-detecting probes
are expected to be applicable not only to cellular, but also
to in vivo NO imaging.

6. NIR Fluorescent Probes for f-Galactosidase

Escherichia coli (3-galactosidase (-gal) is well-characterized
and extensively used as a marker enzyme in enzyme-linked
immunosorbent assays (ELISA), insitu hybridizations, the
classification of mycobacteria, and gene-expression studies.
A wide variety of fluorescent probes for [3-gal have been de-
veloped and are in widespread use.’* However, they have
various limitations with regard to in vivo applications.

Recently, Weissleder and co-workers developed an NIR
fluorescent probe for PB-gal sensing.® The probe is com-
posed of three moieties: galactopyranoside as a f3-gal sub-
strate, 4-hydroxy-3-nitrobenzyl alcohol connected to a gly-
cine residue through a carbamate linkage as a spacer, and
disulfonated benzo[a]phenoxazine (2SBPO)"" as a fluoro-
phore. The spacer and 2SBPO were released through a cas-
cade of spontaneous hydrolytic steps following enzymatic
cleavage of the O-glycoside bond (Scheme 15). First, 4-hy-
droxy-3-nitrobenzyl alcohol was liberated, followed by the
formation of Gly-2SBPO. The unstable Gly-2SBPO was fur-
ther hydrolyzed to release glycine and free 2SBPO at neu-
tral pH. A sevenfold increase in fluorescence was obtained.
The kinetic parameters indicate that the catalytic efficiency
of -gal for the substrate is higher than for a non-self-immo-
lative substrate. Because the substrate emits in the NIR
region, it can be used as a reporter molecule for in vivo
imaging of B-gal activity.

7. Lanthanide-Based NIR Fluorescent Probes for
Cellular Stress Markers

Luminescent lanthanide complexes (Tb**, Eu®*, etc.) have
excellent properties for biological applications, including ex-
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Scheme 15. Proposed mechanism of Gal-2SBPO activation.

luminescence is modulated through the PeT mechanism.
Furthermore, we confirmed the usefulness of the probe by
applying it in clinical diagnosis. However, it is not suitable
for invivo imaging because the excitation is in the UV
region.

Sames and co-workers focused on an Nd** complex,
which emits in the NIR range.™ They developed an NIR lu-
minescence redox probe, based on an Nd** complex, that
serves as a reporter substrate for human aldoketoreductase
(AKRI1C2).

They investigated several aminocoumarin-Nd:DOTA
pairs (Scheme 16; DOTA =1,4,7,10-tetraazacyclododecane-

www.chemasianj.org 513





FOCUS REVIEWS

s,
CC
o) o)
o N 0" o

3 CC 5
H
VAR N /\;\
N\\ /N<Y N o0 o rN\ N
L Nd o) o——Nd
\ N

N7 VN ) N7 VN
\ N N N
HO)\/ \—\\/}l n=125 HO)\/ \—\//L
o 0

(0]

Scheme 16. The various compounds synthesized to examine the effect of linker length and mode of attachment
of the Nd:DOTA complex on luminescence switching and enzyme—substrate properties.

N,N',N" ,N""-tetraacetic acid) and found that alcohols all dis-
played characteristic Nd®** luminescence with the emission
maximum at around 1060 nm, whereas ketones had negligi-
ble emission in this region. Thus, the ketone/alcohol pair is a
robust luminogenic switch in the reduction direction. They

Nd:DOT
ANH ~ AKR1C2, NADPH

e
K/\N o 0 phospate buffer, pH 7

nonluminescent Ph OH

Nd:DOT.
ANH =

N o 0

luminescent

Scheme 17. Enzymatic reduction of reporter substrates. NADPH = nico-
tinamide adenine dinucleotide phosphate, reduced form.

found that the compound shown in Scheme 17 is an excel-
lent substrate for AKR1C2 with kinetic parameters compa-
rable with those of the parent coumarin probe and the phys-
iological steroid substrates. This substrate represents a
promising NIR imaging probe for the cellular stress marker
AKRI1C2. Although the excitation wavelength is too short
for use in vivo, two-photon excitation operating in the 800/
1060-nm regime should be suitable for in vivo imaging.
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8. Conclusions and

Perspectives
O A Functional NIR fluorescent
N o o probes are attracting increasing
H W attention, although relatively
n

few biomolecule-targeting NIR
probes have been developed.
Poor solubility in water, low
quantum efficiency, or cytotox-
icity are issues in some cases,
and at present fluorophore-bio-
molecule conjugates are much
x more widely used. However,
compared with the long history
of functional fluorescent probes
working in the UV/Vis region,
studies of NIR fluorescent
probes have only just begun,
and the scope for developing
truly practical NIR fluorescent
probes is enormous. This Focus
Review has summarized briefly
the progress to date.

n=1,2,5
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Abstract: The utilization of hydrogen bonding as an acti-
vation force has become a powerful tool in asymmetric or-
ganocatalysis. Significant advances have been made in the
recent past in this emerging field. Due to space con-
straints, this Focus Review summarizes only the key as-
pects with an emphasis on catalysis based on chiral ureas
and thioureas, diols, and phosphoric acids. The examples
provided neatly demonstrate that chiral ureas and thio-
ureas, diols, and phosphoric acids display effective and
unique activation modes of catalysis for a broad spectrum

of asymmetric organic transformations, including single-
step and multiple-step cascade reactions. These function-
alities, which have the ability to afford efficient H-bond
activation of electrophiles including C=0, C=N, aziridines,
and epoxides, have established their status as “privileged”
functional groups in the design of organocatalysts.

Keywords: asymmetric catalysis - diols - hydrogen bonds -
phosphoric acids - ureas

/

1. Introduction

Hydrogen bonding is one of the most dominant forces in
molecular interaction and recognition in biological sys-
tems.) It plays a central role in biocatalysis. However, the
design of small molecules that mimic the catalytic activities
of enzymes presents a formidable challenge as small organic
molecules often lack the nearly rigid and dynamic three-di-
mensional structures and multiple functional groups that are
present in the active sites of enzymes. Therefore, prior to
the late 1960s, the prevailing dogma was that only complex
supramolecular structures that matched the molecular
sophistication of enzymes were capable of catalyzing enan-
tioselective transformations. The dominant strategy mainly
employed nowadays by synthetic organic chemists to bring
about asymmetric catalysis relies on the use of metal-cen-
tered, chiral Lewis acids that often form tight complexes
with organic substrates.”’ Nevertheless, the development of
chiral Brgnsted acids as activation forces is a highly chal-
lenging task in asymmetric catalysis, presumably because
much weaker hydrogen-bonding interactions between the
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promoter and substrates would be the source of stereochem-
ical control.

This perception has delayed the advancement of this area.
Recently, chemists have begun to appreciate the potential
offered by hydrogen bonding as a force for electrophile acti-
vation in small-molecule-based catalysis.’! In particular, the
utilization of chiral hydrogen-bond donors as promoters has
been the subject of intense research, as evidenced by the
number of research papers that have appeared.’! In a simi-
lar manner to enzymatic catalysis, in which H bonding to a
transition state occurs, the type of catalysis can be described
as general acid catalysis in many cases. In this Focus
Review, only key developments in this field will be discussed
as several excellent reviews have summarized the discover-
ies in detail.! Furthermore, because of space constraints, we
will focus only on major achievements in the areas of chiral
(thio)urea, diol, and phosphoric acid catalysis.

2. Enantioselective Reactions Promoted by Chiral
Urea and Thiourea Catalysts

2.1. Monofunctional Urea and Thiourea Catalysts

Despite the fact that the conceptual basis of urea- and thio-
urea-based catalysis was established about 25 years ago as
pioneered by Curran and Kuo,” true attention paid to the
utilization of ureas and thioureas as a viable strategy in cat-
alysis came from the landmark works by Taylor and Jacob-
sen.*) They developed a series of urea- and thiourea-con-
taining Schiff bases, which were originally designed as po-
tential ligands for organometallic catalysis, as organocata-
lysts (Scheme 1). This strategy turned out to be a great suc-
cess. In the initial exploration, thiourea 1a was found to be
an optimal promoter for the highly enantioselective Strecker
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Scheme 1. Asymmetric reactions catalyzed by the Jacobsen urea and thio-
urea catalysts. Bn=benzyl, TBME = fert-butyl methyl ether, TFAA =tri-
fluoroacetic anhydride, TMS = trimethylsilyl.

reaction of aldimines and methylketoimines with HCN
(Scheme 1, reaction a).*®! A mechanistic study revealed
that the high catalytic activity can be attributed to the ca-
pacity of the thiourea to activate the electrophile (e.g.,

Abstract in Chinese:
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imine) efficiently by double H bonding for nucleophilic
attack (by, e.g., HCN) (Scheme 1).1) The activation mode is
consistent with the observation that electron-poor aryl ureas
readily form cocrystals with a variety of proton acceptors
that involve two-hydrogen-bond interactions.” Moreover,
the high enantioselectivity arises from the significant steric
effect of the amide portion of the catalyst. This important
mechanistic insight renders this class of compounds as gen-
eral acid catalysts for catalyzing a wide range of asymmetric
organic transformations of imines with a variety of nucleo-
philes. These ureas and thioureas, by optimizing their struc-
tures, have been discovered to promote highly enantioselec-
tive Mannich,” hydrophosphonylation,’? Henry,'"! cyanosi-
lylation," acyl-Pictect-Spenger (Scheme 1, reaction b),™
aza-Baylis—-Hillman,® and acyl-Mannich reactions.!"*]
Recently, List and co-workers used thiourea catalyst 2¢
for enantioselective hydrogenation of nitroolefins with
Hantzsch ester as the reducing reagent (Scheme 2).1'%
Nagasawa and co-workers prepared C,-symmetric chiral
1,2-diaminocyclohexane-derived bisthiourea 3 (Scheme 3).1"!
It was proposed that the two thiourea moieties in 3 simulta-
neously activate both cyclohexanone and aldehydes for the
Morita-Baylis—Hillman (MBH) reaction. As demonstrated,

“_NO tBuOZCJﬂ/\COZIBu 2¢ (20 mol %) H
2 + _ B
Ph PhCH,, 40°C  pp~ N0z

N
97% yield
94% ee

Scheme 2. Thiourea-promoted asymmetric hydrogenation.
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Scheme 3. Asymmetric Morita—Baylis—Hillman reaction promoted by
C,-symmetric bisthiourea 3. DMAP =4-dimethylaminopyridine.

catalyst 3 enabled the MBH reaction with low to excellent
levels of enantioselectivity (19-99% ee) in the presence of
the Lewis base DMAP as an external nucleophile.

Berkessel et al. developed chiral isophoronediamine-de-
rived bisthiourea 4 for a similar purpose (Scheme 4).1'7)
Under optimized reaction conditions, enantioenriched allylic
alcohols with good to excellent enantioselectivities (up to
96 % ee) were obtained from the reaction of cyclohexanone
with aliphatic aldehdyes in the presence of 20 mol% of 4

and DABCO under neat conditions.
75% yield
HsC CH, CF, o)

96% ee
S
F N N g
«C _ N)l\ o

e e, N N :

4

_ 4(20mol%)

DABCO
neat, 10 °C

CF,

Scheme 4. Asymmetric Morita-Baylis-Hillman reaction catalyzed by
chiral bisthiourea 4. DABCO =1,4-diazabicyclo[2.2.2]octane.

2.2. Chiral Cyclohexane Diamine Based Bifunctional
Thiourea Catalysts

The Jacobsen ureas and thioureas are monofunctional cata-
lysts that work through the sole activation of electrophiles.
Inspired by efficient and specific enzyme-mediated catalysis,
which relies on the synergistic cooperation of a number of
functional groups, synthetic organic chemists have devel-
oped bifunctional organocatalysts. The combination of H-
bond donors and Brgnsted or Lewis base functionalities in a
chiral scaffold has recently emerged as a viable strategy for
the design of bifunctional organocatalysts. These catalysts
share common structural features. Two functional acid/base
groups are positioned in a chiral scaffold. An H-bond donor
(Brgnsted acid) is used for activation of the electrophile,
whereas a Lewis base is used for activation of the nucleo-
phile. Notably, Takemoto and co-workers designed novel bi-
functional amine thiourea 5 (Scheme 5).!®! The catalyst was
assembled on the basis of the same chiral framework of a
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Scheme 5. Michael reaction catalyzed by the Takemoto bifunctional
amine thiourea.

1,2-trans diamine that Jacobsen used. The chiral thiourea
with a neighboring tertiary amine group serves as a bifunc-
tional organocatalyst to activate the Michael acceptor
through interaction with the nitro group and nucleophilic
enol species simultaneously. It was successfully demonstrat-
ed that this catalyst effectively promoted the highly enantio-
selective conjugate addition of malonates to nitroolefins.

More significantly, the bifunctional organocatalyst has
been exploited for a diverse array of asymmetric conjugate-
addition processes of stable nucleophilic enols and thiols
with enones™ and o.B-unsaturated imides,** along with
nitroolefins"* as well as in the aza-Henry process!™ and
Mannich reaction.!*

Berkessel et al. reported the use of catalyst 5 for highly
efficient dynamic kinetic resolution of azalactones to give
biologically important a-amino acids (Scheme 6).2%! A simi-
lar activation mode involving both tertiary amine and thio-
urea as catalyst with respective OH and CO groups in the
substrates was proposed. They also successfully extended
the strategy for kinetic resolution of oxazinones for the
preparation of chiral B-amino acids.™

More recently, Takemoto and co-workers extended the
domain of the bifunctional organocatalyst and developed
new bifunctional aminol thiourea 6 for the highly enantiose-

Bn

5 (5 mol %) O-ally!
NJFO + alylslcohol — M%) N/\n/ y
)\—o PhCH;, RT, 48 h
Ph 96% conver5|on
CF, 72% ee
Chiral s /@\
scaffold
R
/N\ H\\ (/H
; L
b /\‘ 0

Scheme 6. Asymmetric ring opening of azalactones with allyl alcohol
catalyzed by chiral amine thiourea 5.
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lective Petasis-type reaction of phenyl chloroformate acti-
vated quinolines with vinyl boronic acids (Scheme 7). This
process affords synthetically useful 1,2-dihydroquinoline ad-
ducts with high levels of enantioselectivity. The 1,2-amino

PhOCOCI =
X e 6 (10 mol %)
N H,0, NaHCOOa, ¢o,Ph
CH,Cl,, -65 °C 65% yield
S 94% ee
. Q .
| I
H H N/CHs
o HO\B/ j p
| < _
+ M \ FsC N—~NH N=CH;
O |
N OPh% "'s  (CH)oH
S Ph 6

Scheme 7. Asymmetric Petasis-type reaction catalyzed by aminol
thiourea 6.

alcohol moiety in 6 plays a critical role in achieving the high
enantioselectivity of the process. It was proposed that the
functionality effectively activates vinylboronic acid with for-
mation of a five-membered ring. In contrast, the lack of the
OH group or the use of a 1,3-aminol or 1,2-diamine led to
poor stereocontrol.

Chen and co-workers demonstrated that the simple amine
thiourea 7 catalyzed the direct vinylogous Mannich reaction
between dicyanoolefins and N-Boc benzaldimines with high
ee values (Scheme 8).””) The employment of 0.1 mol% of
the catalyst was found to be sufficient for the process.

NC CN
| 7 (0.1 mol %
~ . o)
. Ph/\ .Boc
PhCH,, RT, 24 h
S
98% yield
) 98% ee
HNTI\IH ’\FCHa
S 7 CHs

Scheme 8. Direct asymmetric vinylogous Mannich reaction catalyzed by
chiral amine thiourea 7. Boc =tert-butoxycarbonyl.

Chiral pyrrolidine-derived organocatalysts are effective
for the highly enantioselective Michael addition of cyclohex-
anone and its analogues to nitroolefins.® However, poorer
catalytic activity and enantioselectivity were generally ob-
served for acyclic ketones. Huang and Jacobsen reported
primary amine thiourea 8a as an efficient catalyst for the
conjugate addition of acyclic ketones to nitroalkenes with
high enantioselectivity (Scheme 9, reaction a).”* The bi-
functional catalyst activates both substrates simultaneously
through respective H-bond and Z-enamine interactions.

The analogue 8b was found to be an effective promoter
for the highly enantio- and diastereoselective conjugate ad-
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8a (20 mol %)
PhCO,H (2 mol %

CH,
) :
e —— O N/Y\ﬂ/\ a
¢ A PnCH, RT 720 L 1 @
65% yield

99% ee
20:1dr.

8b (20 mol %) O nBu

0 ‘
H,O (5.0 equiv)
I’IBU/\/NOZ + MG%H H)%/NOZ (b)
CH,CI,, 24 h pPh Me

Ph
23°C 54% vield
1 M HCI workup 96% ee
28:1d.r.

Scheme 9. Direct Michael addition of acyclic ketones and a,a-disubstitut-
ed aldehydes to nitroalkenes catalyzed by primary amine thioureas 8.

dition of a,o-disubstituted aldehydes to aliphatic nitroole-
fins, which are also difficult substrates for chiral pyrrolidine
organic catalysts (Scheme 9, reaction b).”*® Tsogoeva et al.
also reported chiral bifunctional primary amine and amidine
thioureas for similar purposes.?**

2.3. Cinchona Alkaloid Derived Bifunctional Thiourea
Catalysts

The natural products cinchona alkaloids and their modified
forms are important chiral ligands widely used in asymmet-
ric organometallic catalysis.’”) In the recent past, they have
also been explored for organocatalytic enantioselective
transformations with a great success. Naturally, the “privi-
leged” chiral skeletons can serve as a platform for the crea-
tion of a new class of bifunctional organocatalysts by incor-
poration of thiourea moieties. To this end, Sodés and co-
workers designed the new cinchona alkaloid derived thio-
urea 9a (Scheme 10).%°! It was employed as a catalyst for

O OZN\

“ 9a (10 mol %) : 0
Ph
CHyNO, + PhCHs, RT /@/\)‘\ph
cl
cl 94% yield
95% ee

CF,

9a: R=Et
CF, 9b: R = CH=CH,

Scheme 10. Michael addition of nitromethane to chalcones catalyzed by
cinchona alkaloid derived bifunctional thioureas 9a.
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the Michael addition of nitromethane to chalcones to afford
highly enantioenriched adducts.

Since the pioneering work of Sods and co-workers, cin-
chona alkaloid derived bifunctional thioureas 9 have been
intensively explored for asymmetric organic processes and
demonstrated to be one of the most useful organocatalysts.
Notable examples include conjugate addition of a wide
range of nucleophilic enol species to enones (Scheme 11, re-

o 0
9b (10 mol %)
N
S -
xylenes, RT A X
X =Y = CO,R', COR? CN ' !
— 1 — 3
X = CO,R", Y = COR®, NO, up {0 98% ee
R = aryl, alky! and 99% yield
NO,

0 O
+ . _NO 9b (10 mol %) J/
MeO)J\/U\OMe P pr” " COMe (b)
CH,Cl,, —20°C g

CO,Me
95% yield
94% ee
NBoc NHBoc
/©)kH 9b (20 mol %) L coe
+ CHy(CO,Me), a":;i”ce' COMe
96% yield
92% ee
(0]
OH (¢]
19 N\
/ o) /1(1 9b (5 mol %) NC ~ @
0 * CN THF Cl
93% yield
85% ee, 91:9d.r.
OH O Ph  9b(10mol %) Q
/ PhCH,, —25 °C
CO.Bu then TsOH, ., @)
2 80 °C 0O Ph
92% vyield
94% ee

Scheme 11. Asymmetric reactions catalyzed by cinchona alkaloid derived
bifunctional thiourea 9b. Ts=p-toluenesulfonyl.

actions a and b)?’*! as well as the Mannich (Scheme 11, re-
action c),”’¥ Diels-Alder (Scheme 11, reaction d),”’?! and in-
tramolecular oxa-Michael reactions (Scheme 11, reac-
tion e).”’1

Inspired by their early work in the use of cinchona alka-
loid derivatives as catalysts for the asymmetric Henry reac-
tion between active electron-deficient aromatic aldehydes
and nitromethane, Hiemstra and co-workers designed the
more active cinchona alkaloid based bifunctional thiourea
10, in which the thiourea moiety is incorporated at the 6’-po-
sition (Scheme 12).”%1 As shown, the catalyst displayed
higher catalytic activity and worked well for less reactive ar-
omatic aldehydes that contain electron-donating groups. It is
believed that the synergistic dual activation of both sub-
strates and the stronger two-H-bonding interactions are crit-
ical for enhanced activity and stereoselectivity. A mechanis-
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H 10 (10 mol %) ~NO;
+ CHyNO,
0
MeO THF, 20°C 1000
94% yield

89% ee

Scheme 12. Asymmetric Henry reaction catalyzed by cinchona alkaloid
derived bifunctional thiourea 10.

tic investigation was conducted by using density functional
theory (DFT) calculations.”® The rate-determining step is
the nucleophilic attack of the nitromethide anion on the ac-
tivated aldehyde for the formation of the C—C bond. Two
activation modes of substrates were proposed. In transition
state A (TS,), the nucleophilic nitromethide anion forms a
H-bond network between the positively charged trialkylam-
monium ion and one H-bond donor from the thiourea
moiety, while the aldehyde complexes with the other H-
bond donor of the thiourea. In the second binding mode
(TSg), the opposite coordination pattern was proposed.
DFT calculations indicated that the activation barriers for
the formation of the two transition states were similar.
Therefore, either pathway could be possible for forming the
C—C bond.

2.4. Chiral Naphthyl-Derived Bifunctional Thiourea
Catalysts

Chiral axial binaphthyl is another important class of “privi-
leged” scaffold that has been widely used in organometallics
as ligands.” The incorporation of a thiourea moiety into
the chiral framework can create a novel class of organocata-
lysts. Along these lines, Wang and co-workers designed new
bifunctional binaphthyl-derived amine thioureas
(Scheme 13).** After a variety of organocatalysts were
screened, catalyst 11 was identified as the optimal promoter
for the highly enantioselective Morita—Baylis—Hillman reac-
tion of cyclohexenone with a wide range of aldehydes with-
out the need for external additives (Scheme 13, reac-
tion a).”! Notably, although the aromatic amine in 11 is a
much weaker nucleophile than aliphatic amines and phos-
phines, it still serves as an effective donor for the initial Mi-
chael addition reaction as a result of the significant thiourea
activation of the carbonyl group. The study also revealed
that the 3D orientation of the two functionalities is critical
for catalyst activity and stereocontrol. In contrast, as shown
above, the Takemoto catalyst 5 afforded poorer results, al-
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(CH2),Ph  (a)

o o O OH
. )K 11 (10 mol%)
Ph(H,C);” H CH4CN,0°C

80% yield

S 83% ee

- JLN
Chiral
’ scaffold

CF 3
O 1 ‘\:N—

o o (0] O
11 (1 mol%
MM N Hmo) (b)
RT, Et,0 NO
Ph 2
87% yield
95% ee

Scheme 13. Asymmetric Morita—Baylis—-Hillman and Michael addition
reactions catalyzed by chiral binaphthyl-derived bifunctional amine
thiourea 11.

though it contains a stronger nucleophilic aliphatic tertiary
amine.

Organocatalyst 11 was also demonstrated to catalyze effi-
ciently the highly enantioselective Michael reaction of a 1,3-
diketone as donor with p-nitrostyrenes (Scheme 13, reac-
tion b).?® Because of its high catalytic activity, utilization of
catalyst 11 in amounts as low as 1 mol % was sufficient for
the process. Moreover, the Michael addition products could
be readily converted into valuable o-substituted (-amino
acid building blocks.

In a related study, replacement of the weakly nucleophilic
tertiary aromatic amine in 11 by a stronger phosphine nucle-
ophile resulted in bifunctional catalyst 12 (Scheme 14).5%
The catalyst was found to promote efficiently the aza-
Morita—Baylis—Hillman reaction in high yields and with
good to high levels of enantioselectivity.

12 (10 mol%) NHTSs,
NTs  pPhCO,H (5 mol%) =0

o) \
= 7 :
A~ Ph)J\H CH,Cl,, RT, 10 h Phﬁﬁj\

S 97% yield
J\ 91% ee
N N

H H

L™
12

Scheme 14. Asymmetric aza-Morita-Baylis—Hillman reaction catalyzed
by chiral binaphthyl-derived bifunctional phosphine thiourea 12.

Connon and co-workers designed and evaluated a series
of C,-symmetric binaphthyl-derived thioureas for the asym-
metric Friedel-Crafts reaction of indoles with nitroolefins
and found that catalyst 13 afforded the desired products in
good yields but low with enantioselectivity (12-50% ee).
A more efficient process was developed by Ricci and co-
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workers (Scheme 15, reaction a).’' Catalyst 13 was identi-
fied from a series of organocatalysts, including C,-symmetric
chiral bisthioureas and hydroxy thioureas, for the reaction.
Much-improved enantioselectivity (71-89% ee) was ob-
served with the catalyst.

Ph
0,
@ ¢ oy No, O NO,
N CH,Cl,, ~24°C, 72 h N @)
H N
H
78% yield
85% ee
Ph, CHO

0,
)K/\ R, ph,GHONH, 13 (30 mol%)_ J\)*\R
CF3Ph 4AMS

_ 98% yleld
R = CH,OPMP 98% ee

Scheme 15. Asymmetric Friedel-Crafts alkylation and Michael addition
reactions catalyzed by chiral hydroxythiourea 13. M.S.=molecular sieves,
PMP =p-methoxyphenyl.

Sibi and Itoh discovered the same catalyst 13 for the Mi-
chael addition of hydroxylamines to o,f-unsaturated pyra-
zole amides (Scheme 15, reaction b).' In general, good to
high enantioselectivity (67-95% ee) was achieved despite
high catalyst loading (30-100 mol %).

2.5. Other Chiral Bifunctional Thiourea Catalysts

Combining pyrrolidine and thiourea functionalities, Tang
and co-workers created the new bifunctional chiral pyrroli-
dine thiourea catalyst 14 (Scheme 16).”? The catalyst effi-
ciently catalyzed the direct Michael addition of cyclohexane
to nitroalkenes with high enantio- and diastereoselectivity.

Q 14 (20 mol%)
+ Ph/\/ NO, n-butyric acid (10 mol%)
neat, 0 °C
<_>\/H H CF3 93% yield
N hig 90% ee
: S 96:4 synlanti
14 cr,

Scheme 16. Asymmetric Michael reaction of cyclohexanone with nitroal-
kenes promoted by chiral pyrrolidine thiourea 14.

Recently, Ellman and co-workers developed a novel class
of chiral urea catalysts that incorporates a chiral N-sulfinyl-
urea moiety (Scheme 17).%% The function of the N-sulfinyl-
urea group is twofold: it serves as a Brgnsted acid for acti-
vation of electrophiles and a chirality-control element. After
a variety of this class of catalysts were screened, catalyst 15
was identified to be an efficient promoter for the highly
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NBoc 15 (10% mol) NHBoc NHBoc
iPr,NEt (0.5 equiv) : ;
+ EtNO, — P N2+ Ph/\‘/NO2
Ph™ "H MeCN, —-40 °C GH CH
5 equiv 3 3
syn anti
84% yield
9 Q 95% ee for syn
S. )J\ 85:15 syn/anti
N N
H H

Scheme 17. Asymmetric aza-Henry reaction promoted by chiral N-sulfi-
nyl urea 15.

enantioselective aza-Henry reaction of both aromatic and
aliphatic imines with nitroalkanes.

3. Enantioselective Reactions Promoted by Chiral
Diol-Based Catalysts

3.1. Enantioselective Reactions Catalyzed by Chiral
Monofunctional Diol-Based Catalysts

In a similar manner to ureas and thioureas, diols can also
provide two-hydrogen-bond donors.**! The seminal work by
Hine et al. demonstrated that 1,8-biphenylene diol 16 is a
general acid catalyst used to activate epoxides efficiently to-
wards nucleophilic attack (Scheme 18, reaction a).’*¥ The

OH

Pho._L_NEt,  (a

16 (15 mol%)

butanone, 30 °C

\/ T

o] 0 oH

Pho._<J +EtLNH

’ \ / N\
H H (0] o]
0 0 nPr« -l —l nPr
NO NO
16 217 2
O R
17 (40 mol%)
2 - RS LT, ®)
PhCH,, 30 °C
COR'

Scheme 18. Diol-catalyzed reactions.

reaction of phenylglycidyl ether with diethylamine catalyzed
by the diol was about 13 times faster than that catalyzed by
phenol, which indicates that double hydrogen bonding is
more effective than single. In 1990, Kelly et al. extended this
concept to carbonyl compounds, devised a number of novel
biphenylene diol catalysts, and identified 17 for the Diels—
Alder reaction (Scheme 18, reaction b).[*

However, the use of chiral diols for asymmetric catalysis
did not emerge until 2003. Inspired by the work of Toda in
the utilization of TADDOLs for molecular recognition,?
Rawal and co-workers neatly demonstrated that chiral hy-
drogen-bond catalyst 18 could deliver high levels of enantio-
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selectivity for hetero-Diels—Alder reactions of aldehydes
with highly electron-rich aminodienes (Scheme 19).F72% X-
ray crystal-structure analysis showed the formation of a hy-
drogen-bond network between the diol moiety and the sub-

TBSO o) TBSO Ph
. 18 |
X Ph H toluene, —40 °C 0o
NMe,
~ NN

(6] Ph
AcCl
0

99:1 d.r.
70% vield

ro Ar
OH  Ar = 1-naphthyl
(0]
Ar

A
>
o H TADDOL 18
Al

Y

—0,
chiral *<> /H H
o}
H- -o/)\Ph
Scheme 19. Diels—Alder reaction catalyzed by chiral diol TADDOL 18.
TBS =tert-butyldimethylsilyl.

strate benzaldehyde.’” Interestingly, the network features
an intramolecular hydrogen bond between the two hydroxy
motifs and an intermolecular hydrogen bond with the car-
bonyl oxygen atom of benzaldehyde. This observation sug-
gests that single-hydrogen-bond activation is involved in the
diol catalysis. This catalytic tactic was further extended to
hetero-Diels—Alder reactions of the Brassard diene with al-
dehydes as well as Diels—Alder reactions of aminodi-
enes* and Mukaiyama aldol reactions.’*

Chiral diol 18 can go beyond the activation of carbonyl
compounds. Momiyama and Yamamoto recently showed
that this mode of catalysis can be applied to the activation
of nitroso compounds in an asymmetric a-amination process
(Scheme 20).P%! The process is highly regioselective for the

) 2
N.

N . O 18 (30 mol%) Ph

i Ph/N Et,0, -78 °C

70% yield
92% ee

Scheme 20. a-Amination reaction catalyzed by chiral diol TADDOL 18.

formation of C—N bonds, which is in contrast to the chiral-
secondary-amine-catalyzed asymmetric a-aminoxylation of
aldehydes and ketones with nitroso compounds to generate
C—O bonds."””

On the basis of preceding work by Yamada and Ikegami,
who used phenol, BINOL, and triphenylphosphine to cocat-
alyze the Morita—Baylis—Hillman reaction of cyclic enones
with aldehydes,*” McDougal and Schaus developed an
asymmetric version of the process in the presence of chiral
BINOL (S)-19 (Scheme 21). Besides the base additive,
the steric demands at the 3,3'-positions and the two hydroxy
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9 (s -19 (10 mol%)
Et3P (2 equiv)
THF, 10°C
71% vyield
‘O 96% ee
OH
o9
Ar

Scheme 21. Asymmetric Morita-Baylis—Hillman reaction catalyzed by
chiral BINOL 19.

Ar = 3,5-Me,CgHs
(S)19

groups play key roles in governing the enantioselectivity of
the process.

Wu and Chong described (R)-BINOL 20, which catalyzed
the highly enantioselective conjugate alkenylation reaction
of enones with borates (Scheme 22).*2 It was postulated
that the chiral promoter 20 is involved in the activation of
borate through formation of a strained chiral borate com-
plex for nucleophilic attack of the enone. A proposed six-
membered chairlike transition state may account for the ob-
served stereochemical outcome.

o C6H13
=
(R-20 20 mol %) O
Ph)J\/\Ph OMe
. i CH,Cl, 4AMS., ph Ph
MeO™ 7 “CH,,  40°C 92% yield
98% ee
O
OH
H_Ph

C”
|

(R)-20

Scheme 22. Asymmetric conjugate-alkenylation reaction catalyzed by
chiral BINOL 20.

Schaus and co-workers reported an asymmetric allylbora-
tion reaction of ketones (Scheme 23, reaction a).***! Screen-
ing of a variety of BINOLs resulted in catalyst (S)-21a,
which served as an efficient promoter for the process under
optimized reaction conditions (15 mol % 21a, PhCH3/PhCF;
(3:1) at —35°C) to afford homoallylic alcohols in high yields
(76-93 %) and with high ee values (90-98 % ). A similar tran-
sition-state model to that of Chong was proposed for the
asymmetric transformation. Recently, the strategy was ex-
tended to the highly enantioselective allylboration process
with acyl imines as the electrophile (Scheme 23, reac-
tion b).[**"l Notably, in the mechanistic studies, the boronates
were found to be activated by one of the OH groups of the
chiral diols, whereas the second OH moiety interacted with
the acyl imine (Scheme 23, reaction b). The model is differ-
ent from that proposed earlier for ketone substrates, which
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QiPr Io) HO, ,CHs
. (S)-21a (15 mol %) :
Pror BN C)J\Ph ©Otalismon) A, @)
s PhCH,/PhCF; (3:1) 83% yield
_35°C 94% ee
CC
,q
OH % B
90d
) X Me H
(S)-21a: X=Br
(S)-21b- X = Ph (2)- crg;yalthOéonate
Ph
OiPr Ay (Sr2tb(15mal%) HN/&O
B ¥ (b)
iPro oS M PhCHy 3-AMsS, Ph
h RT 87% yield
98% ee

Scheme 23. Asymmetric allylboration reactions catalyzed by chiral
BINOLs 21.

involved dual-hydrogen-bond activation. Furthermore, a
more active boat transition state was hypothesized for the
observed stereochemistry.

3.2. Enantioselective Reactions Promoted by Chiral
Bifunctional Diol-Based Catalysts

Inspired by the seminal work of Shibasaki and co-workers,
in which Lewis acids equipped with additional Brgnsted or
Lewis bases were employed in catalyst design,*’ Sasai and
co-workers developed the novel bifunctional amine diol cat-
alyst 22 for the highly enantioselective aza-Morita—Baylis—
Hillman reaction in high yields (Scheme 24).**! Tmportantly,
they demonstrated that both functionalities are essential for
the activity and enantioselectivity of the process. This inves-
tigation indicates that bifunctional organocatalyts are more
effiective than monofunctional ones as a result of their syn-
ergistic cooperative activation of substrates and the forma-
tion of a more rigid transition state. Furthermore, unlike

o T\ o
87% yield
98% ee
¥ OH l [ O-H-._- /
0
OO (5)-22 O o~H

TS\N 22 (10 mol %)
+ |
HJ\ H)\ Ph
Scheme 24. Asymmetric aza-Morita-Baylis—Hillman reaction catalyzed

PhCHg/cyclopentyl methyl ether Ph/Hﬁk
(1:9), -15°C
Y _ ! \
0
L
OH
by chiral bifunctional amine BINOL 22.
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monofunctional organocatalysts, the bifucntional promoters
that catalyzed Morita—Baylis—Hillman reactions did not re-
quire additional acid or base additives.

Using a similar strategy, Sasai and co-workers developed
another bifunctional BINOL organocatalyst 23 by replacing
the amine with a phosphine (Scheme 25).1 Catalyst 23 ef-
ficiently catalyzed the aza-Morita—Baylis—Hillman reaction
in high yields and with good enantioselectivity.

o

Hj\ TS\N
+ |
| H)\Ph

Ts.
(S)-23 (10 mol %) NH O

tBuOMe, —-20 °C Ph

97% vyield
87% ee

Scheme 25. Asymmetric aza-Morita-Baylis—Hillman reaction catalyzed
by chiral bifunctional phosphine BINOL 23.

4. Asymmetric Reactions Catalyzed by Chiral
Phosphoric Acids

4.1. Asymmetric Mannich Reactions Catalyzed by Chiral
Phosphoric Acids

The pioneering works by Akiyama et al.**’ and Uraguchi
and Terada,*®! in which axially chiral phosphoric acids de-
rived from binaphthols were used for enantioselective Man-
nich reactions with enols as the nucleophile, have stimulated
considerable synthetic interest in the last three years
(Scheme 26)." Because of their capacity to activate imines
through efficient Brgnsted acid/base ion-pair interaction, a
wide range of nucleophiles have been demonstrated to par-
ticipate in asymmetric nucleophilic-addition processes. Nota-
bly, these chiral phosphoric acids can be considered to be bi-
functional organocatalysts as, besides the acidic OH group,
the C=0 group can serve as a Lewis base. As demonstrated,
in some cases, both functionalities play roles in asymmetric
catalysis.

A more atom-economical direct three-component asym-
metric Mannich reaction catalyzed by chiral phosphoric acid
(R)-24¢ was disclosed (Scheme 27).8! The reaction of cyclo-
hexanone and its analogues, p-methoxyphenylamine, and ar-
omatic aldehydes in toluene in the presence of only
0.5mol% of 24c¢ gave rise to highly enantioenriched (-
amino carbonyls (up to 98% ee) with respectable d.r. The
process also worked for acyclic ketones but with lower ee
values (70-86%). It was believed that the bifunctional fea-
ture of the phosphoric acid plays a key role in its high cata-
lytic activity and the stereoselectivity of the direct Mannich
reaction. The basic P=O and acidic OH motifs facilitate the
formation of enol from ketone.
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(Ry-24a (10 mol %) I lCH

- 3(3
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98% yield
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5 NHBoc
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Jj|\ + )J\/U\ L:) COCH;, (b)
Ph” H CH,Cl,, RT
COCH;
99% yield
95% ee

(R)-24a: Ar = 4-NO,CH,
(R)-24b: Ar = 4-B-naphthyl-C¢H,
(R)-24c: Ar = 4-CICgH,

(R)-24d: Ar = 3,5-dimesitylpheny!
(R)-24e: Ar = 9-anthryl

(R)-24f: Ar = SiPh,

(R)-249g: Ar = 2,4,6-(iPr);CgH,
(R)-24h: Ar = 3,5-(CF3),CgH3
(R)-24i: Ar = 9-phenanthryl
(R)-24j: Ar = 4-PhCgH,

Ar
OO o} 9 ~— Lewis base
’P\OH
(o]
L
Imine-activatin
Ar i ivating

Bronsted acid

Scheme 26. Asymmetric Mannich reactions catalyzed by chiral phospho-
ric acids 24a and 24b.

(0] NH,
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H * chiral )
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Scheme 27. Asymmetric three-component Mannich reaction catalyzed by
chiral phosphoric acid (R)-24c.

4.2. Asymmetric aza-Friedel-Crafts Reactions Catalyzed by
Chiral Phosphoric Acids

Electron-rich aromatic compounds readily participate in
Friedel-Crafts reactions. As demonstrated, various such sub-
stances are able to participate in aza-Friedel-Crafts process-
es with different forms of imines catalyzed by chiral phos-
phoric acids (Scheme 28). The reactions afford a wide range
of functionalized, synthetically useful, and enantiomerically
active amine building blocks. These electron-rich aromatic
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.Boc . l;lHBoc
)NI\ , Meo. O, (R)-24d2mol %) peo O, - o w
e .
Ph" H U CI(CH,),Cl W
-35°C 95% yield
97% ee
TSHN_
Ts Ph
)NI . @@ (S)-24e (10 mol %) 4
mefelimo ® )
Ph N PhCHy, -60 °C (b)
H N
H
83% yield
98% ee
)CJ)\ NHCOPh
N~ “Ph N\ (S)-24f (2 mol %)
Mo PN ©
Ph™ "H N CH,Cl, -30°C q
Bn  4AMS N
99% yield
94% ee
AcHN, ,CH,
\ (S)-24g (10 mol %) "
J\ PR (d)
NHAc PhCH3, RT .
4AMS. N
99% yield
92% ee
BocHN
. ;
NHBoc N cHeN, CH,CN, 20 °C "
Bn
95% yield
93% ee
CO,Et
N CO,Et (R)-24g (20 mol %) CO.Et
NN | CO,Et
+ PhCHO PhCH,, —30 °C \ NH
H v
H ®
Ph
X NHCOPh
AL L) OMemB gy e
Ph” ~H N CHCl,, -60 °C MeN /
Me 4-AMS.
86% yield
90% ee

Scheme 28. Asymmetric aza-Friedel-Crafts reactions catalyzed by chiral
phosphoric acids.

systems include furans (Scheme 28, reaction a),** indoles
(Scheme 28, reactions b—f),** and pyrroles (Scheme 28, re-
action g).1*”®! The driving force for the highly efficient aza-
Friedel-Crafts reactions arises from the strong activation of
the imines by chiral phosphoric acids, as with Lewis acids.

In conjunction with their recent discovery of a chiral
phosphoric acid catalyzed aza-Friedel-Crafts reaction
(Scheme 28, reaction a),***! Terada and co-workers proposed
to use diazoacetate as the nucleophile for an aza-Darzens-
type reaction with an imine (Scheme 29, path a),”” which
would produce a chrial aziridine. However, the direct alkyla-
tion product, the a-diazo-f-amino ester, was obtained in-
stead. It was postulated that the product was formed by a
Friedel-Crafts-type reaction (Scheme 29, path b). Deproto-
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o)

0
(R)-24e
tBuO,C "',NJJ\Ph (R)-24e (2 mol %) HNJ\Ph
N
N ' PhCH, RT,5h (BU0L Ph
(N Ph” "H N
- 2
Ph e
path a patm 59% yield
l o BuO,C.._ -, .COPh  “goo e
N“~H =
tBuO c% _COPh 4
Oy LW
',’\i) H O\\P/o
N Ph PL
t8uo,c._J Oﬁlﬁi
“NCOPh b

Scheme 29. Asymmetric direct alkylation of a-diazoester catalyzed by
chiral phosphoric acid (R)-24e.

nation of a C—H bond, assisted by the basic O=P moiety of
the catalyst, proceeded rather than an aza-Darzen process
after nucleophilic attack of the imine. Under the optimized
reaction conditions, the o-diazo-f-amino esters were fur-
nished in good yields (57-89%) and with high levels of
enantioselectivity (86-97 % ee) in the presence of (R)-24e.

4.3. Asymmetric Hydrogenations Catalyzed by Chiral
Phosphoric Acids

The employment of Hantzsch esters as the nucleophile for
asymmetric hydrogenation, which originates from biological
systems, was first developed independently by the groups of
List®'™ and MacMillan®" in the highly enantioselective hy-
drogenation of the C=C bond of enals (Scheme 30).

(R)-24g (20 mol %)

morpholine (20 mol%) CHO
= “CHO
dioxane, 50 °C 95% yield
94% ee
O HH O 25a: R' = Me, R2 = /Pr, R® = R* = Me
R3O OR? 25b: R'=R?=Me, R®=R*=Et
| |
R "N” "R?
H
25

Scheme 30. Asymmetric hydrogenation catalyzed by chiral phosphoric
acid (R)-24g.

The strategy of using Hantzsch esters as hydride sources
for the asymmetric reduction of imines by chiral phosphoric
acids as a chiral inducer proved to be a fruitful approach to
the preparation of chiral amines (Scheme 31).F% It was
shown that a variety of imines can participate in the process-
es to produce a diverse array of synthetically and biological-
ly important chiral amines. Rueping et al. first realized the
use of chiral phosphoric acid (R)-24h as a catalyst for the
asymmetric hydrogenation of ketimines with Hantzsch ester
25b in good yields (46-91%) and with good ee values (70—
84%) (Scheme 31, reaction a)."* They also successfully ap-
plied the strategy to the asymmetric reduction of quinolines
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NPMP

NHPMP
(R)-24h (20 mol %) :
82% yield
25b, benzene, 60 °C 70% ee
N (R)-24i (2 mol %)
92% yield
= 25b, benzene, 60 °C 97% ee
N" Ph N” > Ph
H
0 (R) 24i (0.1 mol %)
CrL o
0,
N/ Ph 25b CHCI;, RT 98% ee
R)-24i (5 mol %
| - e ( ) 84% yield
= o 91% ee
N 25b, PhH,50°C gy _ \ b

Scheme 31. Asymmetric hydrogenations catalyzed by chiral phosphoric
acids.

(Scheme 31, reaction b),”®! benzoxazines, benzothiazines,
and benzoxazinones (Scheme 31, reaction c),”* as well as
pyridines (Scheme 31, reaction d)."*!1 Almost simultaneous-
ly, the groups of List®* and MacMillan®*! reported the use
of the more bulky chiral phosphoric acids (5)-24g and (R)-
24f for the reduction of ketimines with Hantzsch esters with
improved enantioselectivity.

Recently, the groups of Antilla®* and You®" independ-
ently described the chiral phosphoric acid catalyzed enantio-
selective hydrogenation of a-iminoesters (Scheme 32). The
process afforded an alternative organocatalytic approach for

NPMP  yAPOL (S)-26 (5 mol %)  NHPMP
Ph™ "CO.Et  25b, PhCH,, 50°C  Ph” “CO,Et
93% vyield
96% ee
VAPOL (S)-26

Scheme 32. Asymmetric hydrogenation for the synthesis of a-amino acids
catalyzed by chiral VAPOL-derived phosphoric acid (S)-26.

the preparation of a-amino acids. In the Antilla approach,
chiral vaulted VAPOL-derived phosphoric acid (S)-26 was
used as promoter,” whereas binaphthyl-derived phospho-
ric acid (S)-24e was employed by You and co-workders.*>!
In both cases, high levels of enantioselectivity (up to 99 %)
were achieved.

Combining the enamine and reductive-amination ap-
proaches, List and co-workers developed a novel process for
the generation of enantioenriched amines from a,o-disubsti-
tuted aldehydes and anisidines (Scheme 33).°! A dynamic
kinetic resolution involving an imine/enamine transforma-
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NHPMP
Ph.__CHO H;N (R)-24g (5 mol %) Ph\)
\r + —_— .
OMe 25b, PhHo, 5-AMS :
6°C 92% yield
J 98% ee
T chiral reduction
fast
NPMP NHPMP NPMP
Ph = Ph~ —~ Ph
H _—
H R H
(S)-imine enamine o
racemization (R)-imine
Scheme 33. Asymmetric reduction by dynamic kinetic resolution

catalyzed by chiral phosphoric acid (R)-24g.

tion was proposed. In the presence of (R)-24g and Hantzsch
ester 25b, the reduction of the R imine was faster than that
of the S enantiomer.

4.4. Asymmetric Diels—Alder Reactions Catalyzed by Chiral
Phosphoric Acids

With the realization of the strong activation capacity of
Brgnsted acids with imines, the resulting imines can natural-
ly participate in aza-Diels—Alder reactions with electron-
rich dienes or inverse-electron-demand aza-Diels—Alder re-
actions. Along these lines, Akiyama et al. developed the
chiral phosphoric acid (R)-24e as a catalyst for the asym-
metric inverse-electron-demand aza-Diels—Alder reaction of
aldimines with vinyl ethers (Scheme 34).°7* The process af-
HO CH, OEt
:@\ , OFt (R)-24e (10 mol %) :
N CH, AN PhCH,, -40 °C

M ' N “'Ph
Ph” “H OH
o o--H-o 89% yield
chiral< ~p” 99:1 cisltrans
= N0 ooy 94% ee
N oEt  CHs
Ph™ >x
“H

Scheme 34. Asymmetric inverse-electron-demand aza-Diels—Alder reac-
tion catalyzed by chiral phosphoric acid (R)-24e.

forded synthetically useful chiral tetrahydroquinones with
high efficiency. The OH motif of the N-aryl aldimines were
found to be critical for attaining high enantioselectivity and
reaction yields. In contrast, the absence of the OH group re-
sulted in no reaction. Accordingly, it was surmised that two
hydrogen bonds were involved in a nine-membered cyclic
transition state.

Akiyama and co-workders also successfully exploited the
activation mode for a normal asymmetric aza-Diels—Alder
reaction between aldimines and Brassard dienes
(Scheme 35).7 It was found that the (R)-24e pyridine salt
rather than its acid form led to improved reaction yields in
spite of comparable enantioselectivity.
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"
N CH, (3 mol %)

1) (R)-24e pyridine salt

OH
Q@
N

/“\ mesitylene, 40 °C  HaC |
Ph” H )
OMe OMe 2) PhCO,H Ph" OMe
5.0 equiv
Z > 0TMS (5.0 equv) 95% yield
94% ee

Scheme 35. Asymmetric aza-Diels—Alder reaction of aldimines with
Brassard dienes catalyzed by chiral phosphoric acid (R)-24e.

Analogously, Gong and co-workers®™ and Rueping and
Azap”’ independently employed the enantioselective aza-
Diels—Alder reaction between cyclohexenone and aldimines
(Scheme 36). Under acidic conditions, cyclohexenone under-
went enolization to generate a reactive diene in situ for the
enantioselective aza-Diels-Alder reaction with imines acti-
vated by chiral phosphoric acid (R)-27.

0
+
H™ "Ph pnch, 20°C NP NH
PMP PMP
endo exo
“ 76% yield
_ Ar 87% ee for endo
oH (R)-27 ‘O 84:16 endolexo
+ o) (@]
H-N-PMP \
+
H” >Ph

P\
o

Ar
(R)-27: Ar = 4-CIC4H,

Scheme 36. Asymmetric aza-Diels—Alder reaction of aldimines with
cyclohexenone catalyzed by chiral phosphoric acid (R)-27.

The use of chiral phosphoric acids for catalyzing aza-
Diels—Alder reactions has been a great success
(Schemes 34-36). However, attempts to apply the catalytic
system for the Diels—Alder reaction of enones with dienes
has proved to be difficult, as demonstrated by Nakashima
and Yamamoto (Scheme 37).°%! No reaction occurred even
with highly reactive silyloxydienes when chiral phosphoric
acid (S)-28a was used, presumably due to the low acidity of

Me

OTIPS

¢}
ﬁEt + Me, N\~
Ar
L,

O/P\NHTf (S)-28a: Ar = Ph, X = OH

7
(8)-28b: Ar = 1,3,5-(iPr),C¢H,, X = NHTF
A (S)-28c: Ar = 9-phenanthryl, X = NHTf
r
Scheme 37. Asymmetric Diels—Alder reaction of enones with silyloxy-
dienes catalyzed by chiral N-Tf phosphoramide (S)-28b. Tf=trifluoro-
methanesulfonyl, TIPS = triisopropylsilyl.

(S)-28b (5 mol %)

/O"\COEt
PhCH;, -78°C TIPSO

Me
95% vyield
92% ee
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the phosphoric acid. Accordingly, the more acidic NHTf
group was introduced into the system, and a new class of
chiral N-Tf phosphoramides were designed and synthesized.
This type of catalyst exhibited high catalytic activity, and
their screening resulted in the best promoter 28b for achiev-
ing the Diels—Alder reaction in good yields and with high
enantioselectivity.

4.5. Other Asymmetric Reactions Catalyzed by Chiral
Phosphoric Acids

The power of chiral phosphoric acids has been demonstrated
for promoting other types of asymmetric organic transfor-
mations. Terada et al. neatly demonstrated an enantioselec-
tive azaene-type reaction between N-acylimines and en-
amides or enecarbamates catalyzed by Brgnsted acid (R)-
24e to afford P-aminoimine adducts, which were subse-
quently hydrolyzed to give f-amino ketones in high yields
and with high ee values (92-98 %) (Scheme 38).5”) The reac-
tion could be carried out at extremely low catalyst loading
(0.05-0.1 mol %). Its high catalytic activity and enantioselec-
tivity may be attributed to the cooperative activation of sub-
strates.

e} 0]

(R)-24e (0.05 mol %) _ I J

Ph NH N~ "OMe
PhCH;, RT, 5 h

=l
Ph/\)\ Ph
PN 9 %y
Ph )L 85% yield

H-N"ome 93% ee

o
chiral<\O\P“ )\Pho

o}
NLPh

Me

*

o \O‘H“‘~N| Ph
Ph)\H

Scheme 38. Asymmetric aza-ene-type reaction catalyzed by chiral
phosphoric acid (R)-24e.

Gong and co-workers reported the efficient three-compo-
nent Biginelli reaction of ketoesters, (thio)ureas, and aro-
matic aldehydes catalyzed by chiral phosphoric acid (R)-29
to give highly enantioenriched and biologically interesting
3,4-dihydropyrimidin-2-(1H)-ones (Scheme 39).1! The high

o o H,C  CO,Et

- 0, b *
/U\/U\OEt (R)-29 (10 mol %)

HN}F
CH,Cl,, RT NH
S

H,N" NH, Ph
o ‘O O\F,‘,O ~ S
SIS

NO; Ph

Ar H

94% vyield

NO, 85% ee

29

Scheme 39. Asymmetric three-component Biginelli reaction catalyzed by
chiral phosphoric acid (R)-29.
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enantioselectivity arises from the strong interaction (activa-
tion) of the catalyst with the N-acyliminium ion formed,
which is derived from an aldehyde and a (thio)urea.

So far, chiral phosphoric acid catalyzed reactions have
only been involved in the activation of aldimines or keto-
imines owing to the ready formation of an intermediary
chiral ion pair. However, examples of the use of chiral
Brgnsted acids for activation of electrophilic carbonyls for
nucleophic attack are very rare.”® Recently, Rueping et al.
developed the first organocatalytic enantioselective Nazarov
cyclization reaction, which serves as a versatile approach to
the synthesis of functionalized five-membered-ring systems
(Scheme 40).1°"! After various chiral phosphoric acids and N-

o o] o)
0 (R)-28¢ (2 mol %) O 0
Me + Me

CHCl,, 0°C
cis Ph trans PN

88% vyield
87% ee for cis
95% ee for trans
6:1 cisltrans

Scheme 40. Asymmetric Nazarov reaction catalyzed by chiral phosphoric
acid (R)-28c.

Tf phosphoramides were screened, catalyst (R)-28¢ was
identified as the best promoter for the process. Notably,
only a handful of examples of asymmetric versions of the
process have been described, of which most require the em-
ployment of large amounts of chiral metal complexes.
Antilla and co-workers first used chiral VAPOLSs as cata-
lysts for promoting a variety of reactions. Besides the asym-
metric  hydrogenation in 2005 discussed above
(Scheme 32),> they described a novel, highly enantioselec-
tive amidation reaction of imines with amides (Scheme 41,

7 o)
N~ ~OtBu
(8)-26 (10 mol %) HN™ “OBu (,
+ NH,Ts —————
PhCH,, RT S NHTs
FsC
’ FsC 99% vyield
99% ee
.B B
lN 0oC oc

(S)-26 (10 mol %)
diethyl ether, RT
MeO + phthalimide MeQO [e)

92% yield

96% ee
+ TMSN; CF,4

(b)

o)

(S) 26 (10 mol %) O-\“NH ©
C
CICH,),Cl, RT. N
8 CF,

97% yield
95% ee

Scheme 41. Asymmetric amidation and desymmetrization reactions
catalyzed by chiral VAPOL-derived phosphoric acid (S)-26.
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reaction a).l”?l Recently, they successfully exploited the cat-
alytic system for the highly enantioselective addition of
imides to imines (Scheme 41, reaction b).**! Furthermore,
an elegant desymmetrization of meso-aziridines has been de-
scribed by the same group (Scheme 41, reaction c).[°>

5. Hydrogen-Bond-Mediated Asymmetric Cascade
Reactions

The scope of organocatalyzed asymmetric reactions has
been significantly expanded by their ability to promote cas-
cade processes. In the last few years, a number of elegant
cascade reactions have been reported.™ These daunting
synthetic technologies serve as powerful tools for the effi-
cient assembly of complex molecular architectures. More-
over, in these cascade processes, only a single reaction sol-
vent, workup procedure, and purification step is required to
produce a product that would otherwise be derived from a
several-step sequence. Therefore, cascade reactions with the
significant improvement of synthetic efficiency, the avoid-
ance of toxic agents, and the decrease in waste and hazard-
ous by-products fall under the banner of “green chemistry”.

The predominant strategy is the use of covalent-bond-
driven chiral-amine-catalyzed cascade reactions.” In con-
trast, the utilization of the noncovalent hydrogen bond as
the activation force for such processes is much less explored,
and only a handful of examples can be identified.*"

5.1. Asymmetric Cascade Reactions Catalyzed by Chiral
Bifunctional Amine Thioureas

Takemoto and co-workers reported the cascade Michael-
Michael reaction of y,0-unsaturated P-ketoesters with trans-
B-nitrostyrene  catalyzed by  amine  thiourea §
(Scheme 42).1) The process gave products in high yields
(62-87%) and with high enantio- (84-92% ee) and diaste-
reoselectivities (d.r. 82:18->99:1). Although the reaction is
considered to be a cascade process, the addition of a base
(TMG or KOH) was essential for the second Michael reac-
tion to occur.

Wang and co-workers recently reported a powerful 9b-
catalyzed cascade Michael-aldol process for the preparation

N, 1)5 (10 mol %)

6 0 toluene, RT COEt
/\)J\/U\ + |
R OEt p, 2) TMG or KOH “iph
(0.1 equiv)
[ 1st Michael NO,
62-87% yield
O 84-92% ee
CO,Et 82:18-99:1 d.r.
2nd Michael

R “'Ph TMG or KOH

NO,

Scheme 42. Asymmetric Michael-Michael reactions catalyzed by chiral
amine thiourea 5. TMG =1,1,3,3-tetramethylguanidine.
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of synthetically useful and medicinally important chiral thio-
chromanes (Scheme 43).1 This new process, which started
with simple substances, was promoted by using as little as
1 mol % of 9b and resulted in the formation of three stereo-
genic centers in a one-pot synthesis from simple achiral
compounds. The activity of the catalyst derives from nonco-
valent hydrogen-bonding interactions in the bifunctional
amine thiourea unit in 9b, which synergistically activates
both the Michael donor and acceptor.

OH O O
@ ﬁ Ao momon 2B
-/
SH ph CI(CHZ)ZCI 1h, RT < ph
90% vyield

\ S 99% ee
— )J\ Chiral | >20:1d.r.
—N" "N———scaffold /
H |
o

—N—

oin
-/ H

L A |

X

!
S
X
=

Scheme 43. Asymmetric cascade Michael-aldol reactions catalyzed by
cinchona alkaloid derived bifunctional thiourea 9b.

With a similar strategy, the process was successfully ex-
tended to the use of maleimides as the Michael acceptor for
a new version of a cascade Michael-aldol reaction
(Scheme 44).1*! The “one-pot” process gives biologically in-

O
O
O 5 (1 mol%)
wor [ nem S0,
O xylenes, 0 °C
SH o) 7h S
o 89313/yie|d
b ee
NN 20:1dor.

RN
HoH N

H
8

Ph—Ncis|| Siface
H

o o)

Scheme 44. Asymmetric cascade Michael-aldol reaction catalyzed by
chiral amine thiourea 5.

teresting succinimide-containing benzothiopyrans with good
to high ee and d.r. values. Again, significantly, the powerful
process catalyzed by § with as little as 1 mol % catalyst load-
ing afforded products with the generation of three stereo-
genic centers in a single operation.
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5.2. Asymmetric Cascade Reactions Catalyzed by Chiral
Phosphoric Acids

On the basis of their early work on chiral phosphoric acid
mediated dynamic kinetic resolution with enamine/imine
chemistry, Zhou and List further elaborated the concept for
an elegant cascade intramolecular aldol-condensation/Mi-
chael/reductive-amination process to afford chiral substitut-
ed cyclohexylamines (Scheme 45).17)

o NHPMP
HoN @\ (R)-24g (10 mol %)
.
O OMe 25b,cyclohexane
5AM.S., 6°C CH;
l _ reduction
(R)-24g 25h

NHPMP

R
aldol NHPMP (R)-24g" NHPMP
Q condensahonij\ Michael ij\

Scheme 45. Asymmetric cascade processes through imine/enamine and
reductive amination catalyzed by chiral phosphoric acid (R)-24g.

Furthermore, Rueping et al. described a chiral phosphoric
acid promoted cascade hydrogenation reaction of quinolines
(Scheme 31, reaction b).[

On the basis of their early experience on chiral phospho-
ric acid catalyzed azaene-type reactions,”” Terada et al. de-
veloped a cascade aza-ene-type/cyclization process promot-
ed by chiral phosphoric acid (R)-24j for the preparation of
chiral piperidines (Scheme 46).1°*! They found that the en-
amide participated in the second aza-ene-type reaction
when 2.1 equivalents were used. Critically, less-hindered en-
amides were essential for the cascade process.

NBoc
)]\ (R)-24j . NHCbz . NHCbz
Ph H (2 mol %) OC\N OC\N
+ NHCPZ oo 0oc .
PN 202070 py “NHCbz Ph NHCbz
H 1h trans cis
2.1 equiv
cyclization
1st aza-ene
BnO. __O >99% yield
>99% ee for trans
BocHN  NCbz 5.4 aza.ene BocHN  NH 'l“CbZ 40‘;) ee for cis
Ph H Ph 95:5 translicis

Scheme 46. Asymmetric cascade aza-ene-type/cyclization reaction cata-
lyzed by chiral phosphoric acid (R)-24j. Cbz=benzyloxycarbonyl.

6. Conclusions and Perspectives

Interest in organocatalysis has increased spectacularly in the
last few years as a result of both the novelty of the concept
and, more significantly, the fact that the operational simplic-
ity, decreased toxicity, efficiency, and selectivity renders
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many organocatalyzed reactions complementary and/or su-
perior to those performed with more-conventional methods.
As discussed in this Focus Review, the examples given
neatly demonstrate that chiral ureas and thioureas, diols,
and phosphoric acids with the capacity of affording efficient
H-bond activation of electrophiles display effective and
unique modes of catalysis and, thus, have established their
status as “privileged” functional groups in the design of or-
ganocatalysts. Undoubtedly, the future direction is to contin-
ue to expand the scope of organocatalysis through identifi-
cation of new modes of reactivity and the design of novel
catalyst structures. Therefore, the formidable challenge is to
devise organocatalysts with unique structural features that
have the capacity of activating new substrate functionalities,
thereby creating new organic transformations, including
powerful cascade reactions.
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Abstract: Liquid-crystalline (LC) prop-
erties have been induced in a number
of spiropyran derivatives by the addi-
tion of methanesulfonic acid. Spiropy-
ran derivatives containing one or two
gallic acid moieties with one, two, or
three long alkyl chains were prepared.

one or two dodecyloxy chains exhibited
smectic A phases, whereas the spiro-
pyran derivatives containing the gallic
acid moiety with three dodecyloxy
chains showed hexagonal columnar
phases. On the contrary, photoirradia-
tion of the spiropyran compounds in
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the bulk liquid state did not lead to the
induction of mesomorphism, although
the merocyanine form was induced.
These results suggest that these mero-
cyanine derivatives with ionic and non-
ionic moieties cannot simply form
nanosegregated LC structures. Com-

Acid-induced spiro—protonated-mero-
cyanine isomerization induced meso-
morphism for these materials. Equimo-
lar mixtures of methanesulfonic acid
and the spiropyran derivatives with

Introduction

Liquid crystals are soft materials that form fluidic and or-
dered states of molecules.!! A variety of functional nano-
structures of liquid crystals has been reported.?! Liquid-crys-
talline (LC) assemblies that can change their LC structures
and molecular orientation in response to stimuli such as
photoirradiation have attracted attention because stimuli-re-
sponsive liquid crystals have great potential as ordered ma-
terials exhibiting anisotropic and dynamic function. Photo-
chromic compounds such as azobenzenel’ and spiropyran™
have been used as dopants and mesogenic molecules. Gin
and co-workers also reported acid-induced lyotropic meso-
morphism for a chiral imidazolidinone derivative.®
Spiropyrans are unique compounds that show acid- and
photochromic properties due to spiro-merocyanine isomeri-
zation.*” This molecular transformation from the nonplanar
and nonionic spiro (Sp) form to the planar and ionic mero-
cyanine (MC) form is expected to promote the aggregation
and formation of ordered nanostructures. Recently, we re-
ported the induction of thermotropic columnar LC phases
for a fan-shaped spiropyran derivative 1 (Scheme 1) by
using 4-methylbenzenesulfonic acid as a stimulus.®) Al-
though 1 alone is nonmesomorphic, mixtures of 1 and the
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plex formation of the merocyanine
form with methanesulfonic acid may
play a key role in the formation of LC
molecular assemblies.

OC1gH37
OCqgH37

OC1gH37

Scheme 1. Molecular structure of compound 1.

acid formed columnar phases due to acid-induced spiro—
merocyanine isomerization of 1.

In the present study, we studied the acid-induced LC
properties of a number of spiropyran derivatives 24
(Scheme 2) with different molecular shapes. Compounds
2a—c have one, two, and three dodecyloxy chains connected
to the phenyl moiety, respectively, whereas compounds 3
and 4 have one or two fan-shaped benzoate moieties at-
tached to the different locations of the spiropyran core. It is
known that molecular shape is a major factor in determining
the mesophase morphologies of low-mass thermotropic
liquid crystals.”’ The LC properties of the series of com-
pounds 2—4 should be greatly affected by a change in the
number of dodecyloxy chains on a phenyl ring or the posi-
tions of the fan-shaped benzoate moiety of the mesogenic
molecules. These effects are due to the change in the
volume fractions of mutually incompatible parts such as
rigid/flexible or polar/nonpolar moieties combined in the
same molecule.”>!) We expected that smectic and columnar
phases for this series of compounds 2-4 would be induced
by the addition of acids. Furthermore, an induction of LC
phases by UV irradiation for 2a—¢, which have a photores-
ponsive nitrospiropyran moiety, was expected because of the
formation of ionic MC isomers. The MC isomers can form
ordered nanostructures through ionic interactions. Thus, the
ability to form LC phases of 2a—¢ by photoisomerization
alone was also examined.
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Scheme 2. Molecular structures of compounds 2—4.

Results and Discussion
Molecular Design

Compounds 2a—c have a nitro substituent onto the 6’-posi-
tion of the benzopyran ring. For these nitro compounds, en-
hancement of photochromic properties was expected.!'!]
These compounds have no flexible linker between the spiro-
pyran and the benzoate moieties because our preliminary
studies indicated that the thermal stability of the LC phases
was improved by removing this linker."? Compounds 2 and
3 have a benzoate group with dodecyloxy chains at different
positions of the spiropyran moiety, whereas 4 has two ben-
zoate groups attached to the spiropyran moiety.

Liquid-Crystalline Properties

The induction of the LC phases of compounds 2-4 was ex-
pected to occur by a) the addition of an acid and b) photoir-

Abstract in Japanese:

AL IR VBOMMZEDRERLTAASF v 7 A fEED
LUNIH T AP —RERETRT AR T AEMERRKR LT, =
NHOLEMEBOMIMC LY A o7 = U RIEEEZTER L TN D
ZEBIAFRBIA LY U Z DAL N e oTz, Ard T =
VERE AL S ANVEVBOEEAL LT A A AL E . NENATEEHES K
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radiation of the nitrospiropyran (2a—c¢) in the bulk liquid
states. The two different approaches to the induction of
mesomorphism for 2a-c¢ are shown schematically in
Scheme 3.

Acid-Induced LC Formation

For acid-induced LC formation, methanesulfonic acid
(CH;SO;3H) was selected because it is a strong protonic acid
and has a low melting point (18°C) and vapor pressure. The
selection of an acid with a low melting point was expected
to be especially critical for the formation of room-tempera-
ture LC materials in a system of a binary mixture. The
binary mixtures of 2-4 with CH,SO;H were prepared in so-
lution form and were then dried in air overnight (see Sup-
porting Information). The thermal properties of the single
components of 2-4 and their equimolar mixtures with
CH;SO;H are given in Table 1. The single components of 2—
4 in the spiro form (Sp) did not show mesomorphism,
whereas all equimolar mixtures of 2-4 with CH;SO;H exhib-
ited enantiotropic LC phases due to the formation of the
protonated merocyanine (MCH) isomers of 2—4. The equi-
molar mixtures of 2a—¢ with CH;SO;H were non-eutectic,
whereas the equimolar mixtures of 3 and 4 with CH,;SO;H
were eutectic.®*®! A binary mixture of 2a and CH;SO;H
(2a/CH;SO;H) showed an enantiotropic smectic A (SmA)
phase. Figure 1 shows a typical texture of the SmA phase
displayed by the mixture of 2a/CH;SO;H at 105°C upon
cooling. Similarly, the mixture of 2b and CH;SO;H also ex-
hibited an SmA phase even though the two dodecyloxy
chains might disturb the layered packing of 2b (see Support-
ing Information). The X-ray diffraction pattern of 2a/
CH;SO;H at 105°C indicates one distinct reflection in the
small-angle region, which corresponds to the layer spacing
d=46.9 A (Figure 2). In the case of 2b/CH,SO;H, the X-ray
diffraction pattern at 105°C shows a sharp peak at 20=
2.12°, which corresponds to the layer spacing d=41.6 A (see
Supporting Information). On the basis of the energy-mini-
mized molecular conformation, the molecular length of 2a
in the stretched MCH form was calculated to be approxi-

Table 1. Thermal properties of compounds 2—4 in the bulk form and in
equimolar mixtures with CH;SO;H.

Compound Phase-transition behavior™®!

2a Cr -3 (0.9) Iso

2b Cr -5 (10.1) Iso

2¢ Cr -7 (27.2) Iso

3 Cr, 24 (5.2) Cr, 59 (11.6) Iso

4 Cr4 (17.2) Iso

2a/CH,SO;H Cr 77 (3.5) Cr+SmA 94 () SmA 119 (-) Iso
2b/CH;SO;H Cr 20 (4.3) Cr+SmA 75 () SmA 192 (-)" Iso
2¢/CH;SO;H Cr —47 (7.8) Cr+Col, 12 (=) Col, 135 (0.2) Iso
3/CH5;SO;H Cr 77 (3.5) Col, 140 ()" Iso

4/CH,SO;H Cr —40 (12.5) Col, 124 ()" Iso

[a] Transition temperatures (°C) and enthalpy changes (kJmol™!, in pa-
rentheses) were determined by differential scanning calorimetry (DSC).
[b] The transition enthalpies were not detected by DSC. Cr=crystalline,
SmA =smectic A, Cr+SmA =a biphasic mixture of crystalline and smec-
tic A, Col,=hexagonal columnar, Cr+ Col, =a biphasic mixture of crys-
talline and hexagonal columnar, Iso=isotropic.
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CH3S03H
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Lipophilic moiety lonic moiety

Protonated merocyanine form (MCH)

UV light (365 nm)

L 1L |

Lipophilic moiety lonic moiety

Merocyanine form (MC)

Scheme 3. Schematic illustration of the acid- and photoinduced isomerizations of compounds 2a—c.

Figure 1. Polarized optical photomicrograph of an equimolar mixture of
2a/CH;SO;H in the SmA phase at 105°C upon cooling.

46.9 A (100)

|

5 10 15 20 25 30
201°

Figure 2. Wide-angle X-ray diffraction pattern of a binary mixture of
2a/CH;SO;H in the SmA phase at 105°C.
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mately 32.9 A (see Supporting Information). The length of
the aromatic core of 2a was 17.1 A, whereas the length of
the fully extended aliphatic dodecyloxy chain was estimated
to be 15.8 A. These results suggest that the binary mixtures
2a/CH;SO;H and 2b/CH;SO;H form interdigitated bilayer
structures.!'

For the mixture 2¢/CH;SO;H, the LC phase was observed
from 12 to 135°C (Table 1). Under observation with a polar-
ized optical microscope at 25°C, the mixture showed the
typical texture of the columnar phase (Figure 3). The equi-
molar mixture of 3/CH;SO;H also formed a columnar phase
from 77 to 140°C. For the mixture 4/CH;SO;H, the colum-
nar phase was observed from —40 to 124°C. The introduc-
tion of six flexible dodecyloxy chains on both sides of the
spiropyran moiety suppresses the melting temperature of
the equimolar mixture. The columnar structures of the
binary mixtures of 2¢, 3, and 4 with CH;SO;H have a hexag-
onal arrangement. For example, the small-angle X-ray scat-
tering pattern (Figure 4) of the mixture 2¢/CH,;SO;H at
25°C shows three Bragg reflections in the small-angle
region with a d-value ratio of 1:1/,/3:1/2 (d,p,=44.6 A, d,=
258 A, and dyy0=22.3 A), which corresponds to the reflec-
tions (100), (110), and (200). Compound 2¢ in the MCH
form has an ionic and rigid planar core as well as lipophilic
flexible alkyl chains that are incompatible. As a result of
their nanosegregation,” the MCH isomers of 2¢ self-assem-
ble into a one-dimensional columnar nanostructure in which
the ionic moiety occupies the central part of the column
stratum and the lipophilic dodecyloxy chains are arranged in
the periphery of the column (Figure 5). The induction of the
mesomorphism is due to the presence of ionic interac-
tions!™>!% in the MCH isomers of 2¢ in the center of the
column stratum. Furthermore, the space filling of the meth-

www.chemasianj.org 537





FULL PAPERS

Figure 3. Polarized optical photomicrograph of an equimolar mixture of
2¢/CH;SO;H in the columnar phase at 25°C on cooling.

44.6 A (100)

25.8 A (110)
‘ 22.3 A (200)

201°

Figure 4. Small-angle X-ray scattering pattern of a binary mixture of 2¢/
CH,SO;H in the columnar phase at 25°C. The peak at 4.4° (x) corre-
sponds to the diffraction due to the Kapton equipped in the X-ray instru-
ment.

anesulfonate anion in the center of the column stratum may
also be important for the stabilization of the LC nanostruc-
tures of 2¢ in the MCH form.

UV/Vis spectra of 2-4 were obtained to examine the for-
mation of MCH isomers upon the addition of CH;SO;H. As
these spectra show the same patterns, only the spectra of 2¢
are presented. As shown in Figure 6, compound 2c¢ in the
bulk liquid state at 25°C shows an absorbance of A, =
355 nm, which corresponds to the colorless closed-ring Sp
form. Upon mixing with CH;SO;H at an equimolar ratio, an
absorption band of 4,,,=420 nm was observed. On the basis
of previous reports,®>*!7l this absorption peak was ascribed
to the formation of the MCH isomer. The absorption band
of the MC isomer at 500-600 nm“*7*¢! was not detected.
Thus, it was confirmed that only the MCH isomer is formed
when 2c¢ is mixed with CH;SO;H.

Feasibility Study of Photoinduced LC Formation

We expected compound 2¢ in the MC state to exhibit LC
nanostructures. UV irradiation was performed for 2¢, and
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) Lipophilic part
Cross-sectional

view of a column ;
lonic molecular

part

Figure 5. Possible interactions in the inner columnar parts in the self-as-
sembled columnar nanostructures. The inner part consists of the cationic
MCH form of 2¢ and the methanesulfonate anion.

0 1. 1 ;
300 400 500 600 700

Al nm——

Figure 6. UV/Vis spectra of a)2c¢ in the bulk liquid state and b)an
equimolar mixture of 2¢/CH;SO;H in the columnar LC state at 25°C.

UV/Vis spectra of 2¢ in the solution and bulk liquid state
were obtained. In THF (1x107*m), 2¢ in the Sp form
showed a broad absorption below 350 nm (see Supporting
Information). Upon UV irradiation at room temperature
(365 nm), new absorption peaks at 370 and 585 nm!"®! for the
MC isomer were observed. This change in UV absorption
indicates the photoisomerization of 2e¢. In the bulk liquid
state, the color of 2¢ changed immediately from light red to
dark purple upon UV irradiation (see Supporting Informa-
tion). The UV/Vis spectra of 2¢ in the bulk liquid state at
different irradiation times were collected (Figure 7). After
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Figure 7. UV/Vis spectral variations of 2¢ in the bulk liquid state during
UV irradiation (365 nm) for 20 min at intervals of 2 min at 25°C.

UV irradiation, the UV/Vis spectrum of 2¢ in the bulk
liquid state showed the absorption peaks at 380 and 550 nm
of the MC isomer.'! The absorption of the MC isomer of
2¢ reached the saturation value after photoirradiation for
20 min. Under observation with a polarized optical micro-
scope, no birefringence was detected for 2¢ during UV irra-
diation for up to 1 h (see Supporting Information). The con-
version of the spiro-merocyanine isomerization of 2¢ was
observed by Fourier transform infrared (FTIR) spectroscopy
(see Supporting Information). The IR absorption bands of
the Sp and MC isomers were assigned previously.””*!] The
conversion was estimated to be about 85% by quantifying
the spectral change of the absorption of the alkene C=C
stretching band for the Sp isomer at 1650 cm™' (see Support-
ing Information). Interestingly, the MC form of 2¢ obtained
by UV irradiation does not lead to the formation of the
mesophases even though the MC isomers tend to form
stacked molecular aggregates through ionic interactions in
the solid state.[** It is assumed that the formation of ionic
interactions for the single components of the MC isomers is
not suitable for the induction of the mesophase. In contrast,
for the complex of the MC form of 2¢ and methanesulfonic
acid, the stable mesophase was obtained. This acid-induced
mesomorphism is due to the formation of ionic interactions
that are suitable for the formation of the LC nanosegregated
structures.'>1%%! Moreover, the existence of the acid mole-
cule can effectively stabilize the mesophase due to the filling
of the space.

Hydrogen bonding®<? may also contribute to the for-
mation of the mesophase for the complex of the MC form
of 2¢ and methanesulfonic acid. Ikkala and co-workers
pointed out that hydrogen bonding may be formed between
a phenolic residue and the methanesulfonate anion in the
mesophase, although the FTIR spectral features did not in-
dicate the presence of the hydrogen bonding.”™ On the
other hand, a previous single-crystal X-ray study on a binary
mixture of a nitrospiropyran with trifluoroacetic acid sug-
gested the possible formation of hydrogen bonding between
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the phenolic OH group and the trifluoroacetate anion in the
MCH isomer.?"!

Conclusions

A new family of LC materials based on spiropyran has been
developed. Acid-induced spiro-protonated merocyanine iso-
merization was used to induce mesomorphism. Layered and
columnar LC assemblies of the binary mixtures consisting of
the spiropyran derivatives and methanesulfonic acid were
formed. The LC structures are dependent on the number of
long alkyl chains. On the other hand, no mesophase was
formed upon photoirradiation of the spiropyran compounds.
The induction of the LC nanostructures for the complex of
the MC form and methanesulfonic acid is due to the forma-
tion of ionic interactions and the nanosegregation of ionic
and nonionic parts. Moreover, the filling of the space by the
methanesulfonate anion is important for the stabilization of
the LC nanostructures. This paper shows an interesting ap-
proach to the development of stimuli-induced thermotropic
liquid crystals based on spiropyrans. They can potentially be
used as one-dimensional ion conductors and acid sensors.

Experimental Section

General

All reagents were purchased from Tokyo Kasei, Aldrich, and Wako.
They were used as received without purification. Analytical thin-layer
chromatography (TLC) was performed on a silica-gel plate from E.
Merck (silica gel Fs,). Silica-gel column chromatography was carried out
with silica gel 60 from Kanto Chemical (spherical 40-50 um). 'H and
BC NMR spectra were recorded on a JEOL JNM-LA400 spectrometer
with CDCl;. '"H and "*C chemical shifts (0) are expressed in ppm with
Me,Si as an internal standard. Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectra were collected on a PerSpec-
tive Biosystem voyager DE STR spectrometer. Elemental analysis was
performed on a Yanaco MT6-CHN autocorder. DSC was performed with
a NETZSCH DSC204 Phoenix instrument at a scanning rate of
2°Cmin~'. An Olympus BX51 polarizing optical microscope equipped
with a Mettler FP82 HT hot stage was used for texture observation of
the LC phases. Transition temperatures were determined at the onset of
transition peaks on the second heating and by visual observation under
the polarized optical microscope. Wide-angle X-ray diffraction (WAXD)
patterns were obtained by using a Rigaku RINT-2500 system with mono-
chromated Cug, irradiation. Two-dimensional small-angle X-ray scatter-
ing (2D SAXS) patterns were recorded with an image plate detector (R-
AXIS DS3C). Absorption spectra were recorded on an Agilent
(model 8453) UV/Vis spectrophotometer in a 1-cm quartz cell for sam-
ples in tetrahydrofuran. UV irradiation was carried out by using a high-
pressure mercury lamp (Ushio, 500 W) with a glass filter (Asahi Techno-
glass UVD-36C) as an irradiation source. A sandwiched quartz cell was
used for UV/Vis spectroscopy of samples in the bulk state. The energy-
minimized molecular conformation of each compound 2a—c was obtained
under the COMPASS force field by means of the Discover 3 module of
MS modelling (version 4.0; Accelrys, Inc.).

Photoirradiation Experiment

A sample of 2¢ in the bulk liquid state was sandwiched between two
quartz substrates. The thickness of the sample was fixed at 2 um by a
spacer of silica beads. The samples were exposed to UV light at 365 nm
(22 mWcem™).
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Lanthanide Coordination Polymers Constructed from Infinite Rod-Shaped
Secondary Building Units and Flexible Ligands

Jian Lii,”! Wen-Hua Bi,”™ Fu-Xian Xiao, Stuart R. Batten,*™ and Rong Cao*!*!

Abstract: Three lanthanide coordina-
tion polymers constructed from infinite
rod-shaped secondary building units

(SBUs),  [Nd,(H,O),(cis-chdc),(trans-
Cth)]2H2O (1), Ndz(H20)4(tranS'
chde); (2), and [Sm,(H,O),(cis-

chdc)(trans-chdc),]-4H,0 (3) (chdcH,=
1,4-cyclohexanedicarboxylic acid), were
hydrothermally synthesized and struc-
turally characterized. The structures of
1-3 are modulated by different ratios

chdc*™ ligands, which was achieved by
temperature control in the hydrother-
mal reactions. Crystal-structure analysis
revealed that 1 is a four-connected pcu-
type rod packing network built from
cross-linking of rod-shaped neodymi-
um-oxygen SBUs by cis- and trans-

Keywords: coordination modes
lanthanides . neodymium - poly-
mers - samarium

chdc®™ ligands in a 2:1 ratio, 2 displays
a complicated six-connected hex-type
rod packing structure built by connec-
tion of rod-shaped neodymium-oxygen
SBUs and trans-chdc®” ligands, and 3
features an unprecedented five-con-
nected rod packing pattern constructed
from rod-shaped samarium-oxygen
SBUs and cis- and trans-chdc®™ ligands
in a 1:2 ratio.

of the cis and trans configurations of

Introduction

The crystal engineering of coordination polymers (CPs) is
now possible through the right choice of metals and organic
ligands, and it has become a flourishing research field focus-
ing on the design and isolation of topological structures and
the investigation of the fundamental correlation between
structure and function.' More recently, the construction of
CPs has been greatly advanced through the concept of sec-
ondary building units (SBUs), which was promoted by
Yaghi,”! Williams,®! and Kitagawa® and their co-workers
and is now widely used for understanding and predicting the
topologies of structures. The development of methods to
construct CPs with given SBUs is of primary importance.
Triangular, square, tetrahedral, and octahedral building-
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block geometries have been categorized in detail,”™ and
design strategies for nets based on these SBUs are well-ad-
vanced. However, a recent review by O’Keeffe, Yaghi, and
co-workers documented a subclass of CPs based on infinite
rod-shaped SBUs,*! and 14 CPs produced from the reactions
of transition-metal (TM) salts and aromatic carboxylate li-
gands were investigated and classified systematically.”

It is well-known that aromatic carboxylate ligands are ex-
cellent candidates for building CPs with well-defined SBUs
and versatile architectures; consequently, numerous CPs
have been isolated by using TMs and rigid aromatic carbox-
ylate ligands.*® However, research on CPs constructed
from flexible aliphatic carboxylate ligands is now undergo-
ing a period of rapid development in comparison to aromat-
ic carboxylate CPs. Besides, lanthanide ions, which generally
adopt coordination numbers higher than those of 3d metals,
can become important choices in the design of novel
CPs.™>%) CPs built by lanthanide ions are expected to have
intriguing structural features and interesting luminescent
and magnetic properties.'”! Inspired by the aforementioned
considerations, our current synthetic strategy is to synthesize
CPs based on infinite rod-shaped SBUs by linking lantha-
nide ions with flexible aliphatic carboxylate ligands.

We have been focusing on finding reactions whereby the
cis and trans conformations of 1,4-cyclohexanedicarboxylic
acid (chdcH,) can be modulated or separated under certain
conditions. We successfully controlled the cis and trans con-
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formations of chdc*™ in the synthesis of Cd" polymeric com-
plexes in hydrothermal reactions by changing the reaction
temperature and pH.'%! In general, low temperatures and
pH values help the formation of cis-chdc*>™ complexes,
whereas high temperatures and pH values result in trans-
chdc*™ compounds. Furthermore, the coordination modes
(Scheme 1) and linking modes (bridging and/or chelating) of
the chdc®™ ligands are well-defined. It is therefore believed
that rational design, at least partly, of CPs is achievable by
considering the basic rules. As part of our ongoing study of
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Scheme 1. The coordination modes of chdc®~ ligands.

Abstract in Chinese:

ASCARIE | EAEE TR EAR BRI R B S WK AE K
FEERIFAE:  [Ndo(H0)a(cis-chde)a(trans-chde)]-2H,0 (1), [Ndo(H0)4-
(trans-chdc);] (2), Ml [Smy(H,O)y(cis-chdc)(trans-chdc),]-4H,0 (3)
(chdcH, = 1,4-cyclohexanedicarboxylic acid). tb-&4 1-3 7l LUR TR
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the metal-chdcH, system,!"!! lanthanides (neodymium and
samarium herein) were exploited to prepare new CPs. Three
lanthanide CPs constructed from infinite rod-shaped SBUs,
namely, [Nd,(H,O),(cis-chdc),(trans-chdc)]-2H,0 (1), Nd,
(H,0)4(trans-chdc); (2), and [Sm,(H,O),(cis-chdc)(trans-
chdc),]-4H,0 (3) were successfully synthesized. Structural
analysis revealed that 1 has a four-connected pcu-type rod
packing network built from cross-linking of rod-shaped neo-
dymium-oxygen SBUs, 2 displays a complicated six-connect-
ed hex-type rod packing structure built by connection of
rod-shaped neodymium-oxygen SBUs, and 3 features an un-
precedented five-connected rod packing pattern constructed
from rod-shaped samarium—oxygen SBUS.

Results
Crystal Structure of 1

Compound 1 is isostructural to the two lanthanum com-
plexes [Ln,(H,0),(cis-chdc),(trans-chdc)]-2H,0 (Ln=La
and Pr).l”l X-ray crystal-structure analysis reveals that the
central neodymium atom, which displays tricapped tripris-
matic geometry (Figure 1 and Table 1), links to eight oxygen
donors from six chdc*” ligands and a terminal aqua ligand
(Nd—0 =2.385-2.688 A). The six chdc®™ ligands coordinating
each Nd atom are composed of two chelating-bridging cis-
chdc®”, two bridging cis-chdc®™, and two chelating-bridging
trans-chdc®” ligands. The overall ratio of cis- to trans-chdc®~
ligands is 2:1. The cis-chdc*™ ligands display the type I coor-
dination mode, and the trans-chdc*” ligands adopt the type
IIT coordination mode. Each Nd ion is connected to two ad-
jacent metals by pairs of 1;-O atoms to generate an infinate
1D rod (Figure 2a). Within the 1D rod, {NdOg(H,O)} tricap-
ped triprisms arrange in an edge-sharing mode (Figure 2b).

Figure 1. ORTEP drawing of the basic building unit in 1, showing the co-
ordination environment around the neodymium atom with thermal ellip-
soids at 30 % probability. Hydrogen atoms and uncoordinated water mol-
ecules are omitted.
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Table 1. Crystal data and structure refinement for 1-3.

Compound 1 2 3

Formula C,,H,;,NdOyq C,,H3sNd, O, C,,H,,0,4Sm,
M, 435.48 870.94 919.38

T [K] 293(2) 293(2) 293(2)

2 [A] 0.71073 0.71073 0.71073
Crystal system triclinic triclinic orthorhombic
Space group Pl Pl Pccn

a[A] 7.9374(6) 11.4531(7) 36.7878(2)

b [A] 9.0362(7) 12.0064(7) 10.43930(1)
c[A] 10.5305(8) 12.3765(7) 16.1676(2)
a[°] 72.428(2) 94.79(1) 90

£ 1°] 84.039(2) 115.9150(1) 90

v [°] 84.146(2) 101.0780(1) 90

Vv [AY] 714.16(9) 1474.95(2) 6208.99(1)

VA 2 2 8

R1E (I>20(1)) 0.0470 0.0337 0.0492

wR2M! 0.1069 0.0718 0.1206

[a] RU=Z||Fy| — | F.| /2| Fy . [b] wR2 = {Z[w(Fy’~F)VE[w(Es )]} .

Figure 2. Compound 1: a) Ball-and-stick representation of the SBU,
b) the SBU with neodymium atoms shown as polyhedra, and c) view of
the crystalline framework with inorganic SBUs linked together by chdc®~
ligands (uncoordinated H,O molecules are omitted for clarity).

The rods run parallel to the a axis; they act as infinite rod-
shaped SBUs and are connected into a 3D architecture by
the aliphatic backbones of the chdc®™ ligands. Each rod-
shaped unit is directly connected to four neighboring rods
through the chdc*™ ligands (Figure 2¢), two in the b direc-
tion by single trans-chdc®*™ bridges, and two in the ¢ direction
by pairs of cis-chdc®™ bridges. The free water molecules
reside in the void of the framework structure through hydro-
gen bonding. According to the identification in the literature
of possible infinite rod-packing constructions of metal car-
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boxylate structures, the structure of 1 displays pcu-type rod
packing P!

Crystal Structure of 2

X-ray crystal-structure analysis reveals that there are two
crystallographically independent neodymium atoms in the
structure of 2 (Figure 3 and Table 1). The distorted tricap-

09A

Figure 3. ORTEP drawing of the basic building unit in 2, showing the co-
ordination environment around the neodymium atom with thermal ellip-
soids at 30 % probability. Hydrogen atoms are omitted.

ped triprismatic coordination environment around the Ndl
atom is defined by seven oxygen donors from four chelat-
ing-bridging (type III mode) and one monodentate trans-
chdc*™ ligand (type IV mode), as well as two aqua ligands
(Nd1-0=2.484-2.716 A). The 10-coordinated Nd2 atom
bonds to eight oxygen donors from four chelating-bridging
(type IIl mode) and one chelating frans-chdc®™ ligands
(type V mode), as well as two aqua ligands (Nd2—0 =2.469-
2.827 A), to give a distorted bicapped square-antiprismatic
coordination environment. The chdc*™ ligands in 2 are in the
trans conformation and display three types of coordination
modes. Alternate linkage of {NdO,(H,0O),} tricapped tri-
prisms and {NdOy4(H,0),} bicapped square antiprisms
through edge sharing results in an undulating rod with adja-
cent Nd ions bridged by pairs of p;-O atoms (Figure 4a and
b). The rods run along the [011] direction; they act as infin-
ite rod-shaped SBUs and are connected into a 3D network
by the aliphatic backbones of the chdc®™ ligands. As shown
in Figure 4c, each rod is directly connected to six neighbor-
ing rods through the chdc*™ ligands. There are three types of
bridges present, with each type bridging a pair of rods in op-
posite positions. The versatile coordination modes of the
trans-chdc®™ ligands result in a rather complicated overall
topology. Although infinite packings of parallel rods have
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Figure 4. Compound 2: a) Ball-and-stick representation of the SBU,
b) the SBU with neodymium atoms shown as polyhedra, and c) view of
the crystalline framework with inorganic SBUs linked together by chdc®~
ligands (uncoordinated H,O molecules are omitted for clarity).

been identified, in which each rod is connected to six others
(hex-type rod packing),” the geometry of 2 is significantly
different and less regular.

Crystal Structure of 3

X-ray crystal-structure analysis reveals that there are two
crystallographically independent samarium sites in the asym-
metric unit of 3 (Figure 5 and Table 1). The Sm1 atom is co-

Figure 5. ORTEP drawing of the basic building unit in 3, showing the co-
ordination environment around the samarium center with thermal ellip-
soids at 30 % probability. Hydrogen atoms and uncoordinated water mol-
ecules are omitted.

ordinated by nine carboxy oxygen atoms that belong to one
chelating-bridging cis-chdc*™ (type I mode), one bridging
cis-chdc®™ (type I mode), one chelating trans-chdc®™ (type VI
mode), and three chelating-bridging trans-chdc®™ ligands
(two from type III and one from type VI mode) (Sm1—O =
2.346-2.689 A), thus forming a distorted tricapped triprism.
The nine-coordinated Sm2 atom coordinates to seven car-
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boxylate oxygen atoms from one bridging cis-chdc*™ (type I
mode), one chelating-bridging cis-chdc®~ (type I mode), and
three chelating-bridging trans-chdc®™ (type III mode) li-
gands, as well as to two aqua ligands (Sm2—O =2.406-
2.617 A) to give a monocapped square-antiprismatic coordi-
nation environment. The overall ratio of cis- to trans-chdc®~
ligands in 3 is 1:2. {SmO} tricapped triprisms and {SmO,-
(H,0),} monocapped square antiprisms are connected to-
gether through edge sharing to form an infinate 1D rod. Ad-
jacent Sm centers are bridged by pairs of p;-O atoms (Fig-
ure 6a and b). The rods run parallel to the c axis; they act

(u§ (b)

Figure 6. Compound 3: a) Ball-and-stick representation of the SBU,
b) the SBU with samarium atoms shown as polyhedra, and c) view of the
crystalline framework with inorganic SBUs linked together by chdc®™ li-
gands (uncoordinated H,O molecules are omitted for clarity).

as infinite rod-shaped SBUs and are connected into a 3D
framework by the chdc®™ ligands. Each rod is directly con-
nected to five neighboring rods through the chdc®~ ligands:
four by single trans-chdc®™ bridges and one by pairs of
double cis-chdc*™ bridges (Figure 6¢). Fivefold connectivity
is rare in network structures, owing in part, no doubt, to
crystallographic symmetry requirements. This is highlighted
by the fact that a packing arrangement in which each rod is
connected to five others has not been identified previously.

Discussion

Notably, cis-chdc®™ ligands exhibit one type of coordination
mode (type I), whereas trans-chdc*™ ligands display four
types of modes (type III-VI) in the structures of 1-3. The
cis-chdc®” ligands also behave as doubly bridging pairs, but
the trans-chdc®” ligands act as single bridges between the
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rods. Thus, despite the fact that, within each SBU of 1-3,
every pair of adjacent metal ions is associated with six
chdc®” ligands, the overall structures exhibit four-, six-, and
five-connected rod packing, respectively. In fact, the connec-
tivity follows the simple relation N=2n—m, in which N de-
notes the network connectivity, # is the number of chdc® li-
gands per metal ion, and m is the number of those ligands
that have the cis configuration.

This is particularly significant because, as described earli-
er, the conformations of the chdc®” ligand can, to some
extent, be controlled by the reaction conditions. As ligand
conformations also determine the rod packing (i.e., more cis
ligands leads to lower connectivity), it follows that the struc-
tures obtained can be directed by careful control of the re-
action conditions. Furthermore, as lanthanide ions generally
display higher coordination numbers than transition metals,
the possibility exists of obtaining new structures with rod
packings of higher connectivity than can be achieved for
transition metals (by using a high content of trans-ligand
conformation). Alternatively, low-connectivity rod packings
can be obtained by using a high content of cis-ligand confor-
mation.

Although coordination polymers based on rodlike SBUs
have been extensively reviewed and the most likely network
structures identified and predicted, these structures display
rod packings mostly built by transition or main-group
metals and rigid aromatic carboxylate ligands. The achieve-
ment of complicated rod packing nets requires the forma-
tion of architectures with more complex rod SBUs and link
metrics. In this regard, the choice of flexible ligands is logi-
cal because such ligands often adopt a variety of conforma-
tions and coordination modes that offer the possibility of re-
alizing complex SBUs and linking matrices, as shown in this
current work.

Thermogravimetric (TG) Analysis

The TG curves of 1-3 exhibit similar two-step mass losses in
the temperature range 30-800°C (Figure 7). The first weight
losses of 8.87% (for 1), 8.26% (for 2), and 12.24% (for 3)
before 220°C correspond to the removal of the noncoordi-
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Figure 7. TG plots for 1 (black), 2 (red), and 3 (green).
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nated and coordinated water molecules (calcd: 8.27% for 1
and 2, 11.75% for 3). The other mass losses of 51.99% (for
1), 51.52% (for 2), and 50.49% (for 3) in the temperature
range 340-680°C arise from the decomposition of the organ-
ic ligands (calcd: 53.11% for 1 and 2, 50.31% for 3). The
total weight losses of 60.84 % (for 1), 59.71% (for 2), and
62.71% (for 3) are in good accordance with the calculated
values (61.38% for 1 and 2, 62.06 % for 3; residue: lantha-
nide oxides).

Conclusions

We have reported three lanthanide coordination polymers
constructed from infinite rod-shaped secondary building
units, [Nd,(H,O),(cis-chdc),(trans-chdc)]-2H,O (1), Nd,
(H,0)4(trans-chdc); (2), and [Sm,(H,O0),(cis-chdc)(trans-
chdc),]-4H,0O (3). Compound 1 has a four-connected (pcu-
type), 2 has a six-connected (hex-type), and 3 has an unpre-
cedented five-connected rod packing architecture. The con-
nectivities of the rod packing structures of 1-3 can be rough-
ly predicted by the different ratios of the cis and trans con-
figurations of the chdc®” ligands according to their different
coordination features presented in these network structures.
Moreover, the configurations of the chdc®~ ligands are likely
to be realized by adjusting the reaction temperatures and
pH values. In this way, rational design of CPs built by lan-
thanide ions and chdc®~ ligands is achievable. Successful iso-
lation of the compounds also indicates that the exploition of
lanthanides and flexible organic ligands is an effective and
desirable way to prepare novel functional CPs.

Experimental Section

General Procedures

All chemicals were commercially available and used without purification.
Elemental analysis (C and H) was carried out with an Elementar Vario
EL III analyzer. Nd and Sm were determined by a Jobin Yvon Ultima2
ICP atomic emission spectrometer. Infrared (IR) spectra were recorded
with a PerkinElmer Spectrum One spectrometer as KBr pellets in the
range 4004000 cm™'. TG analysis was performed with a NETZSCH STA
449C unit at a heating rate of 10°Cmin~' under nitrogen. X-ray powder
diffraction (XRPD) was performed with a Rigaku DMAX 2500 diffrac-
tometer. Single-crystal X-ray diffraction was carried out on a Bruker
SMART 1K diffractometer.

Syntheses

1: Nd(NO;);:6H,0 (0.22 g, 0.5 mmol) and chdcH, (cis/trans=3:2, 0.17 g,
1.0 mmol) were dissolved in distilled water (20 mL), and the pH was ad-
justed to about 3.0 with dilute aqueous KOH. The solution was heated in
a 25-mL teflon-lined reaction vessel at 130°C for 50 h and then cooled to
room temperature over 12 h. Colorless prism crystals of 1 were collected
with a yield of about 72%. Elemental analysis: caled (%) for
C;,H;yNdOg: C 33.09, H 4.4, Nd 33.11; found: C 33.49, H 4.32, Nd 30.71.
2: Nd(NO;);:6H,0 (0.22 g, 0.5 mmol) and chdcH, (cis/trans=3:2, 0.26 g,
1.5 mmol) were dissolved in distilled water (20 mL), and the pH was ad-
justed to about 8.0 with dilute aqueous KOH. The solution was heated at
180°C for 80 h and then cooled to room temperature over 12 h. Colorless
crystals of 2 were collected with a yield of about 48 %. Elemental analy-
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sis: caled (%) for C;,H;(NdOg: C 33.09, H 4.4, Nd 33.11; found: C 32.72,
H 4.44, Nd 33.71.

3: Sm(NO;);-6H,0 (0.22 g, 0.5 mmol) and chdcH, (cis/trans=3:2, 0.17 g,
1.0 mmol) were dissolved in distilled water (20 mL), and the pH was ad-
justed to about 5.0 with dilute aqueous KOH. The solution was heated in
a 25-mL teflon-lined reaction vessel at 130°C for 50 h and then cooled to
room temperature over 12 h. Colorless block crystals of 3 were collected
with a yield of 64 %. Elemental analysis: calcd (%) for C,,H;,0,Sm,: C
31.35, H 4.6, Sm 32.72; found: C 31.77, H 4.67, Sm 32.16.

X-ray Data Collection and Structure Solutions and Refinements

Diffraction intensities for 1-3 were collected on a Bruker SMART 1000
CCD diffractometer equipped with graphite-monochromated Moy, radia-
tion with a radiation wavelength of 0.71073 A by using the w-scan tech-
nique. All absorption corrections were performed with the SADABS pro-
gram."¥! Structures were solved by direct methods and refined on F* by
full-matrix least squares with the SHELXTL-97 program package.* All
non-hydrogen atoms were refined anisotropically. The organic hydrogen
atoms were positioned geometrically. A summary of the crystallographic
data and structure determination for 1-3 is provided in Table 1. CCDC-
646833 (1), -646834 (2), and -646835 (3) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at http:/
www.ccdc.cam.ac.uk/data_request/cif.
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Monodisperse Magnetite Nanoparticles Coupled with Nuclear Localization
Signal Peptide for Cell-Nucleus Targeting

Chenjie Xu,"! Jin Xie,” Nathan Kohler,” Edward G. Walsh,'! Y. Eugene Chin,'"! and

Abstract: Functionalization of mono-
disperse superparamagnetic magnetite
(Fe;0,) nanoparticles for cell specific
targeting is crucial for cancer diagnos-
tics and therapeutics. Targeted magnet-
ic nanoparticles can be used to enhance

Shouheng Sun*!!

report the nucleus-targeting Fe;O,
nanoparticles functionalized with pro-
tein and nuclear localization signal
(NLS) peptide. These NLS-coated
nanoparticles were introduced into the
HeLa cell cytoplasm and nucleus,

where the particles were monodis-
persed and non-aggregated. The suc-
cess of labeling was examined and
identified by fluorescence microscopy
and MRI. The work demonstrates that
monodisperse magnetic nanoparticles

the tissue contrast in magnetic reso-
nance imaging (MRI), to improve the
efficiency in anticancer drug delivery,
and to eliminate tumor cells by mag-

. . . . nanoparticles
netic fluid hyperthermia. Herein we

Introduction

Functionalization of monodisperse superparamagnetic mag-
netite (Fe;O,) nanoparticles for cell-specific targeting is cru-
cial for cancer diagnostics and therapeutics." Targeted
magnetic nanoparticles can be used to enhance the tissue
contrast in magnetic resonance imaging (MRI),>® to im-
prove the efficiency in anticancer drug delivery,”®! and to
eliminate tumor cells by magnetic fluid hyperthermia.’'!
Recent synthetic progress makes it possible to produce
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can be readily functionalized and stabi-
lized for potential diagnostic and thera-

magnetite peutic applications.

monodisperse iron oxide nanoparticles with controlled sizes
and magnetic properties,'>** but interactions between these
nanoparticles and biomolecular entities, especially various
tumor cells, are rarely studied owing to the challenge in
nanoparticle functionalization and stabilization.*!*) Herein
we report a robust surface-functionalization approach to
link monodisperse Fe;O, nanoparticles with nuclear localiza-
tion signal (NLS) peptide and test their capability in target-
ing tumor-cell nuclei. In vitro experiments showed that the
uptake of the NLS-labeled nanoparticles by HeLa cells is in-
creased by up to 233 % over the non-NLS-labeled nanopar-
ticles. More importantly, the morphology of the nanoparti-
cles during the uptake process was unchanged. These nano-
particles and their presence in nuclei were characterized by
fluorescent microscopy, magnetic resonance imaging (MRI),
and transmission electron microscopy (TEM). The work
demonstrates that, through proper surface functionalization,
it is possible to stabilize and deliver monodisperse Fe;O,
nanoparticles into tumor-cell nuclei for sensitive diagnostic
and efficient therapeutic applications.

NLS represents a group of oligopeptides that contain a
short amino acid sequence. It is known to act as a ‘vector’ to
direct the protein into the cell nucleus through the nuclear
pore complex,'”!8 and was recently applied to Au- and dex-
tran-coated iron oxide nanoparticles for their targeting to
cell nuclei.?? Different from these previous functionaliza-
tion steps, our approach is to conjugate biotinylated NLS to
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monodisperse Fe;O, nanoparticles through NeutrAvidin
(NAv) and a surfactant combination of polyethylene glycol
(PEG) and dopamine (DPA), or 4-(2-aminoethyl)benzene-
1,2-diol. DPA can form a strong chelate chemical bond with
the iron oxide surface,”?Y and PEG has been used widely
to protect nanoparticles for their stabilization under physio-
logical conditions.”>"!

Results and Discussion

The monodisperse 9-nm Fe;O,4 nanoparticles were prepared
with a hydrophobic coating of oleate and oleylamine accord-
ing to a previous publication.” To render these nanoparti-
cles hydrophilic, we first linked DPA with one COOH group
in  bis{2-[(3-carboxy-1-oxopropyl)amino]ethyl}polyethylene
glycol (M,=3000) by using conventional N-(3-dimethylami-
nopropyl)-N'-ethylcarbodiimide/N-hydroxysuccinimide ester
(EDC/NHS) chemistry to synthesize NaOOC-PEG-CONH-
DPA. This NaOOC-PEG-CONH-DPA was then used to re-
place oleate/oleylamine around the synthesized nanoparti-
cles in CHCL;/DMEF solution by the formation of a chelate
bond between Fe;O, and DPA.®! Thermogravimetric analy-
sis revealed that each Fe;O, nanoparticle contained about
32 PEG units. NeutrAvidin(NAv) was then conjugated to
the -COONa group in NaOOC-PEG-DPA-Fe;O, by means
of EDC/NHS chemistry to give NAv-NHOC-PEG-DPA-
Fe;O, (Figure 1a). The NAv-PEG-DPA-Fe;0, nanoparticles

o Vgl
Pug ® ¢

@ NIrs) %*
..i.'..'.-!l_ e

Figure 1. Fe;0, nanoparticles used in the study: a) Schematic illustration

(not to scale) of the functionalized nanoparticles of NAv-PEG-DPA-

Fe;O,. b) TEM image of the 9-nm Fe;O, nanoparticles coated with

oleate/oleylamine. ¢) TEM image of the 9-nm Fe;O, nanoparticles coated

with the surfactant shown in a).

were further functionalized with a biotinylated NLS peptide
(KKKRKYV) by conjugating the peptide to NAv through
biotin—avidin interaction. HeLa cells were chosen for the
functionalized nanoparticle penetration and targeting.
Figure 1b and c show the TEM images of the monodis-
perse 9-nm Fe;O, nanoparticles prior and subsequent to sur-
face modification with DPA-PEG-NAv. One can see that
the nanoparticles are well dispersed under both conditions.
The hydrodynamic sizes of the nanoparticles in the disper-
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sions measured by dynamic light scattering (DLS) (Figure 2)
revealed that the overall diameter of the nanoparticles was
increased from ~13 nm in the synthesized Fe;O, to ~50 nm
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451 a
--b
40 &
354 — - d
)
& 30-
£
8 25-
£
S 20
=
15
10
5.
0 T T
1 10 100 1000

Hydrodynamic diameter (nm)

Figure 2. Hydrodynamic diameters of a) the synthesized Fe;O, nanoparti-
cles in hexane, b) PEG-DPA-Fe;O, nanoparticles in water, c) NAv-PEG-
DPA-Fe;0, nanoparticles in PBS and d) NLS-biotin-NAv-PEG-DPA-
Fe;O, nanoparticles in PBS. The diameters were measured by DLS. The
following parameters were used for size estimation: refractive index
2.420 (Fe;0,), 1.373 (hexane), 1.33 (water); viscosity 0.3000 (hexane),
0.8872 (water); absorption 0.010 (Fe;0,).

in the functionalized NAv-PEG-DPA-Fe;O, nanoparticles
after ligand exchange. Gel electrophoresis analysis of the
NaOOC-PEG-DPA-Fe;0, and NAv-PEG-DPA-Fe;O, nano-
particle dispersions showed that NAv was closely associated
with the nanoparticles (Figure 3).

Figure 3. Gel electrophoresis of a) NaOOC-PEG-DPA-Fe;O, and
b) NAv-PEG-DPA-Fe;0, nanoparticles. Both particle dispersions were
run on agarose gel (0.5% w/v, 120 min, 100 V) in TAE buffer (40 mm
Tris-acetate and 1 mm EDTA, pH 8.3).

The dispersion stability of the NAv-PEG-DPA-Fe;O, and
NLS-biotin-NAv-PEG-DPA-Fe;0, nanoparticles was further
tested by measuring their hydrodynamic size change during
the incubation in buffer solution. The nanoparticles were
dispersed in phosphate-buffered saline (PBS), or PBS plus
10% fetal bovine serum (FBS) and were incubated under
ambient conditions at 37°C. The incubated dispersion was
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sampled at different time periods and the average hydrody-
namic size of the nanoparticles in each sample was mea-
sured by DLS. Figure 4 gives the measurement results from

160
a
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—-b
120 ——cC
~-d
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Size (nm)

20

0 20 40 60 80 100
Time (hours)

Figure 4. Average hydrodynamic diameters of the Fe;O, nanoparticles in
buffers: a) NAv-PEG-DPA-Fe;0, nanoparticles in PBS (pH 7.4), b) NLS-
NAv-PEG-DPA-Fe;O, nanoparticles in PBS, c) NAv-PEG-DPA-Fe;0,
nanoparticles in PBS+10% FBS, d) NLS-NAv-PEG-DPA-Fe;O, nano-
particles in PBS + 10% FBS.

NAv-PEG-DPA-Fe;O, and NLS-biotin-NAv-PEG-DPA-
Fe;O, nanoparticle dispersions. After incubation for 72 h,
the average size of these NAv- and NLS-modified nanopar-
ticles maintains a hydrodynamic diameter of ~50 nm and
~60 nm for the dispersion in PBS and ~60 nm and ~80 nm
for the dispersion in PBS+10% FBS, respectively
(Figure 4). The size increase of the functionalized nanoparti-
cles in PBS+10% FBS is presumably due to the interaction
between the negatively charged FBS and the functionalized
nanoparticle surface that bears the positively charged NLS
peptide.

To examine the dispersity of NLS peptide-nanoparticles
in cells, we introduced the particles into the HeLa cells. By
labeling NeutrAvidin with a fluorescent dye, rhodamine
(RA), prior to PEG-DPA-Fe;0, nanoparticle conjugation,
the location of the particles can be monitored through fluo-
rescence microscope. RA-labeled VKRKKK-biotin-NAv-
PEG-DPA-Fe;O, or RA-labeled NAv-PEG-DPA-Fe;0,
were incubated with HeLa cells under the same condi-
tions—120 min in Dulbecco’s Modification of Eagle’s
Medium (DMEM) buffer containing 3.7 mm NaHCO; and
0.1% bovine serum albumin plus 10% FBS. The cells were
washed with PBS to remove extra nanoparticles. HeLa cells
incubated with RA-labeled VKRKKK-biotin-NAv-PEG-
DPA-Fe;0, nanoparticles had more fluorescent signal in the
nucleus (Figure 5) than those incubated with RA-labeled
NAv-PEG-DPA-Fe;0,. To characterize the detailed location
of the nanoparticles within the cells, we incubated the HeLa
cells with DAPI (4',6-diamidino-2-phenylindole)’—a blue-
fluorescent molecule that can bind preferentially to double-
stranded DNA in the nucleus to produce a fluorescent en-
hancement for nucleus image (Figure 5b). The pink image
yielded from overlaying of DAPI staining and the RA stain-
ing is shown in Figure 5c, indicating that the NLS peptide
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Figure 5. Characterization of the nanoparticles in HeLa cells: a) Fluores-
cent microscopic images of the HeLa cells incubated with RA-labeled
VKRKKK-biotin-NAv-PEG-DPA-Fe;O, nanoparticles (0.01 mgFemL™)
and b) the cells counterstained with DAPI; c) overlap image of a) and
b); d) fluorescence microscope images of the HeLa cells incubated with
RA-labeled NAv-PEG-DPA-Fe;0, nanoparticles (0.0l mgFemL™") and
e) the cells counterstained with DAPI; f) overlap image of d) and e);
g) plot of the iron concentration within each HeLa cell that was incubat-
ed with VKRKKK-biotin-NAv-PEG-DPA-Fe;O, (black column) and
NAv-PEG-DPA-Fe;O, (white column) nanoparticles with different con-
centrations of iron: h) MRI of the HeLa cells containing VKRKKK-
biotin-NAv-PEG-DPA-Fe;0, nanoparticles (the first row), NAv-PEG-
DPA-Fe;0, nanoparticles (the second row); and no nanoparticles (con-
trol, the third row).

delivers the nanoparticles into the nuclei in HeLa cells.
However, the particles without NLS peptide could not enter
the nucleus (Figure 5d-f). The average iron concentration in
each cell that was incubated with NLS or non-NLS-function-
alized nanoparticles was measured by inductively coupled
plasma atomic emission spectrometry (ICP-AES) (Fig-
ure 5 g). The NLS-nanoparticle sample (0.01 mgFemL™)
exhibited an increase in uptake of 233 +20%.

The effect of these nanoparticles on the 7, relaxation of
the free water within the HeLa cells was further tested with
MRI. Figure 5 h shows the MRI image obtained from the
HeLa cells treated with the NLS-biotin-NAv-PEG-DPA-
Fe;O, nanoparticle sample (the first row) or the NAv-PEG-
DPA-Fe;O, nanoparticle sample (the second row) at differ-
ent concentrations as indicated. The relaxivity 72 of the par-
ticles in cells is 68.6 s 'mm~'. There is no apparent differ-
ence in terms of the signal intensity between the cells con-
taining NAv-PEG-DPA-Fe;O, nanoparticles and the cells
containing no particles (control). In contrast, images from
the cells containing NLS-biotin-NAv-PEG-DPA-Fe;0,
nanoparticles are darker, indicating that the nanoparticles
within the cells do offer a contrast enhancement in MRI

Chem. Asian J. 2008, 3, 548 -552
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Figure 6. TEM images of the nanoparticles in one HeLa cell: a) The NLS nanoparticles around cell membrane
and cytoplasm area; b) the NLS nanoparticles in the cell nucleus; c) a close-up view of the white box area in

b); d) the NAv nanoparticles enriched outside the nuclear membrane area.

The stability of fluorescent magnetic nanoparticles in the
cell and the nucleus was examined by TEM. Figure 6a-c
shows the uptake of the NLS-peptide nanoparticles by a
single HeLa cell after incubation of the cells with the NLS
peptide-nanoparticles for a period of 2 h. In contrast to the
aggregation of other particles inside the cells, DPA-PEG-
modified Fe;O, showed great monodispersity in the cell cy-
toplasm and nucleus. It can be seen that the nanoparticles
are extensively dispersed in the cytoplasm without apparent
aggregation, except for a small portion of those in the endo-
somes (Figure 6a). Figure 6b demonstrates that the NLS
nanoparticles entered the cell nucleus and Figure 6¢ is a
close-up view of a small area around the nuclear membrane.
It can be seen that the well-dispersed nanoparticles are
spread in the nucleus. In contrast, most of the NAv nanopar-
ticles are seen in cytoplasm area (Figure 6d), indicating that
the non-NLS nanoparticles do not translocate into the nu-
cleus. The mechanism of the nanoparticle uptake is believed
to be through endocytosis,'”! but how these particles escape
from endosome and are still monodispersed is under investi-
gation.

Conclusions

We have shown that monodisperse Fe;O4 nanoparticles pre-
pared by an organic-phase synthesis are readily functional-
ized with hydrophilic DPA-PEG-based surfactant and stabi-
lized under physiological conditions. The NLS-peptide-
coated nanoparticles show preferred uptake by HeLa cell
nuclei over the non-NLS-labeled nanoparticles. A similar
synthetic strategy can be used to coat monodispersed iron
oxide based nanoparticles with various signal peptides,
genes, or drugs and to deliver them to specific organelles.
These will allow detailed studies of uptake mechanisms of
the particles by cells, especially tumor cells. A deeper under-
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standing will help to create
novel  functional = magnetic
nanoprobes that are suitable for
highly sensitive medical diag-
nostics and highly efficient
drug/gene delivery.

Experimental Section
Chemicals and Materials

a,m-Bis(2-carboxyethyl)polyethylene
glycol (MW =3,000), dopamine hydro-
chloride, and sodium carbonate were
purchased from Sigma-Aldrich. Neu-
triAvidin, N-hydroxysuccinimide
(NHS), and N-(3-dimethylaminoprop-
yl)-N'-ethylcarbodiimide (EDC) hy-
drochloride and 4',6-diamidino-2-phe-
nylindole (DAPI) were obtained from
Pierce Biotechnology. All organic sol-
vents were purchased from Sigma-Al-
drich Corp. All the buffers and media
used were acquired from Invitrogen Corp. The water was purified by a
Millipore Milli-DI Water Purification System. Nano-sep 100k OMEGA
was purchased from Fisher. All the dialysis bags were purchased from
Spectrum Laboratories, Inc.

Nanoparticles Synthesis

Fe(acac); (2 mmol) was dissolved in a mixture of benzyl ether (10 mL)
and oleylamine (10 mL). The solution was dehydrated at 110°C for 1 h.
Then it was quickly heated to 300°C and kept at this temperature for 2 h.
Ethanol (50 mL) was added to the solution after it cooled down to room
temperature. The precipitate was collected by centrifugation at 8000 rpm
and was washed with ethanol (3x40 mL). Finally, it was redispersed in
hexane (10 mL).

Modification

o,w-Bis{2-[(3-carboxy-1-oxopropyl)amino]ethyl}polyethylene glycol
(20 mg), NHS (2mg), EDC (3mg), and dopamine hydrochloride
(1.27 mg) were dissolved in a mixture of CHCl; (2 mL), DMF (1 mL),
and anhydrous Na,CO; (10 mg). The solution was stirred at room tem-
perature for 2 h, and then Fe;O, nanoparticles (5 mg) were added. The
resulting solution was stirred overnight at room temperature under N,.
The modified Fe;O, nanoparticles were precipitated by adding hexane,
collected by using a permanent magnet, and dried under N,. The particles
were then dispersed in water or PBS. The extra surfactants and other
salts were removed by dialysis (dialysis bag; MWCO =10000) for 24 h in
PBS or water. Any precipitation (almost none in the synthesis) was re-
moved by using a 200-nm syringe filter (Millipore Corp.). The final con-
centration of the particles was determined by ICP-AES analysis.

Labeling NeutrAvidin with Rhodamine

NAv was incubated with RA in Na,CO,;/NaHCO; (pH 9) buffer at room
temperature for 1 h (RA/NAv 10:1). The final conjugate was purified by
removing the extra free RA through the PD-10 column (GE Healthcare
Corp.).

HeLa Cell Labeling with RA-Labeled NAv-PEG-DPA-Fe;O, or NLS-
Biotin-NAv-PEG-DPA-Fe;0, Nanoparticles

HelLa cells were cultured in a glass-bottomed Petri dish (MatTek Corp.)
with DMEM plus FBS (10%) and antibiotics (1%). Before incubation
with the particles, the cells were washed three times with PBS. The parti-
cle solution in DMEM media was then incubated with the cells for 2 h.
The cells were washed three times with PBS and fixed in paraformalde-
hyde (4%). After fixation for 30 min, the cells were washed three times
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with PBS before being analyzed by fluorescence microscopy (Nikon
Eclipse TE2000-U) or MRI. To counterstain HeLa cells, DAPI was dis-
solved (30 nm) in PBS and mixed with the cells for 5 min after parafor-
maldehyde fixation followed by PBS washes.

Preparation of HeLa Cell Samples for TEM

The NAv-PEG-DPA-Fe;0, and NLS-biotin-NAv-PEG-DPA-Fe;O, nano-
particles were dispersed in the cell culture medium (DMEM with 10 %
FBS, 1% antibiotic) at a concentration of 0.01 mgFemL™". The mixture
was incubated for 2 h and washed twice with PBS to remove the excess
particles. The cells were detached with trypsin EDTA (0.05%) and fixed
with modified Karnovsky’s Fixative (2% paraformaldehyde and 2% glu-
teraldehyde in PBS) before they were post-fixed in OsO, (1 %) for 1.5 h,
stained with uranyl acetate (2%) for 2 h, and dehydrated in alcohol and
propylene oxide. The treated cells were then embedded in eponate resin,
sectioned with an ultramicrotome, and mounted on the 150-mesh TEM
grids. The sections were then stained again with uranyl acetate (25 min)
and lead citrate (10 min) for TEM image analysis. The images were ac-
quired with a Philips EM 420 at 80 kV.

MRI Experiments

200000 HeLa cells were incubated with nanoparticles and mixed into 2 %
agarose gel at 40°C before imaging. Transverse T2-weighted spin-echo
images were acquired with a 3-Tesla Siemens Tim Trio MR Scanner. Gel
preparations in 2-mL vials were placed in a holder for insertion into the
8-channel volume head resonator. The long axis of the vials was parallel
to the static magnetic field, and a transverse tomographic plane orienta-
tion was used. A gradient echo acquisition was used with a repetition
time of 2000 ms, an echo time of 1.8 ms, a slice thickness of 12 mm, and a
flip angle of 20°. In-plane resolution was 0.88 mm. The normal first-order
shim process was applied, and the phantoms were imaged at room tem-
perature (20°C).
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Molecular Design for Reversing the Photoswitching Mode of Turning ON
and OFF DNA Hybridization

Xingguo Liang,"”! Nobutaka Takenaka,™ Hidenori Nishioka,™ and

Abstract: A new photoswitch for DNA
hybridization involving para-substitut-
ed azobenzenes (such as isopropyl- or
tert-butyl-substituted derivatives) with
L-threoninol as a linker was synthe-
sized. Irradiation of the modified DNA

Hiroyuki Asanuma *!* "l

facilitated duplex formation. The direc-
tion of this photoswitching mode was
entirely reversed relative to the previ-
ous system with an unmodified azoben-
zene on D-threoninol whose trans form
turned on the hybridization, and cis

form turned it off. Such reversed and
reversible photoswitching of DNA hy-
bridization was directly demonstrated
by using fluorophore- and quencher-at-
tached oligonucleotides. Furthermore,
it was revealed that the cis-to-trans

with visible light led to dissociation of
the duplex owing to the destabilization
effect of the bulky substituent on the
trans-azobenzene. In contrast, trans-to-
cis isomerization (UV light irradiation)

hybridization
photoswitch

Introduction

Photocontrol of DNA hybridization can be used as a robust
tool for elucidating DNA-involving biological processes, as
well as for constructing photon-fuelled DNA nanomechani-
cal molecular devices. A large number of biofunctions have
been photoregulated by covalently attaching light-respon-
sive molecules to nucleic acids.) In our previous work, azo-
benzene was conjugated with DNA through a p-threoninol
linker as the photoswitch and DNA hybridization was rever-
sibly turned on (trans-azobenzene) and off (cis-azobenzene)
by irradiation with light.* The photoregulation mechanism
can be demonstrated as follows: the planar trans-azoben-
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thermal isomerization was greatly sup-
pressed in the presence of the comple-
mentary strand owing to the formation
of the more-stable duplex in the cis
form.

zene intercalates between the two adjacent base pairs and
stabilizes the DNA duplex by stacking interactions, whereas
the nonplanar cis-azobenzene destabilizes the duplex by
steric hindrance.”) On the basis of the above strategy, sever-
al model systems have also been constructed for photo-
switching DNA transcription, DNA primer extension, and
other enzymatic reactions.l! On the other hand, the photore-
gulation efficiency was not high enough in some cases owing
to the difficult trans—cis photoisomerization caused by the
strong stacking interaction between frans-azobenzene and
the DNA base pairs. For more-efficient photoregulation of
DNA functions both in vitro and in vivo, novel molecular
design is highly desirable.

Recently, we found that modification of azobenzene could
remarkably affect the photoregulatory efficiency.”) Methyl-
ation of azobenzene at the ortho position greatly enhanced
the change in melting temperature (AT,) induced by cis—
trans isomerization. The trans-2',6’-dimethylazobenzene sta-
bilized the duplex fairly well, whereas its cis form destabi-
lized it more than the unsubstituted azobenzene did.”! In
contrast, the methyl group introduced at the para position
of azobenzene destabilized the duplex in the trans form and
stabilized it in the cis form relative to the corresponding iso-
mers of unmodified azobenzene. Indeed, para substitution
rather lowered the photoregulatory efficiency of the normal
photoswitching mode. These results prompted us to design a
reversed photoswitch that turns on duplex formation by UV
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light irradiation (cis-azobenzene) and turns it off by irradia-
tion with visible light (¢trans-azobenzene). We expect that a
completely reversed photoswitch will not only greatly
extend our approach for photoregulating DNA functions,
but will also diversify the design of light-fuelled DNA nano-
machines,® especially when it is used with the combination
of the normal photoswitch. In this study, we synthesized
photoswitches of the reverse mode by tethering para-substi-
tuted azobenzene with a bulky group on L-threoninol. The
reversed photoregulation of DNA hybridization was assayed
by T, measurement, and a fluorophore—quencher system
was used for further evaluation of the reverse photoswitch.
The trans—cis photoisomerization of the azobenzene deriv-
atives conjugated with DNA and the thermal stability of
their cis forms were also investigated.

Results and Discussion

Molecular Design for Reversing the Direction of the
Photoswitching Mode

To achieve the reversed photoregulation of hybridization,
the duplex should be destabilized by trans-azobenzene as
largely as possible, and destabilization by cis isomerization
should be minimized. For destabilization by the trans form,
a bulky group, such as isopropyl or tert-butyl, was attached
at the para position of azobenzene to enlarge the steric hin-
drance of the DNA backbone.”! To minimize the destabili-
zation of cis-azobenzene, L-threoninol was used as the linker
instead of D-threoninol.”) According to our previous study,
D-threoninol was shown to be favorable for a normal photo-
switch because it facilitated the hybridization of modified
DNA involving trans-azobenzene and largely destabilized
the duplex involving the cis form.”! In the case of the
L form, the azobenzene moiety tethered on this linker stabi-
lized the duplex less in the trans form and suppressed the
destabilizing effect of the cis form,” indicating that L-threo-
ninol should fit for reversed photoswitching mode. On the
basis of the above molecular design, we synthesized azoben-
zene moieties with a isopropyl (iPr), a tert-butyl (fBu), or a
3-cyanophenyl (3-CN-Ph) group at the para position and in-
troduced them into DNA through the p- or L-threoninol
linker (Scheme 1).

Abstract in Japanese:

YoA—IZLl- bLF =/ —LEFRWTRSUBER BIZL tert- TFILP
AV TAELER) FIRUELEDNAICEATHI LT, FIREARA Y
FEEAB Lo COXRA Y FICARAEBE T L E, trans- TR
VEDEEWEBBRRICLDAKEETCIEHTBE Lz, —H UV AEEE
LT trans i cis- ARS8 LA ZEHOBANRES T,
COXRA Y FIE. RIEMDT I A2 E & p-threoninol #HWTER
LIzCHETORRA vF (trans- ATZEEMKLcis- ATZEHN
fBE) L2 HEDARERLIZ, SREHLEXRA Y FHAREDLED &
THAHAI LT, BABREVIVFYy—4FALLAVIXRVLAFFER
WTEERMISRT Z EM KR, BIZ, cis- FD D trans— AADREM
EA, BT 2EBENGEET D EREHFEINIELHLNICLE,
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CH, CH, CN
R= —H ‘< —,LCHs
CH;j Hs;
H iPr tBu 3-CN-Ph

Azo-D
3| ! 31

C: 3-CCATAGCGTTAG-5'
FAM-C: 3-FAM-CCATAGCGTTAG-5'

Spa: 5-GGTATCGCAATC-3'
S,1: 5-GGTATCXGCAATC-3'
S,0: 5-GGTAXTCGCXAATC-3'

S,p-Dab: 5-Dabcyl-GGTAXTCGCXAATC-3' (X = {Bu-Azo-L)

Scheme 1. Structures of azobenzene moieties introduced into DNA and
DNA sequences used in this study. Sequence C is complementary to Sy,.
S, and S,, are the modified versions of Sy, involving azobenzene deriva-
tives. In FAM-C, a fluorescein moiety is attached to C as the fluorophore.
In S,,-Dab, a dabcyl moiety is attached to S,, as the quencher.

The azobenzene derivatives with various substituents
were synthesized by coupling of ethyl 4-nitrosobenzoate
with the corresponding aniline, followed by hydrolysis with
sodium hydroxide (Scheme 2a). The resulting azobenzenes
were then tethered on D- or L-threoninol and incorporated
into a 12-nt-long DNA by using standard phosphoramidite
chemistry as reported previously (Scheme 2b).? All the
modified DNAs were purified by reversed-phased HPLC
and characterized by MALDI-TOF MS. All the azobenzene
residues in DNA were sufficiently stable under the condi-
tions employed. The DNA sequences are shown in
Scheme 1.

Change in Melting Temperature of DNA Duplex Induced
by trans—cis Isomerization of Azobenzene Derivatives

At first, we investigated the destabilization effect of para
substitution of azobenzene with a bulky group on DNA-
duplex formation. As a control, unsubstituted trans-azoben-
zene tethered on D-threoninol (H-Azo-D), a normal-mode
photoswitch, stabilized the duplex by 1.2°C relative to the
native one (Sy,/C, T,,=47.7°C, see Table 1).2% In contrast,
para modification (the frans form) lowered the T, of the
duplex by 4-7°C: The T,, values of duplex S,;/C for 3-CN-
Ph-Azo-D and iPr-Azo-D were 43.6 and 41.0°C, respective-
ly. Evidently, para substitution with a bulky group was effec-
tive for destabilizing the duplex in the trans form. For the
cis form, however, para modification did not cause much
change of T,,, which was around 43 °C for both substituents.
As a result, T, for cis-iPr-Azo-D exceeded that of its trans
form by 1.9°C (AT,,=—1.9°C) when D-threoninol was used.
The photoswitch direction was reversed, although the AT,
was not large enough.
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Scheme 2. Synthesis of a) the azobenzene derivatives and b) the corresponding phosphoramidite monomers for

their incorporation into DNA.

Table 1. Melting temperatures of the duplex involving azobenzene and
its derivatives in the trans and cis forms.®!

Azobenzene Duplex T, [°C]®

cis trans AT,
H-Azo-D S,./C 432 489 5.7
3-CN-Ph-Azo-D S,./C 436 436 0.0
iPr-Azo-D S./C 429 41.0 -1.9
3-CN-Ph-Azo-L S./C 44.5 43.6 —-0.9
iPr-Azo-L S,./C 46.9 402 —6.7
tBu-Azo-L S./C 459 38.6 -7.3
3-CN-Ph-Azo-L S../C 33.7 321 -1.6
iPr-Azo-L S,,/C 39.0 28.1 ~10.9
tBu-Azo-L S./C 38.6 253 —133
Sna/C (native) 47.7
[a] Experimental conditions: [S,;]=[S.,,]=[C]=5 um, [NaCl]=100 mwm,

pH 7.0 (10 mm phosphate buffer). [b] Change of T}, induced by the cis—
trans isomerization.

When L-threoninol was used for tethering isopropyl-modi-
fied azobenzene (iPr-Azo-L), the degree of the reverse
effect was greatly improved: —AT,, became as large as
6.7°C in the case of the S,;/C duplex. This value was much
larger than that of iPr-Azo-D (—AT,=1.9°C). It should
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also be noted that it was even
larger than the AT, of H-Azo-
D (AT, =5.7°C) with the previ-
ous normal switching mode,
showing that iPr-Azo-L could
be used as an efficient reverse
mode of photoswitch (see Sup-
porting Information, Figure S1
for the melting curves). This re-
markable improvement was
mainly attributed to the in-
crease in T,, in the cis form: the
T, for cis-iPr-Azo-L (46.9°C)
became very close to that of
the native one (47.7°C), indi-
R cating that the destabilization
effect of the nonplanar cis
structure was fairly offset by
the stabilization effect of the in-
troduced isopropyl group. On
the other hand, cis-3-CN-Ph-
3 Azo-L failed to stabilize the
duplex.”

Among the substituents we
examined, the fert-butyl group
showed the largest —AT,, value
(see Table1). The order of
—AT,, for the S,;/C duplex in-
volving single azobenzene de-
rivative was (Bu-Azo-L >iPr-
Azo-L>3-CN-Ph-Azo-L. Intro-
duction of multiple azoben-
zenes demonstrated the superi-
ority of tBu-Azo-L. When two
azobenzenes were introduced
into the same 12-nt-long DNA, —AT,, for rBu-Azo-L in
duplex S,,/C was as large as 13.3°C, which was 2.4°C larger
than that of iPr-Azo-L (Table 1).

P<

N

Observation of Photoswitching of DNA Hybridization by
the Use of a Fluorophore—Quencher System

To prove the reversed photoswitching of hybridization with
tBu-Azo-L more directly, duplex formation was monitored
from the change of fluorescence by using a fluorophore—
quencher system (see Scheme 1). In FAM-C, a (6-fluores-
cein-6-carboxamido)hexanoate (FAM) was attached to the
3’-terminal of sequence C as the fluorophore. In S,,-Dab, a
4-(4-dimethylaminophenylazo)benzoic acid (Dabcyl) moiety
was attached at the 5-end of sequence S,, as the quencher.
Once the duplex S,-Dab/FAM-C is formed, the fluores-
cence from FAM should be quenched by the Dabcyl. As
shown in Figure 1 (see the dotted line), single-stranded
FAM-C exhibited a strong emission at around 520 nm at
30°C. When S,,-Dab, the modified DNA that involves two
trans-tBu-Azo-L residues, was added, only 27 % of the total
fluorescence from FAM was quenched (compare the dotted
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Figure 1. Photoinduced intensity change of the fluorescence (excitation at
490 nm) from FAM-C at 30°C. The dotted line shows the fluorescence
spectra of single-stranded FAM-C, whereas the broken and solid lines
show the spectra of FAM-C in the presence of S,-Dab before (trans
form) and after (cis form) irradiation with UV light for 1 min (with an in-
terference bandpass filter centered at 341.5nm), respectively. The
dotted-broken line is the spectrum after the solution was irradiated with
visible light (through an interference bandpass filter centered at
449.5 nm) for 30s. Solution conditions: [S,-Dab]=1.0 um, [FAM-C]=
0.5 um, [NaCl]=100 mm, pH 7.0 (10 mm phosphate buffer).

line with the broken one in Figure 1). But when this solution
was irradiated with UV light, about 70 % of the fluorescence
was quenched (see the solid line in Figure 1). Clearly,
trans —cis isomerization of azobenzenes facilitated the hy-
bridization of S ,-Dab with FAM-C and the fluorescence
from FAM was quenched by Dabcyl more efficiently. Upon
irradiation of this solution with visible light, the fluorescence
recovered owing to the dissociation of the duplex caused by
cis—trans isomerization (compare the dotted-broken line
with the solid one in Figure 1). Thus, the reverse switching
of the duplex formation by rBu-Azo-L was further evi-
denced by the fluorescence change induced by irradiation
with light.
The T, of duplex S,-Dab/FAM-C was also measured
under the solution conditions used for fluorescence mea-
surement, which was determined as 26.4°C for the trans
form and 39.2°C for the cis form. Because the fluorescence
measurement was carried out at 30°C, which was only 9.2°C
lower than the T}, for the cis form, the duplex was not com-
pletely formed. That might be one of the reasons that about
30% of the fluorescence remained after irradiation with UV
light (solid line in Figure 1). Another possible reason is the
incomplete trans—cis photoisomerization. Only about 62 %
of S,,-Dab was isomerized to the cis form under these condi-
tions (data not shown). For similar reasons, the duplex could
not completely dissociate after irradiation with visible light
at 30°C (more than 90 % was isomerized to the trans form),
which is only 3.6°C higher than the T, of the trans form.
The difference in fluorescence between the broken (100 %
of the trans form) and the dotted-broken lines could be ex-
plained by the incomplete cis—trans isomerization under
visible light irradiation.
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By using the fluorophore—quencher system, we also inves-
tigated the reversibility of the photoregulation of hybridiza-
tion by tBu-Azo-L. As shown in Figure 2, the fluorescence
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Figure 2. Photoinduced change of the fluorescence from FAM at 519 nm
(excitation at 490 nm) at 30°C for the solution containing S,,-Dab/FAM-
C. The arrows indicate irradiation with either UV or visible light at
30°C: UV light centered at 341.5 nm for 1 min and visible light centered
at 449.5 nm for 30s. Solution conditions: [S,,-Dab]=1.0 um, [FAM-C]=
0.5 um, [NaCl] =100 mm, pH 7.0 (10 mm phosphate buffer).

change was induced by repeated irradiation of UV or visible
light without obvious deterioration of photoregulatory effi-
ciency, indicating that the formation and dissociation of the
duplex could be reversibly photoswitched.['"" Notably, irradi-
ation with UV or visible light did not affect the fluorescence
intensity at all at 60°C, at which temperature the duplex
completely dissociated both in the trans and cis forms (see
Supporting Information, Figure S2). Thus, the reversed pho-
toswitching of hybridization was unambiguously substantiat-

ed.

Isomerization of an Azobenzene in the Presence and
Absence of the Complementary Strand and Molecular
Modeling of the Duplex

Photoisomerization of H-Azo-D, iPr-Azo-L, and tBu-Azo-L
in S,; as well as the thermal isomerization of their cis forms
were measured at various temperatures either in the ab-
sence or presence of the complementary strand C
(Figure 3). It was found that the thermal stability of cis-tBu-
Azo-L (or cis-iPr-Azo-L) was greatly improved by the
duplex formation (see Supporting Information, Figure S3
for the spectra). At 25°C, for example, the half-life of cis-
1Bu-Azo-L was 495 h in the presence of C, which was about
five times longer than that in the absence of C (¢,,=102h).
For cis-H-Azo-D, in duplex S,;/C, however, its half-life was
only 1.4-fold longer than that in the single-stranded S,; (Fig-
ure 3a). At 60°C, the half-lives of cis-tBu-Azo-L and cis-H-
Azo-D are 1.6h and 2.4 h, respectively, which were inde-
pendent of the presence of the complementary strand (see

Chem. Asian J. 2008, 3, 553 -560
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Figure 3. Thermal isomerization and photoisomerization of azobenzene
derivatives at various temperatures. a) Half-life of cis-H-Azo-D (trian-
gles) and cis-tBu-Azo-L (circles) in S,; in the absence ((—), dotted lines)
or in the presence ((+), solid lines) of the complementary strand C.
b) Content of cis-H-Azo-D (triangles) and cis-tBu-Azo-L (circles) after
irradiation with UV light in the absence (dotted lines) or in the presence
(solid lines) of the complementary strand C.

Supporting Information, Table S1).1 We assumed that a
stable complex was formed between cis-tBu-Azo-L and the
DNA, duplex and thereafter the thermal isomerization was
greatly suppressed.

The results of molecular modeling showed that the fert-
butyl group of cis-tBu-Azo-L fitted fairly well in the minor
groove (Figure 4b). Thus, the stabilization effect of cis-rBu-
Azo-L for duplex formation could be explained by the
strong binding of the fert-butyl group with the minor groove
of the DNA duplex. Similar results were also obtained for
cis-iPr-Azo-L (see Supporting Information, Table S2 and
Figure S4). The stabilization effect by cis-3-CN-Ph-Azo-L
was rather poor, probably because the phenyl group at the
para position could not bind well in the groove. Destabiliza-
tion of the DNA duplex by trans-tBu-Azo-L (or trans-iPr-
Azo-L) could be explained as follows: steric hindrance oc-
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Figure 4. Energy-minimized structures of S,,/C duplex involving tBu-Azo-
L (CPK part) either in the a) trans or b) cis form calculated with Insight-
II/Discover.

curred between the tert-butyl (or isopropyl) group and the
complementary strand so that the azobenzene moiety parti-
ally flipped out from the duplex, which prevented its effec-
tive stacking with base pairs and distorted the duplex. As re-
ported previously, the trans—cis photoisomerization became
difficult when the trans-azobenzene stacked well between
the base pairs.”! Accordingly, we could estimate the degree
of stacking from the trans—-cis photoisomerization efficien-
cy. Actually, for both H-Azo-D and rBu-Azo-L, the ratio of
the cis form after irradiation with UV light became lower
owing to duplex formation (Figure 3b, Supporting Informa-
tion, Table S2). For H-Azo-D at 10°C, for example, the cis
content was 37 % in the presence of C, which was 20% less
than that without C.'” Similarly, for fBu-Azo-L, the cis con-
tent changed from 59% to 46 % under the same conditions,
indicating that trans-fBu-Azo-L also intercalated into the
duplex and was not completely flipped out (see Supporting
Information, Figure S5 for the spectra). However, it is also
notable that the cis fraction for tBu-Azo-L in the duplex
state (46%) was about 10% more than that for H-Azo-D
(37 %) under the same conditions. This higher efficiency of
trans —cis photoisomerization is favorable for its application
in photoregulating DNA functions at lower temperature.
trans-tBu-Azo-L probably does not stack as well as H-Azo-
D owing to the steric hindrance of the fert-butyl group. The
results of molecular modeling also showed that a part of
trans-tBu-Azo-L was forced to be pushed out from the base
pairs to the major groove side owing to the repulsion be-
tween the tert-butyl group and the ribose or phosphate in
the complementary strand (Figure 4a). Thus, we can con-
clude that the destabilization effect of trans-rBu-Azo-L was
primarily attributed to the steric hindrance between the tert-
butyl group and the backbone of the complementary strand
C. Further evidence for this conclusion comes from the simi-
lar results obtained for cis-iPr-Azo-L (see Supporting Infor-
mation, Figure S4).
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Conclusions

In conclusion, an efficient reverse mode of photoswitching
was achieved by introducing a bulky group at the para posi-
tion of azobenzene with L-threoninol as a linker. The desta-
bilization effect by the trans form was attributed to the
steric hindrance between the bulky group and the backbone
of the complementary DNA. On the other hand, the stabili-
zation effect by the cis form was attributed to the groove
binding of the introduced bulky group. Both the thermal sta-
bility of cis form and the efficiency of the trans—-cis photo-
isomerization, which are important for the photoregulation
of DNA functions, were better for this reverse mode than
for the normal mode. With these photoresponsive DNAs,
more-efficient photoregulation of bioprocess is expected. At
present, both the photoregulation of biological functions
and the construction of light-fuelled DNA molecular ma-
chines are underway by using the combination of these two
kinds of photoswitches working in different directions.

Experimental Section
Materials

Ethyl 4-nitrobenzoate, 4-isopropylaniline, and 4-tert-butylaniline were
purchased from Tokyo Chemical Industry (Tokyo). p-Threoninol, L-
threoninol, and 3-(4-aminophenyl)benzonitrile were purchased from
Sigma—-Aldrich. Azobenzene-tethered oligonucleotides were synthesized
by using typical phosphoramidite chemistry as described previously.**
All the conventional phosphoramidite monomers, 5'-Dabcyl phosphor-
amidite, CPG columns, other reagents for DNA synthesis, and Poly-Pak
cartridges were purchased from Glen Research Co. (Sterling, VA). FAM-
C labeled with (6-fluorescein-6-carboxamido)hexanoate (FAM) at the 3'-
end was purchased from Integrated DNA Technologies, Inc. (Coralville,
IA). The synthesized oligonucleotides were purified by reversed-phase
HPLC (ODS column: Merck LiChrospher 100 RP-18(e)) and character-
ized by positive-mode of MALDI-TOF MS (Autoflex Linear, Bruker
Daltonics, Yokohama).

Synthesis of the Azobenzene Derivatives

A common synthetic pathway for synthesizing all three azobenzene de-
rivatives (Scheme 2) was as follows:!' First, ethyl 4-nitrosobenzoate was
synthesized from ethyl 4-nitrobenzoate. After ethyl 4-nitrobenzoate
(3.0 g, 15.4 mmol) was dissolved in 2-methoxyethanol (42 mL), a solution
of NH,Cl (1.28 g, 24.0 mmol) in water (11 mL) was added. Finely pow-
dered zinc dust (2.7 g, 41.3 mmol) was added in small portions to the
stirred solution at a constant temperature of 33-35°C. The reaction mix-
ture was stirred overnight at room temperature, and the solid part was re-
moved by filtration. The filtrate was added dropwise, under a nitrogen at-
mosphere with rapid stirring over a period of 30 min, to a solution of
FeCl;-6H,0 (10.5 g, 38.8 mmol) in water (75 mL) and ethanol (18 mL) at
a temperature below 0°C in an ice/NaCl bath. After an additional 30 min
of stirring, the reaction mixture was poured into cold water (150 mL).
The product was recrystallized in ethanol/water after filtration to give
ethyl 4-nitrosobenzoate (1.95 g, 71 %).

Typical Procedure for Coupling Ethyl 4-Nitrosobenzoate with Anilines

Ethyl 4-(4-isopropyl-phenylazo)benzoate (ethyl-iPr-Azo): In a flask
shielded from light 4-isopropylaniline (0.68 g, 5.0 mmol) and ethyl 4-ni-
trosobenzoate (0.90 g, 5.0 mmol) were dissolved in glacial acetic acid
(30 mL) under nitrogen. The reaction mixture was stirred overnight at
room temperature, and the solution was then poured into water and ex-
tracted with ethyl acetate. The organic layer was washed with water, a
saturated aqueous solution of NaHCO;, and a saturated aqueous solution
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of NaCl and then dried over MgSO,. After removal of the solvent, the
crude mixture was subjected to silica gel column chromatography
(hexane/AcOEt 8:1) to afford ethyl-iPr-Azo (1.46 g, 99 % ). In the case of
ethyl-3-CN-Ph-Azo, the product was precipitated from the reaction mix-
ture of ethyl 4-nitrosobenzoate and 3-(4-aminophenyl)benzonitrile fol-
lowed by recrystallization in AcOH/water (1:1).

iPr-Azo: In a flask shielded from light, ethyl-iPr-Azo (1.44 g, 4.86 mmol)
was dissolved in ethanol (20 mL). For hydrolysis, aqueous NaOH (2.0m,
4.0 mL) was added, and the mixture was stirred overnight in the dark.
After the pH was adjusted to below 7.0 by adding aqueous HCI (1.0m,
ca. 8mL), the product was extracted with ethyl acetate. The organic
layer was washed with water and a saturated aqueous solution of NaCl
and then dried over MgSO,. After removal of the solvent, 4-(4-isopropyl-
phenylazo)benzoic acid (iPr-Azo) (1.23 g, 94 %) was obtained and was
used directly in the next step without further purification.

Ethyl 4-nitrosobenzoate: '"H NMR (500 MHz, [Dg]DMSO, 20°C, TMS):
0=8.36-8.13 (m, 4H, Ar-H), 438 (q, *J(H,H)=7.0Hz, 2H, -O-CH,-
CH,), 1.35 (t, *J(H,H)=7.0 Hz, 3H, -O-CH,-CH}).

Ethyl-iPr-Azo: '"HNMR (500 MHz, [D¢]DMSO, 20°C, TMS): 6=8.20-
7.52 (m, 8H, Ar,,-H), 441 (q, *J(H,H)=7.0 Hz, 2H, -OCH,CH;), 3.04
(sept, *J(H,H)=7.0 Hz, 1H, -CH(CH,),), 1.39 (t, *J(H,H)=7.5 Hz, 3H,
-OCH,CHj5), 1.29 ppm (d, */(H,H)=7.0 Hz, 6 H, -CH(CH),).

iPr-Azo: "TH NMR (500 MHz, [Dg]DMSO, 20°C, TMS): 6 =8.19-7.52 (m,
8H, Ar,,,-H), 3.04 (sept, J(H,H)=7.0 Hz, 1 H, -CH(CH,),), 1.29 ppm (d,
*J(H,H)=7.0 Hz, 6 H, -CH(CH),).

Ethyl-3-CN-Ph-Azo (recrystallized from H,O/AcOH 1:1, 69.6%):
'H NMR (500 MHz, [D,]DMSO, 20°C, TMS): 6 =8.32-7.72 (m, 12H, Ar-
H), 438 (q, *J(H,H)=7.0 Hz, 2H, -O-CH,-CH;), 1.37 ppm (t, *J(H,H)=
7.0 Hz, 3H, -O-CH,-CHj).

3-CN-Ph-Azo (78.4%): 'HNMR (500 MHz, [Dg]DMSO, 20°C, TMS):
0=8.32-7.72 ppm (m, 12H, Ar-H).

Ethyl-tBu-Azo (78.6%): '"HNMR (500 MHz, [D{]DMSO, 20°C, TMS):
0=821-7.67 (m, 8H, Ar,,-H), 440 (q, J(HH)=7.0Hz, 2H,
-OCH,CH3), 1.39 (t, *J(H,H)=7.0 Hz, 3H, -OCH,CH), 1.38 ppm (s, 9H,
-C(CHy)y).

Bu-Azo (982%): 'HNMR (500 MHz, [D,]DMSO, 20°C, TMS): 6=
8.19-7.67 (m, 8H, Ar,,,-H), 1.38 ppm (s, 9H, -C(CH,)5).

Synthesis of the Phosphoramidite Monomers

The phosphoramidite monomers involving azobenzene derivatives were
synthesized according to the Scheme 2.4 Typical procedure (phosphor-
amidite monomer with iPr-Azo): L-Threoninol (0.16 g, 1.50 mmol) and
iPr-Azo (0.40 g, 1.50 mmol) were added in dry DMF (40 mL) containing
dicyclohexylcarbodiimide (0.37 g, 1.80 mmol) and 1-hydroxybenzotriazole
(0.24 g, 1.80 mmol). After the reaction mixture was stirred at room tem-
perature for 24 h, the solvent was removed, and the remaining oil was
subjected to silica gel column chromatography (CHCl/MeOH 7:1) to
afford 1 (iPr-Azo) (0.56 g, quant.).

A solution (20 mL) of 1 (iPr-Azo) (0.56 g, 1.50 mmol) in dry pyridine was
cooled over ice under nitrogen, and 4,4’-dimethoxytrityl chloride (0.61 g,
1.80 mmol) in dry dichloromethane (8 mL) was added over 3-5 min. The
reaction mixture was stirred for 30 min, the ice bath was removed, and
the reaction mixture was stirred at room temperature for a further S h.
The solvent was then removed by azeotropic distillation with toluene, fol-
lowed by silica gel column chromatography (hexane/AcOEt/Et;N
50:50:3) to afford 2 (iPr-Azo) (0.70 g, 70.9%).

The residual trivial amount of water in 2 (iPr-Azo) and 1H-tetrazole
were removed by azeotropic distillation with dry acetonitrile (twice).
Then, 1H-tetrazole (20 mg, 0.29 mmol), 2 (iPr-Azo) (0.16 g, 0.24 mmol),
and 2-cyanoethyl N,N,N',N’-tetraisopropylphosphordiamidite (80 uL,
0.27 mmol) were mixed in dry acetonitrile (4 mL) under nitrogen for 2 h.
After removal of the solvent by evaporation, the crude mixture was dis-
solved in ethyl acetate. The solution containing 3 (iPr-Azo) was washed
with water, a saturated solution of NaHCO;, and a saturated solution of
NaCl. The solution was dried over MgSO,, and then the acetonitrile was
removed. The oily product (0.41 g, quant.) was obtained and immediately
used for DNA synthesis in the next step without further purification.
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1 (3-CN-Ph-Azo) (attached to D- or L-threoninol, quant.): 'HNMR
(500 MHz, [D4]DMSO, 20°C, TMS): 6=8.36-7.75 (m, 13H, Ar-H,
-NHCO-), 4.69 (m, 2H, CH,CH(OH)-, -(NH)CHCH,OH), 3.97 (m, 2H,
HOCH,CH(NHCO-)-, -CH(OH)CH;), 3.65 and 3.56 (m, 2H,
HOCH,CH(NHCO-)-), 1.13ppm (d, °“J(HH)=6.0Hz, 3H,
-CH(OH)CH,).

2 (3-CN-Ph-Azo) (attached to p- threoninol (30.2%) or L-threoninol
(42.7%)): '"HNMR (500 MHz, CDCl;, 20°C, TMS): 6=38.09-6.79 (m,
26H, Ar-H, Ar,,,-H, DMT, -NHCO-), 425 (m, 1H, -CH(OH)CH,), 4.15
(m, 1H, HOCH,CH(NHCO-)-), 3.77 and 3.76 (s, 6H, -C;H,OCHs), 3.61
and 3.41 (dd, %J(HH)=9.5Hz, *J(HH)=4.0Hz, 2H, -CH,ODMT),
1.24 ppm (d, *J(H,H)=6.5 Hz, 3H, -CH(OH)CH,)

1 (iPr-Azo) (attached to p- or L-threoninol, quant.): '"H NMR (500 MHz,
[Dg]DMSO, 20°C, TMS): 6=8.12-7.53 (m, 9H, Ar,,,-H, -NHCO-), 4.68
(m, 2H, CH;CH(OH)-, -(CONH)CHCH,OH), 3.97 (m, 2H, HOCH,CH-
(NHCO-)-, -CH(OH)CHj,), 3.64 and 3.56 (m, 2H, HOCH,CH(NHCO-)-),
3.05 (sept, J(H,H)=7.0 Hz, 1H, -CH(CH,),), 1.30 (d, */(H,H)=7.0 Hz,
6H, -CH(CH,),), 1.12 ppm (d, >J(H,H) =6.0 Hz, 3H, -CH(OH)CHS).

2 (iPr-Azo) (attached to p- or L-threoninol, 70.9%): '"H NMR (500 MHz,
CDCl;, 20°C, TMS): 6=17.99-6.78 (m, 22H, Ar,,,-H, DMT, -NHCO-),
4.24 (m, 1H, -CH(OH)CH,), 4.14 (m, 1H, -HOCH,CH(NHCO-)-), 3.77
and 3.76 (s, 6H, -C¢H,OCH,), 3.60 and 3.40 (dd, */(H,H)=10.0 Hz, °J-
(H,H) =4.0 Hz, 2H, -CH,0ODMT), 3.01 (sept, *J(H,H)=7.0 Hz, 1H, -CH-
(CHy),), 1.31 (d, *J(HH)=7.0Hz, 6H, -CH(CH;),), 1.23 ppm (d, *J-
(H,H)=6.5 Hz, 3H, -CH(OH)CH,).

1 (Bu-Azo-L) (93.9%): '"HNMR (500 MHz, [Dg]DMSO, 20°C, TMS):
0=8.13-7.67 (m, 9H, Ar,,-H, -NH-CO-), 4.68 (m, 2H, CH;CH(OH)-,
-(NH)CHCH,(OH)), 397 (m, 2H, -CH,(OH)CH(NH)CO-)-,
CH(OH)CH,;), 3.65 and 3.55 (dd, %/(H,H)=10.0 Hz, *J(H,H)=4.0 Hz,
2H, HOCH,CH(NHCO-)-), 138 (s, 9H, -C(CHs);), 1.12ppm (d, *J-
(H,H)=6.5 Hz, 3H, -CH(OH)CH,).

2 (fBu-Azo-L) (64.2%): 'HNMR (500 MHz, CDCl;, 20°C, TMS): 6=
8.00-6.78 (m, 22H, Ar,,-H, DMT, -NHCO-), 424 (m, 1H,
-CH(OH)CH,;), 4.14 (m, 1H, HOCH,CH(NHCO-)-), 3.77 and 3.76 (s,
6H, -C,H,0CHj;), 3.60 and 3.40 (dd, %J(H,H)=10.0 Hz, >J(H,H) =4.0 Hz,
2H, -CH,0ODMT), 1.39 (s, 9H, -C(CH,);), 1.23 ppm (d, *J(H,H) =6.5 Hz,
3H, -CH(OH)CH,;).

Synthesis of DNA Modified with Azobenzene Derivatives

The oligonucleotides modified with azobenzene derivatives were synthe-
sized on an ABI 3400 DNA/RNA Synthesizer by using the corresponding
phosphoramidite monomer and other conventional precursors.>* The di-
methoxytrityl group at the 5-end was retained before the synthesized
DNA was cleaved from CPG. After deprotection, the DNA was purified
first by using Poly-Pak cartridges and then by reversed-phase HPLC
(Merck LiChrospher 100 RP-18(e) column, with a linear gradient by
using mixture of acetonitrile and water containing ammonium formate
(50 mm) as buffer (0.5mLmin"!, detection at 260 nm). The purified
DNAs were then characterized by using MALDI-TOF MS (positive
mode): S,; with H-Azo-D: found: 4021 (calcd. for protonated form:
4020), 3-CN-Ph-Azo-D: found: 4121 (caled.: 4121), iPr-Azo-D: found:
4064 (calcd.: 4062), 3-CN-Ph-Azo-L: found: 4121 (calcd.: 4121), iPr-Azo-
L: found: 4062 (calcd.: 4062), tBu-Azo-L: found: 4076 (calcd.: 4076); S,,
involving 3-CN-Ph-Azo-L: found: 4598 (calcd.: 4597), iPr-Azo-L: found:
4480 (calcd.: 4479), tBu-Azo-L: found: 4507 (calcd.: 4507); S,,-Dab:
found: 4938 (calcd.: 4937).

Measurement of the Melting Temperatures

The melting curves of the duplexes were obtained by measuring the
change in absorbance at 260 nm versus temperature with a spectropho-
tometer (model V-530 or V-550 (JASCO)) equipped with a programma-
ble temperature controller. The T,, values were determined from the
maxima in the first derivatives of the melting curves measured under the
following conditions: [NaCl] =100 mm, pH 7.0 (10 mm phosphate buffer),
[DNA]=5 um. Both the heating and cooling curves were measured, and
the obtained T, values agreed within 2.0°C. The T,, values presented
here are an average of 2—4 independent experiments. The temperature

ramp was 1.0°Cmin".
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Photoisomerization of Azobenzene and Its Derivatives

The light source for the photoirradiation was a 150-W xenon lamp. For
the trans—cis isomerization, a UV-D36C filter (Asahi Tech. Co.) was ap-
plied, and UV light (A =300-400 nm; 5.3 mWcm2) was used to irradiate
the solution of the duplex at various temperatures for 3 min. The cis—
trans isomerization was carried out by irradiation with visible light (1>
400 nm) through an L-42 filter (Asahi Tech. Co.) at various temperatures
for 1 min. In both cases, a water filter was used to eliminate infrared
light. The spectra of fBu-Azo-L in S,; changing with photoirradiation are
shown in the (Supporting Information, Figure S5).

Half-life of Thermal Isomerization of cis-Azobenzene to the trans Form

The azobenzene tethered on DNA in a cuvette was irradiated with UV
light to allow photoisomerization to the cis form under the following con-
ditions: [NaCl]=100 mm, pH 7.0 (10 mM phosphate buffer), [S,]=[C]=
25 pm, 60°C, 5 min. The cuvette was then placed in the UV/Vis spectrom-
eter, and the spectra were measured at constant temperature at a prede-
termined time interval. The rate constant of thermal isomerization (k)
was obtained from the changes in the absorbance at the absorption maxi-
mum of trans-azobenzene (around 340 nm) with time. Considering that
the thermal cis—trans isomerizations of azobenzene and its derivatives
were first-order, the half-life was calculated as: ,,=0.693/k. The spectra
of tBu-Azo-L in S, changing with time are shown in the Supporting In-
formation, Figure S3.

Measurement of Fluorescence

The fluorescence of the solution containing FAM-C only or both FAM-C
and S,,-Dab (pH 7.0 (10 mm phosphate buffer), 100 mm NaCl) was mea-
sured at 30°C on a JASCO spectrofluorometer (FP-6500) equipped with
a temperature controller. In this experiment, photoirradiation was carried
out with a 300-W xenon lamp (MAX-301, Asahi Spectra Co., Ltd.)
equipped with corresponding interference bandpass filters. For trans—cis
isomerization, a solution of S,,-Dab/FAM-C was irradiated with UV light
from a bandpass filter centered at 341.5 nm (half bandwidth=9 nm) at
30°C for 1 min; for cis—trans isomerization, irradiation was carried out
with visible light for 30 s through a bandpass filter centered at 449.5 nm.

Molecular Modeling

The Insight II/Discover 98.0 program package was used for molecular
modeling to obtain the energy-minimized structures by conformation-
energy minimization. The azobenzene residue was built by using the
graphical program. The effects of water and counterions were simulated
by a sigmoidal, distance-dependent, dielectric function. The B-type
duplex was used as the initial structure, and the AMBER force field was
used for calculation. Computations were carried out on a Silicon Graph-
ics O2 workstation with the operating system IRIX64 Release 6.5. As an
initial calculation structure, an azobenzene moiety (either trans or cis
form) was placed between the base pairs.
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Abstract: We investigated the regions
of thermodynamic stability of possible
modifications of the alkali metal ha-
lides as a function of pressure and type
of alkali metal and halogen. Both Har-
tree—Fock and density functional calcu-
lations (for six different functionals)
were performed. The results are in
good agreement with experiment, and
the trends in the computed quantities

parameters as a function of the ab ini-
tio method are similar to those found
in ecarlier studies of the alkali metal
sulfides. We predict that in most of
these systems the so-called 5-5 modifi-
cation should be metastable at stan-

Keywords: ab initio calculations -
alkali metals - halides - structural
transitions - structure prediction

dard pressure and be thermodynami-
cally stable at slightly negative pres-
sures. The sizes of the pressure ranges
over which the various modifications
are stable showed characteristic trends
as a function of the type of the constit-
uent elements, thus generalizing the
traditional pressure-homologue rule
for transition pressures and stable
phases in ionic solids.

such as transition pressures and lattice

Introduction

In recent years, experiments at very high pressures exceed-
ing 10 GPa have become more common,™? thus leading to
an enormous increase in the number of new high-pressure
phases discovered in various chemical systems. However, in
spite of highly improved experimental techniques, the mea-
surement of the structures of these compounds in situ are
still far from trivial, and in many instances the only reliable
information obtained is the cell constants of the modifica-
tion under investigation. Thus, it would be very helpful for
the identification of newly generated phases if one could
supplement the experimental results by theoretical investi-
gations on the same system. However, not just the high-
pressure region has received increased attention. Even more
fascinating is the observation that new experimental tech-
niques, such as the growth of crystalline compounds in an
amorphous matrix of the same atomic composition, which
had been deposited at very low temperatures (liquid-nitro-
gen or liquid-helium temperatures) by using atom beams,

[a] Dr. 7. P. Canarevié, Prof. Dr. J. C. Schén, Prof. Dr. M. Jansen
Max-Planck-Institut fiir Festkorperforschung
Heisenbergstr. 1, 70569 Stuttgart (Germany)
Fax: (4+49)711-689-1502
E-mail: c.schoen@fkf.mpg.de
m.jansen@fkf.mpg.de
Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.

Chem. Asian J. 2008, 3, 561 -572

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lead to metastable compounds that would be thermodynam-
ically stable at negative pressures.

This poses a new challenge to the theoretician, as one can
no longer expect that all relevant structure candidates at high
positive and negative pressures also show local minima of the
potential energy, that is, of the enthalpy at zero pressure. In-
stead, it is necessary to study the enthalpy surface at many dif-
ferent pressures to determine as many candidates as possible
for such extreme conditions. The procedure is completely
analogous to structure prediction for solids at low (zero) pres-
sure by the determination of local minima of the potential
energy of the system.” ! In earlier works,">**) we have shown
for several binary nitrides, sulfides, and oxides how one can
identify such structures and predict their transition pressures.

Clearly, it would be of interest to know to what extent
these landscapes differ within a family of chemically related
systems. There exists the well-known pressure homologue
rule,l'” according to which the pressure-induced transitions
between two modifications within a family of compounds
take place at decreasing pressure for increasing size of
cation for a fixed choice of anion. Two questions should be
addressed: First, can we formulate an analogous rule for
families of compounds whereby the cation is kept fixed in-
stead of the anion? Second, what happens in the opposite
region of the pressure line, that is, at what effective negative
pressure do we find a new compound with lower coordina-
tion numbers, and does this transition pressure also obey
some analogous pressure-homologue rule? Up to now, our
investigations point to the fact that one should view the tra-
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ditional pressure-homologue rule as “one half” of a more
general rule, according to which the size of pressure regions
in which a modification is stable changes as a function of
cation size in families of compounds."” Notably, the choice
of ab initio method (Hartree—Fock approximation, density
functional) had a strong influence on the absolute values of
the transition pressures between the various modifications.
Nevertheless, if one considers the results of a given family
of compounds for only one ab initio method, the generalized
pressure-homologue rule is approximately fulfilled.

In this work, we investigate the possible modifications of
the alkali metal halides as a function of pressure, as there
exists a large number of experimental observations and the-
oretical calculations,' which can be employed to validate the
computations presented herein. Since the early studies by
Madelung,””! Ewald,"™ and Born and Huang," alkali metal
halides have been the subject of a large number of theoretical
investigations. The simple Born-type semiempirical formula
for the interatomic potential energy (a Coulomb or “Made-
lung” long-range term and a short-range repulsive term) used
in the early studies was supplemented in the 1960s by
dipole,® quadrupole,®! and/or breathing-shell™ terms. In
the 1970s, a more fundamental approach, still partly empirical
and based on electron—gas theory,” ! was applied systemati-
cally to the alkali metal halides and other compounds. The
earliest quantum-mechanical work by Léwdin®! involved nu-
merous approximations in the theory. In the 1980s and espe-
cially in the 1990s, the implementation of reasonably reliable
fully ab initio schemes allowed the nonempirical evaluation
of the structural properties of ionic systems with reference to
both the density functional (DFT)* "l and Hartree—Fock***?
(HF) Hamiltonians. Many of these pioneering ab initio calcu-
lations were plagued by problems of numerical accuracy,
basis-set limitations, or simply the reliability of computer pro-
grams. In the late 1990s, considerable progress was made in
the direction of standardization, generalization, and improve-
ment of the numerical accuracy of the algorithms of many
computational schemes. During this time, systematic investi-
gations were performed,* which show the limits and merits
of the adopted Hamiltonians, schemes of the solutions of the
Schrodinger equation and choices of basis sets.

Common to all the investigations mentioned above is that
only two possible AB structure types (B1 (NaCl) and B2
(CsCl)) were investigated.” Furthermore, there is a lack of
systematic comparison of different Hamiltonians, especially
with different correlation-exchange combinations. Thus, in
this work, we extend these earlier investigations in three di-
rections: 1) we consider the whole pressure range from mod-
erate negative pressures to high positive pressures, 2) we
perform global optimizations on the energy/enthalpy land-
scapes of all 20 alkali metal halides to identify additional
potential structure candidates, and 3) for a small group of
the most important modifications at moderate negative and

! Typically, energy-related properties such as cell geometry, atomic frac-
tional coordinates, transition pressures, or elastic properties were com-
puted in these studies.

? In most of cases only the B1 (NaCl) structure was considered.
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positive pressures we calculate the transition pressures by
using seven different ab initio methods (Hartree-Fock and
six density functionals).

Methods

General Approach and Modeling of the Empirical Energy
Landscape

Our general approach to the determination of structure can-
didates is given in detail elsewhere.”! Here we just summa-
rize the procedure: The structure candidates that should be
capable of existence, at least at low temperatures, corre-
spond to local minima of the enthalpy hypersurface (H=
E,w+pV) of the chemical system under investigation. Find-
ing these candidates requires the use of a global optimiza-
tion method as well as local optimization procedures, be-
cause we permit free variation of atom positions, cell param-
eters, ionic charges, and composition during the exploration
of the global landscape. To determine the most important
local minima of the energy/enthalpy landscapes of the sys-
tems under investigation, many thousands of global optimi-
zation runs have to be performed. As global optimization
methods, in general, involve many millions of energy evalua-
tions for atomic configurations, one cannot perform the
energy calculation with ab initio methods or elaborate but
computationally intensive empirical potentials for a study of
this size. Therefore, we modeled the systems as spherical
ions that interact by a simple empirical two-body interaction
potential, V,(r;), consisting of a Coulomb and a Lennard-
Jones term that depend only on the atom-atom distance r;;,
to allow fast calculations of the energy, E, =X, ;V,(r;), of a
given configuration [Eq. (1)]:

Viry) = @GXP(—W@') T &y K%) - <%> 6} (1)

i ij ij

The parameters that make up the empirical potential are
the sum of the ionic radii multiplied by a scaling factor r,
0;j="(Tion(8) +Fion(j)), the standard Lennard-Jones parame-
ters ¢;, and the convergence parameter u. To compute the
electrostatic energy during the global optimization stage, an
Ewald summation is often employed, as proposed by de Le-
euw et al.,™! instead of the convergence parameter x. How-
ever, at this stage, we are mostly interested in calculational
speed and in the possible structures, and not so much in
their precise energies. The actual energies of the structures
will be computed later by employing ab initio methods
during local optimization. Similarly, we varied the values of
rs~1 and ¢; (=0.3-0.5) between optimization runs to judge
the robustness of the structure candidates.”® The ionic radii
employed during the optimization were: r;,,(Li*)=0.78, r,,
(Na™)=0.98, rio,(K*)=1.33, r,on(Rb")=1.49, r;,,(Cs*)=1.65,
Fion(F7)=1.33, rion(C17) =1.81, rien(Br7)=1.96, and r,,,(I")=
220 A.

As we are interested in crystalline compounds, we intro-
duced periodic boundary conditions and employed up to
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four formula units of the respective compounds per simula-
tion cell. While our general moveclass (=set of allowed ex-
ploration moves) also involves changes of composition and
charges, in this work, we kept the composition (M/X=1:1)
and the charges (Gcajon =11, Ganion=—1) fixed.

Global and Local Optimization Procedures

The global optimizations were performed by employing the
stochastic simulated annealing algorithm,F”*! which is based
on random walks on the energy landscapes. Each step from
configuration x; to a neighbor x;,; was accepted according
to the Metropolis criterion,”” with a temperature schedule
T,=Ty" (y=0.995). Each run consisted of 1000 tempera-
ture changes with 800 steps per temperature. The moveclass
consisted of atom movement, atom exchange, and random
variations of the cell parameters while the ionic charges
were kept fixed. For each pressure, 90 simulated annealing
runs were performed.

The calculations were repeated for a number of pressures
(p=0, —16, —160, 0.16, 1.6, 16, 160, 1600 GPa). The reason
for this choice of pressures is that, owing to the functional
form of the core-repulsion potential (Vocr'?), we expect
the changes in the landscape between subsequent “high”
values of pressure to occur at considerably larger absolute-
pressure differences than at “low” pressure values. Owing to
the rather widely spaced set of pressure values, calculation
of the transition pressure is not possible at this stage, but we
can expect to gain a good overview of the structure candi-
dates as a function of pressure. The possible phase transi-
tions between these candidates will then be determined at
the ab initio stage of the procedure.

As the structure candidates were found by using a simple
empirical potential as a cost function, we are faced with two
problems. First, the structure candidates will not usually ex-
hibit any obvious symmetries (they are given in space group
P1, due to the unrestricted optimization procedure), and it is
often difficult to decide just by visual inspection whether two
configurations correspond to the same structure. To deal with
this issue, we used the algorithms SFND,*! RGS™! and
CMPZ,™ as implemented in the program KPLOT,™ to iden-
tify the symmetries and the space groups of the optimal con-
figurations, followed by an idealization of the structure ac-
cording to the space group and an elimination of duplicate
structures. Furthermore, because we had to use empirical pa-
rameters for the ionic radii and Lennard—Jones interaction
strengths, the nearest-neighbor distances among the atoms
are not necessarily in agreement with those one would ob-
serve in experiment. Both the size of the unit cell and the rel-
ative atom positions might differ somewhat from the experi-
mental values, thus making a comparison between predicted
and subsequently synthesized compounds difficult.

Thus, when we rank the candidates by energy by employ-
ing the ab initio program CRYSTAL2003,*! we need to per-
form a local optimization of the cell parameters and atom
positions. To deal with the problem in an efficient way, we
developed the heuristic algorithm HARTREE,"* ! which
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performs the local optimization in an automated manner.
For each distinct structure candidate, after symmetry iden-
tification and idealization, we refined the structure by vary-
ing the cell parameters and the atom positions until a mini-
mum in the energy was found. During these optimizations,
we usually restricted the variation of these parameters such
that the space-group symmetry that had been determined
during the idealization stage was preserved. To gain an esti-
mate of the validity of the ab initio calculations, we per-
formed both Hartree-Fock and DFT (six different function-
als: B3LYP, BECKE-LYP, BECKE-PWGGA, LDA-LYP,
LDA-PWGGA, LDA-VBH) calculations for all structures
and systems.

Besides the optimized cell parameters, these calculations
yield the bulk modulus B, by fitting the calculated data

.[46]

points to the Murnaghan equation [Eq. (2)]:

VB,

Bt

—C 2)

in which the four fit parameters B, and B, are the bulk
modulus and its derivative, V|, is the equilibrium volume,
and C is the adjustment of the zero of the energy scale. By
calculating the enthalpies H;=E(V)+pV =E(V)—(JE/IOV)V
for the various structure candidates i, one can determine the
transition pressures between different modifications i and j
by setting the enthalpies to be equal (H,-:Hj).3

Basis-Set Optimization

The choice of a basis set is a crucial step of the calculation,
as we have to balance two conflicting issues, accuracy and
computational cost,* while taking the minimum basis-set re-
quirements into account.’

To determine which combination of basis sets is optimal,
a number of basis sets were tested for the present alkali
metal halide calculations. Some of the basis sets were all-
electron basis sets!””! (AEBS)® or Hay and Wadt (HW) effec-
tive-core-pseudopotential (ECP) basis sets (PPBS),’V and
some were “Stuttgart/Cologne-type” pseudopotential basis

w

It follows from H;=H; that the transition pressure p. is given as the
negative slope of the common tangent of E(V) and E(V).

As our study required the comparison of energies for very different
crystal configurations and structures, rather high accuracy was necessa-
ry. The self-consistent-field (SCF) convergence criterion is that the
change in the total energy between two iterations amounted to less
than 10~® hartree.

One commonly chosen solution to this problem (especially for heavy
atoms such as Rb and Cs) is to attempt to summarize the effects of the
core electrons in an effective averaged pseudopotential, which decreas-
es the number of coefficients in the wavefunction (that still needs to be
optimized, of course). Notably, pseudopotentials do not yield the true
energy, and thus a direct comparison with energies based on all-elec-
tron-basis-set (AEBS) calculations is not possible—only energy differ-
ences are meaningful in such a case.

Li (6-11G), Na (8-511G*), K (86-511G*), F (7-311G), Cl (86-311G).
Br: [HAYWSC]-31, small-core pseudopotential; I: [HAYWLC]-31
large-core pseudopotential.
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Table 1. Summary of basis-set optimizations for the AX system (A =Li, Na, K, Rb, Cs; X=F, Cl, Br, I).1"

System  Element  Basis Ref.  Shell Shell Exponent System Element Basis Ref.  Shell ~Shell Exponent
set no. type set no. type
LiF Li 6-11G [471 2 sp 0.5147 KBr K 865-11Gd [47] 4 sp 0.3949
2 sp 2.0376 4 sp 0.2170
F 7-311G [471 2 sp 0.4379 4 d 0.3774
2 sp 0.1709 Br HAYWLC-31 [47] 4 sp 0.0989
LiCl Li 6-11G [471 2 sp 0.5315 KI K 865-11Gd [47] 4 sp 0.3963
2 sp 0.2088 4 sp 0.2169
Cl 86-311G [47] 3 sp 0.3117 4 d 0.4750
3 sp 0.1172 I HAYWLC-31 [47] 5 sp 0.0885
LiBr Li 6-11G [471 2 sp 0.5280 RbF Rb ECP25MWB [48] 5 p 0.3273
2 sp 0.1745 5 p 0.1329
Br HAYWLC-31 [47] 4 sp 0.0999 5 d 0.3592
Lil Li 6-11G [471 2 sp 0.5258 F 7-311G [471 2 sp 0.4363
2 sp 0.1585 2 sp 0.1483
I HAYWLC-31 [47] 5 sp 0.0885 RbCl Rb ECP25MWB [48] 5 p 0.3262
NaF Na 85-11G* [471 3 sp 0.5452 5 p 0.1340
3 sp 0.2176 5 d 0.2967
3 * 0.6792 Cl 86-311G [471 3 sp 0.3154
F 7-311G [471 2 sp 0.4303 3 sp 0.1156
2 sp 0.1533 RbBr Rb ECP25MWB [48] 5 p 0.3248
NaCl Na 85-11G* [471 3 sp 0.5353 5 p 0.1328
3 sp 0.1803 5 d 0.3032
3 * 0.3501 Br HAYWLC-31 [47] 4 sp 0.0975
Cl 86-311G [471 3 sp 0.3144 RbI Rb ECP25MWB [48] 5 p 0.3255
3 sp 0.1217 5 p 0.1347
NaBr Na 85-11G* [471 3 sp 0.5390 5 d 0.3147
3 sp 0.2021 I HAYWLC-31 [47] 5 sp 0.0880
3 * 0.2675 CsF Cs ECP46MWB [48] 6 p 0.2823
Br HAYWLC-31 [47] 4 sp 0.1006 6 p 0.1124
Nal Na 85-11G* [471 3 sp 0.5397 6 d 0.2678
3 sp 0.2097 F 7-311G [471 2 sp 0.4378
3 d 0.2301 2 sp 0.1469
I HAYWLC-31 [47] 5 sp 0.0889 CsCl Cs ECP46MWB [48] 6 p 0.2817
KF K 865-11Gd [471 4 sp 0.3902 6 p 0.1158
4 sp 0.2207 6 d 0.2467
4 d 0.5656 Cl 86-311G [47] 3 sp 0.3168
F 7-311G [47] 2 sp 0.4325 3 sp 0.1139
2 sp 0.1476 CsBr Cs ECP46MWB [48] 6 p 0.2814
KCl K 865-11Gd [47] 4 sp 0.3941 6 p 0.1161
4 sp 0.2212 6 d 0.2527
4 d 0.4218 Br HAYWLC-31 [47] 4 sp 0.0966
Cl 86-311G [47] 3 sp 0.3170 Csl Cs ECP46MWB [48] 6 p 0.2810
3 sp 0.1178 6 p 0.1162
6 d 0.2538
I HAYWLC-31 [47] 5 sp 0.0873

[a] The outermost-shell exponents were optimized. According to standard terminology and notation connected with Gaussian basis sets, an asterisk is
added to the basis-set symbol to indicate the presence of polarization functions. In the table, polarization functions are represented as d orbitals. Only
the hydrogen atom has p orbitals as polarization functions; all other elements have d orbitals.

sets® (PPBS),® as in the case of Rb (ECP28MWB) and Cs
(ECP46MWB). The outermost shell exponents were opti-
mized through energy minimization of the crystal energy for
all of the system explored. The reoptimized basis sets are
given in Table 1.

3

According to library keywords of pseudopotentials of the Stuttgart/Co-
logne group,®®! these are of the form ECPrnXY; n is the number of core
electrons that are replaced by the pseudopotential, X denotes the refer-
ence system used for generating the pseudopotential (X=M: neutral
atom), and Y stands for the theoretical level of the reference data (Y=
WB: quasi-relativistic).
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Results
Results of the Global Search

Apart from structures with space group P1 or P1, about 270
different structure types were observed to constitute local
minima on the various enthalpy landscapes. Of these, 35
candidate structures could be identified with experimentally
known structure types by using the automated structure
comparison script FILTER,’ which employs the CMPZ!* al-

° The full heuristic algorithm!! contains the following steps: idealization
(LOAD script), sorting (FILTER script), and preliminary ranking of
the structure candidates found by global optimization, followed by a
local optimization (HARTREE script).
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gorithm. Lists of the new structure types for all 20 alkali
metal halides are given in the Supporting Information (see
Tables 1.8, 1.17, 1.26, 1.35, 1.44, 1.53, 1.62, 1.71, 1.80, 1.89,
1.98, 1.107, 1.116, 1.125, 1.134, 1.143, 1.152, 1.161, 1.170,
1.179 there).!" An overview of the different structure candi-
dates found in the 20 alkali metal halide systems as a func-
tion of pressure is given in Figure 1. For each pressure range
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mizations are represented by a symbol. The number of
times a given type was detected is indicated by the number
inside the symbol. Furthermore, the number of additional
structure types (with space groups other than P1 or PI) that
were found at this pressure is also given in Figure 1.
Notably, the rock-salt, CsCl, and NiAs structure type
were found for all of the alkali metal halides. Figure 1 shows
that for each pressure, between
one and three quarters of the

I optimization runs resulted in
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Figure 1. Distribution of the structure candidates (belonging to structure types already known) for different
pressures. Only results for positive pressures are shown. The roman numerals I-VI indicate the pressures 0,
0.16, 1.6, 16, 160, and 1600 GPa, respectively. Structures with space groups P1 and PI are not listed. About
235 additional different structure types were observed to constitute minima on various enthalpy landscapes
(not counting structures with space group P1 or P1). In the rows indicated by an asterisk, the number of addi-

tional structure types for the given pressure and alkali metal halide is given.

and alkali metal halide, those among the 35 known structure
types mentioned above that were observed during the opti-

10 Notably, these structures are named according to the chemical system
in which they were first registered. As the systems were investigated
starting with the lithium halides and ending with the cesium halides,
the names are heavily weighted towards the first group of halides.
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observed during the still-limited
number of global optimization
runs. The fact that many
minima were only found once
per system and pressure clearly
shows that we have not yet
reached the saturation level of
the global optimization procedure, that is, a statistically
stable distribution of occurrence of local minima during the
stochastic optimization. For our purposes, this is not a criti-
cal problem. In fact, it would not be an effective use of com-
putational resources to actually reach saturation, as our goal
is to identify as many different structure candidates in a
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family of chemical systems as possible for the least computa-
tional effort.

As structures are typically present as local minima not
only on one but on most of these landscapes, it has therefore
proven to be very useful to supplement the set of structure
candidates found during the global optimization by addition-
al candidates observed in related chemical systems before
starting the local optimizations. We then tested whether
these additional structures also constitute local minima on
the empirical energy landscape, or if they represent struc-
tures that are energetically low stable local minima at the
ab initio level. Thus, we added several well-known candi-
dates that had been found on the enthalpy landscapes of the
various AB systems for the local optimization step at the
ab initio level. In particular, we included a few of the most
prominent low-density AB structure types (wurtzite, spha-
lerite, B-BeO, 5-5*1) that had been observed in an earlier
investigation of the landscape of NaCI®® with a different an-
nealing schedule, during a global exploration of the land-
scape of LiF at the ab initio level,”™ and during a study of
the alkaline earth oxides" with the threshold algorithm.P!
In the present study, the optimizations at negative pressures
did not result in finding many periodic low-density structure
candidates that exhibit a low enthalpy; thus, we did not in-
clude the statistics for negative pressures in the overview in

Z.P Canéarevié, J. C. Schon, and M. Jansen

Figure 1. Generally, it has already been found in other
chemical systems that the landscapes for effective negative
pressures are relatively difficult to explore with standard
global optimization methods, because at negative pressures
well-ordered, low-density crystalline structures always com-
pete with a plethora of slab-, rod-, or clusterlike structures
that often exhibit very low enthalpies.¥

Overview of Results of Local Optimizations

In earlier work,"™ we compared several ab initio techniques
with regard to their performance. On the basis of these re-
sults, we decided to apply the same scheme to the local re-
finement optimizations of the alkali metal halides, that is,
the calculations ranged from Hartree-Fock (HF) over
hybrid B3LYP and semilocal gradient-dependent functionals
(BECKE-LYP and BECKE-PWGGA) to local functionals
(LDA-VBH). Furthermore, we employed two rather uncom-
mon combinations of gradient-dependent and local function-
als (LDA-LYP and LDA-PWGGA).

Table 2 gives an overview of the lattice parameters a and
the bulk modulus B, at zero pressure and zero temperature
for the rock-salt modifications of all 20 alkali metal halides
calculated by using the seven ab initio methods. The analo-
gous results for the other modifications are given in the Sup-

Table 2. Calculated and experimental lattice parameters and bulk moduli for the rock-salt B1 structure type in the AX system (A =Li, Na, K, Rb, Cs;

X=F, Cl, Br, I).
Method F Cl Br I
a[A] B,[GPa] a[A] B,[GPa] a[A] B, [GPa] a[A] B, [GPa]
Li HF 4.01464 70.453 5.29590 27.122 5.74382 20.087  6.32938 14.121
DFT-B3LYP  4.04415 67.714 5.23086 28.941 5.64171 22726  6.16553 16.698
BECKE- 4.10114 61.658 5.28546 26.894 5.68906 21397 621137 15.702
LYP
BECKE- 4.10104 58.976 5.24657 27.169 5.64572 21721 6.12510 17.108
PWGGA
LDA-LYP  3.84711 97.176 4.93813 43.787 5.33009 34.758  5.79716 27.281
LDA- 3.82782 97.346 4.87538 45.676 5.25887 36.856  5.69517 30.563
PWGGA
LDA-VBH  3.91167 85.378 5.02455 38.161 5.41435 30387  5.88048 24.030
Theory 3.85-4.05 70.5-99.6  5.03-5.28 30.0-40.8 5.44-5.73 21.4- 5.93-6.32 15.4-
31.0 22.0
Ref. [52, 30, 34, 53] [52,30,  [52,30,34,53] [52,30,  [30,53] [30,53] [30, 53] [30, 53]
34, 53] 34, 53]
Experiment  4.03-4.05 64.9-76.9 5.13-5.17 31.8-36.9 5.49-5.51 25.7- 6.00-6.06 188
30.1
Ref. [54-60] [61] [62, 63, 57, 64] [61] [62, 63, 57] [61] [62, 63, 57] [61]
Na HF 4.63227 48.992 5.78789 21.779 6.20947 16.115  6.76566 11.539
DFT-B3LYP  4.66002 46.603 5.72246 23.065 6.10157 18243  6.60387 13.657
BECKE- 4.72599 42.179 5.78178 21.260 6.15438 17207  6.65727 12.752
LYP
BECKE- 4.74896 38.075 5.77512 20.102 6.14340 16.393  6.60844 12.980
PWGGA
LDA-LYP  4.41805 70.772 5.36590 37.276 5.74208 30.128  6.18537 23.844
LDA- 4.41127 67.814 5.31926 37.849 5.68796 30705 6.10200 25.534
PWGGA
LDA-VBH  4.50153 58.807 547121 31.102 5.84487 25418  6.28788 20.205
Theory 4.76-5.03 423-69.6 5.52-5.75 22.8-32.3  6.10-6.23 18.6— 6.58-6.65 12.3-
235 14.9
Ref. [52, 30, 34, 53] [52,30,  [52,30,34,53] [52,30,  [30,53] [30,53]  [30, 53] [30, 53]
34, 53] 34, 53]
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Table 2. (Continued)

Method F Cl Br 1

a[A] B,[GPa] a[A] B,[GPa] a[A] B, [GPa] a[A] B, [GPa]
Experiment  4.61-4.78 36.9 5.45-5.64 28.6 5.96-6.00 20.8 6.47-6.48 18.7
Ref. [65, 55, 66, 67, 57, [61] [70, 55, 57,71, 72, 73, 74, [61] [62, 56, 57, 64, [61] [62,57,77,78, [61]

68, 59, 69] 75, 76, 59, 69] 72, 68, 69] 79, 69]

K HF 5.44898 28.938 6.55424 14.562 6.97708 10.807 7.51817 8.068
DFT-B3LYP  5.43000 29.214 6.45557 15.503 6.83181 12.054 7.33180 9.036
BECKE- 5.49566 26.449 6.52271 14.297 6.89192 11.254 7.39857 8.351
LYP
BECKE- 5.49333 24.225 6.50440 13.076 6.87623 10.225 7.34426 7.945
PWGGA
LDA-LYP 5.09640 50.649 6.10070 28.671 6.35593 23.097 6.78625 17.933
LDA- 5.05851 55.479 5.93919 29.607 6.27273 24.061 6.67498 19.598
PWGGA
LDA-VBH  5.19299 43.401 6.12320 23.338 6.47389 18.795 6.90658 14.660
Theory 5.40-5.44 30.0-45.0 5.92-6.26 15.1-24.0 6.57-6.59 11.8- 7.01-7.03 9.0-13.8

17.0
Ref. [52, 30, 34, 53] [52, 30, [52, 30, 34, 53] [52, 30, [30, 53] [30,53]  [30, 53] [30, 53]
34, 53] 34, 53]
Experiment  5.34-5.37 30.1 6.27-6.30 23.8 6.58-6.64 17.4 7.05-7.10 159
Ref. [55, 80, 57] [61] [81, 55, 56, 57, 73, 82] [61] [83, 62, 56, 57, [61] [55, 83,57,82] [61]
82]

Rb HF 5.82390 23.692 6.91095 12.356 7.33603 9.474 7.85308 7.263
DFT-B3LYP 5.79642 24.397 6.80442 13.611 7.18075 10.740 7.66250 8.256
BECKE- 5.86822 23.801 6.87029 12.691 7.23943 10.059 7.72620 7.693
LYP
BECKE- 5.85527 21.565 6.84550 11.676 7.21618 9.214 7.67288 7.202
PWGGA
LDA-LYP 5.43700 49.986 6.34902 25.237 6.68831 20.382 7.10327 16.357
LDA- 5.37745 52.290 6.26508 26.046 6.59284 21.211 6.79660 17.648
PWGGA
LDA-VBH  5.53921 37.555 6.46283 20.782 6.80835 16.821 7.22775 13.568
Theory 5.73-6.32 23.4-38.0 6.57-6.79 13.0-22.0 6.88-7.53 10.5- 7.31-7.95 7.4-12.2

15.1
Ref. [30, 53] [30, 53] [30, 53] [30, 53] [30, 53] [30,53]  [30, 53] [30, 53]
Experiment  5.65-6.64 6.58 6.59-6.94 18.6 7.32-7.36 13.9 12.9
Ref. [84] [61] [62, 85, 56, 86, 82, 87] [61] [88, 62, 56, 82] [61] [89, 62, 86, 82] [61]

Cs HF 6.24891 18.796 7.34131 10.232 7.76084 7.968 8.26923 6.239
DFT-B3LYP 6.18650 20.015 7.20366 11.421 7.57880 9.138 8.05160 7.137
BECKE- 6.26121 19.225 7.27006 10.582 7.63875 8.536 8.11725 6.632
LYP
BECKE- 6.19030 22.641 721117 10.108 7.58141 8.073 8.03063 6.370
PWGGA
LDA-LYP 5.74763 49.885 6.68854 22.371 7.03331 18.286 7.44034 14.848
LDA- 5.64846 54.933 6.57096 24.256 6.90359 19.873 7.27991 16.620
PWGGA
LDA-VBH  5.85124 40.557 6.80443 18.490 7.15307 15.172 7.56344 12.369
Theory 6.02-6.12 23.1 - - - - - -
[Ref] [30] [30] _ _ — - - —
Experiment  6.03 - 6.92-7.10 - 7.26 - 7.63 -

Ref. [62] [61] [90, 91] - [91, 82] - [91] -

porting Information. As one would expect from general con-
siderations, the Hartree—Fock calculations produced larger
equilibrium volumes and higher transition pressures than
the DFT ones, with the experimental values lying some-
where in between. Furthermore, the results of the LDA-
type functionals systematically lie below those of the
BECKE-type ones, whereas gradient corrections (GGA) do
not appear to make much of a difference.
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Figure 2 shows which modification was predicted by the
various ab initio methods to be thermodynamically stable at
standard pressure. No procedure achieves a perfect score;
the “best” actually appears to be LDA-VBH and not a
mixed functional such as B3LYP, which usually yields quite
reasonable quantitative agreement with experiment: Har-
tree-Fock and Becke-type functionals prefer the wurtzite
type for the lithium halogenides instead of the rock-salt type
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Supporting Information. With-

Experiment Legend

Li Na K Rb Cs B NecEY) Rb Cs out going into much detail, we
| ] csci@) F E--- note the overall similarity of
[ B sehalerite (83) ||l EE the sequence of modifications
|| B wurtzite (B4) Br of a given system as a function
Bl vias 88) : of pressure for all seven
DFT-B3LYP DFT-BECKE-LYP DFT-BECKE-PWGGA ab initio methods. Some modifi-

Li Na K Rb Cs Li Na K Rb Cs Li

Na K _Rb. Gs cations appear only for very
small pressure ranges as barely
stable phases, and are some-
times even missing, depending
on the ab initio method; howev-

DFT-LDA-LYP DFT-LDA-PWGGA
Li Na K Rb Cs Li Na K Rb Cs

Li

DFT-LDA-VBH

er, the E(V) curves clearly indi-
Na K Rb Cs

cate that these phases have

CI= o |l (F:, ==- nearly the same enthalpy in

Br Br Br -
I I . I

these pressure ranges as the
- supposedly thermodynamically

stable phase.

Figure 2. Overview of the seven ab initio techniques (Hartree—Fock plus six different DFT approximations) for Moreover, there appear to be
the 20 alkali metal halides. For each alkali metal halide, the modification that is calculated to be thermody- gome systematic shifts of the

namically stable at standard pressure and zero temperature is indicated. Experiment refers to standard pres-

sure and temperature.

and the rock-salt type instead of the CsCl type for CsCl,
CsBr, and Csl, whereas LDA-LYP and LDA-PWGGA
assign the CsCl type to most of the rubidium and potassium
halogenides instead of the experimentally observed rock-salt

type.

Stability Regions as a Function of Pressure

Figures 3-7 show the stability regions as a function of pres-
sure in the form of one-dimensional phase diagrams for the
20 alkali metal halide systems investigated for intermediary
positive and negative pressures in the general range of —10
to +10 GPa. The corresponding E(V) curves and the crys-
tallographic data of the optimized structures are given in the

DFree  m
; BECKE-LYP
Lil BECKE-PWGGA &
LDA-LYP v
LDA-PWGGA
1 LDA-VBH .
=————-=
i = \Wurtzite
LiBr - NiAs
| w55

== Sphalerite
CsCl

== Rock salt

Chemical System

-10.5 9 -1.5 & -4.5 -3 -15 0 15 3 45 5

P GPa

Figure 3. Low-temperature modifications of lithium halides, LiX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the LiX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the LiX systems). Only the modi-
fications with the lowest enthalpy are depicted for both the Hartree—
Fock (HF) and the six different correlation-exchange functionals.

transition pressures with the
calculation method: usually, cal-
culations with Hartree-Fock
and Becke-type functionals result in the highest transition
pressures (BECKE-LYP slightly ahead of the other three
methods with BECKE-PWGGA trailing a bit behind),
whereas LDA-VBH, LDA-PWGGA, and LDA-LYP, in this
order, usually produce transition pressures several GPa
lower than those computed with Hartree-Fock, with LDA-
LYP being the most extreme case. This agrees to a large
degree with the observations of the dependence of transition
pressures on the ab initio method for the alkali metal sul-
fides.'¥ Similarly, the pressure range over which intermedi-
ary phases are stable—such as those exhibiting the wurtzite
or 5-5 structure type that lie between the -BeO and the
rock-salt phase, or the rock-salt phase located between the

HF

Nal

== [-BeO

= \Nurtzite

== NiAs

mm 5-5

= Sphalerite
CsClI

== Rock salt

CsClat 283 GPa

z
}7)
2

NaCl

Chemical System

CsClal 286 GPa

NaF

CsClat 17.1GPa
CsClat 20.5 GPa

75 6 4‘5 AI3 4'5 ‘D 1‘5 3 4‘5 5
P/ GPa

Figure 4. Low-temperature modifications of sodium halides, NaX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the NaX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the NaX systems). Only the
modifications with the lowest enthalpy are depicted for both the Har-
tree-Fock (HF) and the six different correlation-exchange functionals.
For details, see Figure 3.
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HF

DFT-B3LYP.
BECKE-LYP
BECKE-PWGGA
LDA-LYP
LDA-PWGGA
LDA-VBH

== 3.BeO

== \Wurtzite

== NiAs

- 5.5

== Sphalerite
CsClI

== Rock salt

seqdromx

S
®
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q W 1

Chemical System

KF

-55 45 -3 -1.5 0 15 3 4.5 6 7'5 IB 95
P/ GPa
Figure 5. Low-temperature modifications of potassium halides, KX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the KX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the KX systems). Only the modi-
fications with the lowest enthalpy are depicted for both the Hartree—
Fock (HF) and the six different correlation-exchange functionals. For de-
tails see Figure 3.

i

HF x
DFT-B3LYP L]
BECKE-L .

A
=2

== 3-BeO

= \Wurtzite

== NiAs

= 5-5

== Sphalerite
CsCl

== Rock salt

RbBr

e
o
o

Chemical System

Figure 6. Low-temperature modifications of rubidium halides, RbX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the RbX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the RbX systems). Only the
modifications with the lowest enthalpy are depicted for both the Har-
tree-Fock (HF) and the six different correlation-exchange functionals.
For details see Figure 3.

particular low-density modification stable at slightly nega-
tive presssures (3-BeO, wurtzite, or 5-5 structure type) and
the CsCl type—is largest for the Hartree—-Fock and Becke-
type functionals and strongly decreases in size over LDA-
VBH and LDA-PWGGA to LDA-LYP. Besides these inter-
esting but not unexpected trends, this comparison suggests
that the accuracy of the calculated transition pressures is
limited to several GPa.

Taking the general limitations of the accuracy of the
ab initio calculations into account, we found satisfactory
agreement between observed and calculated phases as a
function of pressure. We recall from Figure?2 that the
method that yields the best overall agreement with experi-
ment at standard pressure (without special adjustments of
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Figure 7. Low-temperature modifications of cesium halides, CsX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the CsX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the CsX systems). Only the modi-
fications with the lowest enthalpy are depicted for both the Hartree—
Fock (HF) and the six different correlation-exchange functionals. For de-
tails see Figure 3.

the basis set, etc., to fit experiments) for the alkali metal
halides appears to be DFT with functional LDA-VBH.

Table 3 shows the calculated transition pressures for the
B1—B2 transition for all the alkali metal halides computed
at the Hartree-Fock and LDA-VBH levels, together with
the experimental data. We can again see the trend that Har-
tree—Fock calculations show a higher transition pressure
than LDA-based ones. On the other hand, it appears as if
the pressure-homologue rules are not always obeyed. How-
ever, when the size of the pressure range of the intermedi-
ary phases is considered as a function of anion size for a
fixed cation, this size decreases with increasing anion radius
and is essentially independent of the ab initio method em-
ployed. Similarly, for a given anion, the size of the range of
the intermediary phases decreases with increasing cation
radius. Thus, we would suggest that the pressure—homologue
rule may be only part of a larger rule, which states that in
homologue families of binary (ionic) compounds, the pres-
sure range over which intermediary structure types are
stable modifications decreases with increasing cation or
anion size for a fixed anion or cation, respectively.

Discussion

As mentioned in the previous section, we observed the
usual systematic over- and underestimation of various physi-
cal quantities such as lattice parameters, transition pressures,
and bulk moduli, which are typical of the various ab initio
methods. For the alkali metal halides, the effects can be par-
ticularly large in the case of Hartree—Fock calculations:
With regard to the lattice parameters, the errors increased
systematically with increasing size of the cation and anion.
The reason for this difference is the much higher relative
importance of dispersion and polarization for larger atoms.
Generally, the E(V) curves of the alkali metal halides are
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Table 3. Transition pressures (GPa) for the B1—B2 transition in the
alkali metal halides.

Method F Cl Br 1
Li LDA-VBH .. A A A
HF A A A A
Experiment /.1 .on ARy .o
Theory 25201061 79- 941100] 1120000
185[1047106]
Na LDA-VBH +17.1 +283 +70 A
HF +32.0 +30.0 A A
Experiment 27— 28— B1-CrB B1—-CrB
29[92. 101,102] 30[92, 100-102] (HP)[‘)Z,‘J:L 102] (HP) [92,93,102]
Theory 12.1- 21.2- 15.9- 15.5-
32.6[103.105,106] 38.3[1037106] 19.1[103,1061 21.1[10,{]06]
K LDA-VBH +28 +1.0 +1.5 +1.5
HF +7.3 +4.6 +4.3 +4.3
Experiment 1'74.0[‘J9. 101] 1'97[‘)9. 101] 1.81 [99,101] 1.79[99, 101]
Theory 5.611%! 2.0- 1.6 2711001
4-5[10471('6]
Rb LDA-VBH +03 +0.2 +0.1 -0.1
HF +6.2 +2.7 +2.0 +1.7
Experiment 0'973.5[99.101] 0'49[99.1011 0.45[99. 101] 0.40199. 101]
Theory —0.81%6 0.1- 0.0-2.50105:106 ) gl106]
0.2[104.11)6]
Cs LDA-VBH +3.7 —0.5 -0.5 -0.8
HF +8.2 +1.5 +1.2 +1.0
Experiment (2.0)®1°1 /. A .
Theory _4.9l106] _1.806  _q glos] —0.911%%l

[a] Computed by DFT with the LDA-VBH functional and the Hartree—
Fock approximation, together with the experimental data and some theo-
retical results. Only transition pressures below 100 GPa are listed for the
present calculations. In the case of NaBr and Nal, the actual transition
goes from the B1 type to a distorted-B1 structure and the TII (CrB-HP/
GeS) structure type (B16) in the range 33-40 and 27-32 GPa, respective-
ly.”>3] CsCl, CsBr, and CslI exhibit tetragonal, and subsequently perhaps
orthorhombic, distortions from the B2 structure under high pressure
(probably around 65, 53, and 35 GPa, respectively).”**! The theoretical
data include ab initio level calculations and calculations with refined em-
pirical potentials. The symbol ./. indicates that up to 100 GPa, no B1—-B2
transition was found in experiment or the theoretical calculations in this
work. The value in brackets indicates that the experimental transition
pressure is only a rough estimate.

very flat and the bulk moduli are relatively small, because
the bulk modulus is evaluated from the second derivative of
the energy at the calculated equilibrium geometry (at the
minimum). Here, when small ions and larger electrostatic
forces are involved, as in the case of the oxides,™ sul-
fides,*> and nitrides,® the calculated bulk moduli are
closer to the experimental values than for the alkali metal
halides. The systematic comparison of experiment with den-
sity-functional-based calculations is not quite as straightfor-
ward owing to the large number of different functionals em-
ployed. Nevertheless, one finds again systematic trends that
agree with those typically observed, especially for the func-
tionals based on the local density approximation. Naturally,
the cation—anion nearest-neighbor distances in the extended
solid are longer (by 15-25%) than those found in calcula-
tions and experiment for the monomers MX in the gas
phase.[lm'mg]
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In general, our calculations fit quite well with computa-
tions of the alkali metal halides found in the literature
(Table 2). Furthermore, the systematic trends in the values
of the physical parameters as a function of the ab initio
method are essentially the same as those we found for the
alkali metal sulfides, for which we also compared a large
number of ab initio methods.!

As discussed in the previous section, analysis of the one-
dimensional pressure—phase diagrams suggests that the
focus should actually be less on the sequence of transition
pressures and more on the size of the stability ranges of the
individual modifications as a function of cation/anion size.
This agrees well with our observations for the alkali metal
sulfides!™™ and oxides,™™! and for the alkaline earth oxides,'¥
for which the size of the stability range of intermediary
modifications also decreased with increasing cation size for
fixed anions within a family of compounds. In this context,
one should stress the fact that there are usually many differ-
ent modifications that are in close competition for thermo-
dynamic stability at a given pressure; for example, the E(V)
curves indicate that the NiAs type should be a good candi-
date at high pressures for the lithium halides. Furthermore,
one often finds slightly distorted variants of the thermody-
namically stable modification that might be stable within
some limited range of pressures before a transition to a sub-
stantially different structure type occurs—examples are the
high-pressure phases of the cesium halides found in experi-
ment, or the orthorhombically distorted Ni,In structure
found in the calculation of high-pressure modifications of
the alkali metal sulfides."” Clearly, these distortions can be
explored to a certain degree with ab initio calculations.
However, when performing structure prediction in not-yet-
explored systems, one usually hesitates to focus on these
minor variations on a theme because the energy differences
between the distorted and undistorted structures are often
smaller than the estimated errors of the ab initio energy cal-
culations themselves. In this context, we did not include
ab initio calculations of the high-pressure phases of NaBr
and Nal, and similarly those of CsCl, CsBr, and Csl, in this
study, as a comparison of their transitions with the B1-B2
transitions present in the other alkali metal halides would
not have been useful within the context of this investigation.

Finally, we found that in most alkali metal halides, the
first metastable phase that becomes thermodynamically
stable at negative pressures is the so-called 5-5 structure
consisting of trigonal bipyramids of A anions about B cat-
ions, which can be visualized as an ionic structural analogue
to the hexagonal boron nitride structure. This structure was
first discovered over a decade ago by using global explora-
tions on the energy landscape of the NaCl system; more
recently, it was found on the landscapes of the alkaline
earth oxides!"! and observed as a transition state in simula-
tions of the wurtzite-to-rocksalt transition in ZnO."M" Ex-
perimentally, this structure type was subsequently observed

"' In this work, the 5-5 structure type was called the “hexagonal MgO”
type.
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to represent the binary aristotype of the ternary compound
Li,SeOs,"% in which Li and Se atoms occupy the cationic
positions and O atoms the anionic positions in the 5-5 struc-
ture. Clearly, this structure type is a viable one from both
experimental and theoretical points of view. It should defi-
nitely be possible to synthesize one of the alkali halides in
this modification, perhaps by steering the reaction through
an appropriate choice of substrate during a deposition from
the gas phase, as was recently suggested for the deposition
of NaBr on an LiNbO; substrate.'"

Conclusions

We have investigated the enthalpy landscapes of the 20
binary alkali metal halide systems by using global optimiza-
tion techniques to identify possible modifications of the
alkali metal halides as a function of pressure and type of
alkali metal and halogen. Both Hartree-Fock and density
functional calculations (for six different functionals) were
performed to refine the candidate structures and to compute
the pressure ranges over which these modifications are ther-
modynamically stable. The results are in good agreement
with experiment, and we predict that in most of these sys-
tems the so-called 5-5 modification should be metastable at
standard pressure and be thermodynamically stable at slight-
ly negative pressures. The sizes of the pressure ranges over
which the various modifications are stable show characteris-
tic trends as a function of the type of constituent element,
thus generalizing the traditional pressure-homologue rule
for transition pressures and stable phases in ionic solids. Fur-
thermore, the trends in the computed quantities such as
transition pressures and lattice parameters as a function of
the ab initio method are similar to those found in earlier
theoretical studies of the alkali metal sulfides.
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8,14,30,36-Tetramethoxy[2.0.2.0](1,6)naphthalenophane-1,19-diyne: A
Double-Helically Twisted Cyclophane by Diastereoselective Dimerization

Takeshi Kawase,* Takamitsu Nakamura, Keiichiro Utsumi, Kouzou Matsumoto,
Hiroyuki Kurata, and Masaji Oda'

Abstract: The title compound and its
corresponding etheno- and ethano-
bridged compounds were successfully
synthesized in enantiomerically pure
form by McMurry coupling of 2,2'-di-
methoxy-(R)- or -(S)-1,1-binaphthyl-
6,6'-dicarbaldehydes as the key reac-
tion. The reaction proceeded in a
highly diastereoselective manner; the

not afford the meso coupling product
but gave only the racemic one in poor
yield. The diyne crystallized in the
chiral monoclinic space group P2, from

Keywords: binaphthols chiral
molecules - cyclophanes - stereose-
lective  synthesis strained
molecules

toluene/hexane. Structural analysis re-
veals that it has a considerably twisted
double-helical structure in crystal form.
The spectral properties (NMR, UV/
Vis, and CD) clearly indicate the
highly strained nature of the molecule.
In particular, its UV/Vis and CD spec-
tra exhibit a bathochromic shift of
about 20nm for the naphthyl m—m*

reaction of the racemic dialdehyde did

Introduction

Double-helically twisted chiral cyclophanes are of great in-
terest because their unique structures impart properties with
potential applications in optics and electronics."?) However,
few compounds composed of strained and curved conjugate
systems have been obtained as enantiomerically pure forms.
Recently, we synthesized the cyclophanes 1 as a significant
segment of double-helically conjugated systems.”! Variable-
temperature NMR spectroscopic experiments indicated that
tetramethoxy derivative 1b exists in an equilibrium mixture
of meso and d,l forms in chloroform (Scheme 1). However,
crystal analysis of 1b revealed that it adopts the meso form
in the crystals. To explore the chiroptical properties of
double-helically conjugated systems, suitable model com-
pounds would be needed. In this context, we designed the
title cyclophane 2 with binaphthol units.*””! The semi-empiri-
cal calculation PM3® predicted the distorted structure of 2
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transitions.

(Figure 1), which shows considerably bent acetylenic bonds
(164.5°) and small dihedral angles between the two naph-
thylene rings of the binaphthol units (75.6°). In particular,
the dinaphthyleneacetylene units are considerably twisted;
the dihedral angle between the C3—C12 and C42—C41 bonds
is 94.5°. Thus, the front (visible side) of the naphthylenes A
and C are twisted but smoothly connected with the back

2:R=0Me, X-X= C=C
3:R=0OMe, X-X = HC=CH
6: R = OMe, X-X = H,C-CH,

Scheme 1. Structures of 1-6.
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Figure 1. a) Molecular structure of 2 by PM3 calculation and selected
bond and dihedral angles. b) Schematic representation of the conjugation
of the naphthylene groups.

(blind side) of B and D through an acetylenic bond to con-
struct a doubly folded Mébius loop.”) On the other hand,
the corresponding cyclophanediene 3 has a nomal “Hiickel”
conjugation because of the low dihedral angles (81°). The
considerably high energy of the racemization barrier of a bi-
naphthol skeleton (37.8 kcalmol ™)' should enable the ob-
taining of the compound in enantiomerically pure forms.
Herein we report the synthesis, properties, and molecular
structure of 2.

Results and Discussion
Synthesis

McMurry coupling of 2,2’-dimethoxy-(R)- or -(S)-1,1"-bi-
naphthyl-6,6'-dicarbaldehydes (4)!' afforded the corre-
sponding cyclophanediene 3 (R,R or S,S) in approximately
40% yield."” The reaction of racemic 4 proceeded in a dia-
stereoselective manner to yield racemic 3 alone in 16%
yield. The low yield of 3 suggests that the reaction of (R)-
and (S)-4 would lead to the corresponding polymeric materi-
als. Similar selectivity was observed in the zirconocene cou-
pling of binaphthol derivatives by Schafer and Tilley.!” Ac-
cording to theoretical calculations (PM3) of the ethano-
bridged cyclophanes, the enthalpy of formation of the meso
form 5 is about 2.7 kcalmol™' higher than that of the d.!
form 6. The results suggest that the inherent strain would
prevent the formation of the meso coupling products. Bro-
mination and dehydrobromination of 3 afforded the diyne 2
as pale-yellow crystalline substances in moderate yields.

Abstract in Japanese:

N CNT IR % b ORI R R AW E T AT LA
RNz~ 7~ U —RISERRICICER L, fEREERITeA s
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This crystal is rather susceptible to oxygen. When exposed

to air at ambient temperature, it decomposed to form an in-

soluble material within a few days. The hydrogenation of 2

and 3 with Pd/C/H, led to the ethano-bridged cyclophane 6

quantitatively in enantiomerically pure form (Scheme 2).
TiCly/Zn—Cu

4JON
MeO
MeO.. O O DME

CHO
4 (R, S, or racemic)

racemic 3
16% from racemic 4

(RR)-or (S5,5)-3
~ 40% from (R)- to (S)-4

1) Bry/CHCl,

(R,R)-2: 37%
2) tBUOK/THF (S,S)-2: 40%

(R.R)- or (S,5)-3

Pd/C/H,

quant.

Scheme 2. Synthesis of 2, 3, and 6. DME =1,2-dimethoxyethane.

Molecular Structure of 2

Compound 2 was crystallized in the chiral monoclinic space
group P2, from toluene/hexane. The observed structure in-
dicates the high molecular deformation of 2 (Figure 2a). Al-
though the structure is basically similar to that predicted,
the observed dihedral angles of C3—C12—C42—C41 (84°)
and C19—C20—C34—C25 (86°) are smaller than 90°. Thus, 2
does not have a doubly folded Mobius structure in the crys-
talline form. The observed dihedral angles of the binaphthol
units (average 61.3°) and the bond angles of the acetylenic
carbon atoms (average 161.0°) are 14.6 and 3.5° smaller
than those predicted, respectively. The unexpectedly large
deviation from the predicted structure decreases the twist of
the molecule as a whole. The crystal includes hexane mole-
cules in a 1:1 ratio. Figure 2b shows the crystal packing of 2.
Despite its macrocyclic structure, it contains no cavity but
has only a shallow dishlike structure. The hexane molecule
is sandwiched in the space between the macrocycles.

NMR Spectral Properties

The 'H and “C NMR spectra of the cyclophanes 2, 3, and 6
exhibit the expected simple patterns in agreement with the
D, symmetry of the molecule (Figure 3). The relatively
high-field chemical shift of the etheno protons of 3
(6.83 ppm) is indicative of the Z configuration, as shown by
the chemical shifts of the corresponding protons of 1,2-(E)-
and -(Z)-(2,2')-dinaphthylethenes (E  7.61 ppm, Z
6.85 ppm).["¥! The ethano-bridge protons of 6 appear as one
set of doublets (/J=9.1 Hz), thus indicating the conforma-
tional rigidity of the ethano bridges. Figure 3 shows the
'"H NMR spectra of 2, 3, and 6 in the aromatic range. The
signals for the protons at the 8-positions of the binaphthol
units in 2 and the 7-positions in 6 appear considerably up-
field in the "H NMR spectra due to the anisotropy effect of
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Figure 2. a) Molecular structures of 2 (thermal ellipsoids set at 50%
probability). An included hexane molecule is omitted for clarity. Selected
atomic distances (A) and bond and dihedral angles (°): 01-02 3.31(1),
03—-04 3.01(1), C11-C21 3.43(1), C33—C43 3.14(1); C41-Cl1-C2
162.6(6), C1—C2—C3 159.0(6), C19—C23—C24 162.3(6), C23—C24—C25
160.3(6); ¥ AB=56.5(1), xCD=066.1(1), C(3)—C(12)—C(42)—C(41) =84,
C(19)—C(20)—C(34)—C(25)=86. b) Crystal packing of 2-hexane.
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Figure 3. Partial '"H NMR spectra of a)2, b)3, and c) 6 in CDCl;. The
numbering of the protons is based on that of 2-naphthol as a segment.
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the facing naphthylene rings (ring A to ring B in 2 and
ring A to ring C in 6; Figure 1). The large deviations in the
signals of the protons at the 7- and 8-positions indicate that
the conformation of these molecules changes largely with
the hybridization of the bridge carbon atoms. The considera-
bly low-field chemical shift of the sp-hybridized carbon
atoms of 2 (99.0 ppm) is consistent with the high distortion
of the acetylenic bonds. This value is almost comparable to
that of [2.2.2]metacyclophane-1,9,17-triyne 7
(99.86 ppm);'®! however, the observed average bond angle
of the acetylenic carbon atoms of 7 (158.6°) is 2.5° smaller
than that in 2. The sp-hybridized carbon atoms of diaryl-
acetylene 8 with binaphthol units resonate at 89.5 ppm
(Scheme 3).1 This value is almost identical to that of di-
phenylacetylene (89.4 ppm). These results indicate that the
difference in the electronic effects between benzene and
naphthalene rings is not so significant. Thus, the packing
force would deform the structure of 2 in the crystal.

Scheme 3. [2.2.2]Metacyclophane-1,9,17-triyne 7 and diarylacetylene 8.

UV/Vis and CD Spectral Properties

Figure 4 shows the circular dichroism (CD) and UV/Vis
spectra of 2, 3, and 6. The CD signal intensities of the enan-
tiomers are of opposite sign but equal in magnitude, and
they did not change upon heating at 150°C for 4 h. The re-
sults clearly indicate that no racemization occurred during
the conversions. The cyclophanes exhibit two characteristic
absorption bands in the UV/Vis spectra and bisignate curves
in the CD spectra in the 220-270- and 270-370-nm ranges.
The bands in the 220-270-nm range correspond to the m—m*
transitions of the binaphthyl units.®7!>1®l The absorption
maxima in the UV/Vis spectra and the zero points in the
CD spectra are generally independent of the substituents at
the 6,6'-positions. Actually, the absorption maxima and zero
points for 3 and 6 were observed at almost the same wave-
lengths (237 and 238 nm). However, those for 2 exhibit a
bathochromic shift of about 20 nm, probably due to the high
distortion of the naphthylene rings. The higher intensity of
the CD absorption of 2 relative to those of 3 and 6 are due
to the small dihedral angles (average 61.3°) of the binaph-
thyl units."”? On the other hand, the relatively large absorp-
tions of 2 in the 270-370-nm range correspond to the m—m*
transitions of the dinaphthylacetylene systems, because the
absorptions of 6 in the same range are considerably smaller.
The highly distorted double-helical structure of 2 also de-
creased the intensity of the absorption at around 350 nm rel-
ative to that of 3. The CD spectra of 2 and 3 are very differ-
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Figure 4. CD (top) and UV/Vis (bottom) spectra of 2 (blue), 3 (red), and
6 (black) in THE.

ent. The results indicate the large deformation of 2, and that
it might have the doubly folded Mobius structure in solu-
tion.

Conclusions

The chiral cyclophanes 2, 3, and 6 were synthesized in a
highly diastereoselective manner. These cyclophanes with a
chiral cavity surrounded by electron-rich r systems provide
potential utility as chiral host molecules. Notably, 2 has a
double-helical conjugation with a large deviation from pla-
narity. Crystal-structure and spectroscopic analysis indicate
the highly strained nature of 2. We have presented herein a
new approach to accessing compounds with a novel topolog-
ical conjugation. Further studies from the theoretical and
experimental points of view will be reported in due course.

Experimental Section
General Remarks

Melting points were measured on a Yanaco MP 500D apparatus and are
uncorrected. FAB and EI mass spectra were recorded on JEOL JMS-
SX 102 and Shimadzu GCMS-QP5050A instruments. '"H NMR (tetra-
methylsilane as internal standard: 0 ppm) and “C NMR spectra (CDCl,
as internal standard: 77.0 ppm) were recorded on a JEOL EX-270 spec-
trometer. Chemical shifts are given in ppm. IR spectra were obtained on
a Perkin-Elmer 1650 spectrometer. UV/Vis and CD spectra were ob-
tained on Jasco V-570 and J-725 spectrophotometers, respectively.
Column chromatography was performed with Merck Kiesel-gel 60. All
reagents were of commercial quality and used as supplied unless other-
wise stated; THF and DME were dried where necessary by using stan-
dard procedures.

Syntheses

4. A suspension of (S)-6,6'-dibromo-2,2"-dimethoxy-1,1"-binaphthyl
(1.01 g, 2.1 mmol) in diethyl ether (50 mL) was treated with n-butyllithi-
um (1.4M in hexane, 5.6 mL, 7.8 mmol) for 5 h at 0°C under N,. N,N-di-
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methylformamide (DMF; 1.2 mL, 16 mmol) was added dropwise, and the
reaction mixture was allowed to warm to room temperature. After the
mixture was stirred for 2 h, hydrochloric acid (2m, 50 mL) was added,
and the mixture was extracted with ethyl acetate. The organic layer was
separated, dried with anhydrous Na,SO,, and concentrated under re-
duced pressure. Purification of the residue by column chromatography
on silica gel (40 g, CH,Cl,) gave (S)-2,2-dimethoxy-1,1"-binaphthyl-6,6'-
dicarbardehyde ((5)-4; 0.387 g, 49 %) as a pale-yellow solid. M.p.: 243.6—
244.2°C (ethanol); IR (KBr): =915 (s), 1059 (s), 1168 (s), 1269 (s), 1342
(s), 1409 (s), 1475 (s), 1619 (s), 1687 (s), 2738 (m), 2790 (m), 2841 (s),
2941 (s), 3018 (m), 3359 cm™" (w); 'H NMR (270 MHz, CDCl;): 6=10.10
(s,2H), 8.37 (d, J=1.6 Hz, 2H), 8.17 (d, /=9.0 Hz, 2H), 7.69 (dd, J=1.6,
8.8 Hz, 2H), 7.54 (d, J=9.0 Hz, 2H), 7.15 (d, J=8.8 Hz, 2H), 3.79 ppm
(s, 6H); MS (EI): m/z (%)=370 [M]* (100), 324 [M—C,H,O]" (19); ele-
mental analysis: caled (%) for C,,H;3O,: C 77.82, H 4.90; found: C 77.61,
H 4.83.

(8,5)-3: A mixture of Zn (1.35 g, 20.6 mmol), Cul (0.188 g, 0.987 mmol),
and TiCl, (1.3 mL, 11.8 mmol) in DME (30 mL) was heated for 3.5h at
reflux under N,. A solution of (S)-4 (0.349 g, 0.942 mmol) in DME
(30 mL) was added dropwise to the resulting dark-gray suspension over a
period of 0.5h. The mixture was stirred for 17 h at room temperature
and heated at reflux for 6 h. The black suspension was cooled to room
temperature and passed through a column of alumina gel (50 g, CH,CL,).
The crude product obtained was purified by column chromatography on
silica gel (15g, CH,ClL) to give 8,14,30,36-tetramethoxy[2.0.2.0]-
(1,6)naphthalenophane-1,19-diene ((S,5)-3; 147 mg, 46 %) as pale-yellow
solid. Racemic 3: M.p.: 300°C (decomp.). (S,5)-3: M.p.: 290°C
(decomp.); UV/Vis (THF): 1 (loge)=333 (4.63), 237nm (5.09); IR
(KBr): =801, 896 (m), 1043 (s), 1068 (s), 1095 (s), 1256 (s), 1328 (m),
1483 (s), 1591 (s), 1619 (m), 2833 (m), 2932 (m), 3004 cm ™' (w); 'H NMR
(270 MHz, CDCly): 6=17.85 (d, J=9.1 Hz, 4H), 7.71 (d, J=1.5Hz, 4H),
7.34 (d, J=9.1 Hz, 4H), 6.89 (dd, J=1.5, 8.7 Hz, 4H), 6.83 (s, 4H), 6.80
(d, J=8.9 Hz, 4H), 3.69 ppm (s, 12H); *C NMR (68 MHz, CDCL,): 6=
155.1, 133.0, 132.5, 130.2, 129.0, 128.9, 127.9, 127.7, 124.5, 119.4, 114.2,
56.9 ppm; MS (EI): m/z (%)=676 [M]* (100); HRMS (EI): m/z caled
for C,;sH;340,: 676.2614; found: 676.2606.

(8,5)-2: An excess of Br, (0.4 g, 2.5 mmol) was added to a solution of
(8.,5)-3 (49 mg, 0.072 mmol) in dichloromethane (10 mL), and the mixture
was stirred for 5 min at room temperature. The solvent and remaining
bromine were evaporated. The residue was dissolved with THF. tBuOK
(69 mg, 0.62 mmol) was added to the solution. The mixture was stirred
overnight at room temperature under N,, the reaction was quenched with
hydrochloric acid (2m, 20 mL), and the mixture was extracted with di-
chloromethane. The organic layer was washed with brine and dried over
anhydrous MgSO,. The solvent was evaporated, and the residue was sub-
jected to chromatography on silica gel (20 g, CH,Cl,) to give 8,14,30,36-
tetramethoxy[2.0.2.0](1,6)naphthalenophane-1,19-diyne ((S,5)-2; 18 mg,
37%) as colorless prisms after recrystallization from hexane/toluene
(5:1). M.p.: 200°C (decomp.); UV/Vis (CH,ClL,): 4 (log ) =355 (4.36),
308 (4.75), 255 nm (5.23); IR (KBr): =801 (m), 824 (m), 884 (s), 1042
(m), 1069 (m), 1097 (m), 1174 (m), 1274 (s), 1334 (s), 1483 (s), 1592 (s),
2163 (w, C=C), 2837 (m), 2935cm™' (m); '"HNMR (270 MHz, CDCL):
0=17.89 (d, J=89 Hz, 4H), 7.72 (d, J=1.5Hz, 4H), 7.45 (d, J=9.1 Hz,
4H), 6.87 (dd, J=8.9, 1.6 Hz, 4H), 6.14 (d, /=8.9 Hz, 4H), 3.96 ppm (s,
12H); CNMR (68 MHz, CDCl,): 6=155.7, 134.3, 130.8, 129.5, 128.6
(two signals overlapped), 126.1, 125.9, 119.1, 114.4, 99.0, 56.8 ppm; MS
(FAB): m/z (%) =672 [M]* (100). Single crystals deposited from hexane/
toluene were subjected to X-ray diffraction, and the results confirmed
the molecular structure.

(8,5)-6: Pd/C (10%, 12 mg) was added to a solution of (S.,5)-3 (40 mg,
0.059 mmol) in toluene (10 mL), and the suspension was stirred overnight
at room temperature under H,. The used catalyst was removed by filtra-
tion, and the solvent was evaporated to give 8,14,30,36-tetramethoxy-
[2.0.2.0](1,6)naphthalenophane ((S.,S)-6; 40 mg, 99%) as colorless fine
needles. M.p.: 290°C (decomp.); UV/Vis (THF): 1 (log ¢)=344 (4.05),
330 (3.98), 294 (4.11), 283 (4.23), 273 (4.21), 237 nm (5.16); IR (KBr): 7=
818 (m), 910 (w), 1066 (m), 1095 (m), 1178 (w), 1255 (s), 1327 (m), 1354
(m), 1483 (m), 1501 (m), 1596 (s), 2835 (m), 2932 cm™' (m); 'H NMR
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(270 MHz, CDCly): 0=7.85 (d, J=8.9 Hz, 4H), 7.74 (d, J=1.5 Hz, 4H),
7.32 (d, J=8.9 Hz, 4H), 6.61 (d, /J=8.6 Hz, 4H), 6.22 (dd, J=8.6, 1.8 Hz,
4H), 3.62 (s, 12H), 3.35 (d, /=9.1 Hz, 4H), 2.84 ppm (d, J=9.1 Hz, 4H);
BCNMR (68 MHz, CDCl,): 6=154.1, 136.3, 1322, 129.2, 129.2, 128.2,
126.3, 123.8, 119.7, 114.2, 57.0, 38.5 ppm; MS (EI): m/z (%)=680 [M]*
(100); HRMS: m/z calcd for C,sH,,0,: 680.2927; found: 680.2958.

X-ray Crystallographic Analysis of 2

Intensity data were collected on a Rigaku AFC7R diffractometer with
graphite monochromated Moy, radiation (1=0.71069 A). The structure
was solved by direct methods on F* with SHELXS-97. A total of 5795 re-
flections were collected, 5116 unique reflections were measured and used
in the refinement, 523 parameters, R1=0.0432, wR2=0.1438 for 1687 re-
flections with />20(), GOF=0.923, maximum peak in final difference
map 0.78 e A=, All non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were placed geometrically and refined by using a rigid
model. Crystal data for 2-C¢H,,: M,=758.91, monoclinic, P2, (#4), a=
13.414(2), b=13.041(2), c=12.213(2) A, f=91.68(1)°, V=2135.4(5) A’
Z =2, p=1.046 gcm . CCDC-262753 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk) or at www.ccdc.cam.ac.uk/data_request/cif.
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Abstract: A convenient protocol to
fabricate an organic—inorganic hybrid
system with covalently bound light-har-
vesting chromophores (stilbene and ter-
phenylene-divinylene) and an electron
acceptor (titanium oxide) is described.
Efficient energy- and electron-transfer
processes may take place in these sys-
tems. Covalent bonding between the
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silica matrix would be important for
electron transfer, whereas fluorescence
resonant energy transfer (FRET)
would strongly depend on the ratio of

Keywords: electron  transfer
FRET  (fluorescence  resonant
energy transfer) - hybrid materials -
silica - titania

donor to acceptor chromophores.
Time-resolved spectroscopy was em-
ployed to elucidate the detailed photo-
physical processes. The coupling of
FRET and electron transfer was shown
to work coherently to lead to photocur-
rent enhancement. The photocurrent
responses reached a maximum when
the hybrid-material thin film contained

acceptor chromophores and the titania/

Introduction

The natural photosynthetic process involves the extremely
efficient capture of solar energy, energy transfer, and elec-
tron transfer, which ultimately reaches the reaction center
where the reduction of various substrates takes place.!! The
process occurs in a nanometric assembly of chromophores
that serves as an antenna to induce energy/electron transfer
and initiate charge separation. There has been an ever-bur-
geoning interest in artificial systems to mimic this process,
and a range of organic or organometallic systems, such as
dendrimers,”  porphyrins,®! functionalized polymers,*°!
Langmuir-Blodgett films® thin films,”? microspheres,®
monolayers,’! hydrogen-bound organic gels,"” and organic-
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60 % acceptor and 40 % donor.

inorganic hybrid materials,""! has been employed for this
purpose. However, the integration of light-harvesting and
electron-transfer components into one system has only been
sporadically explored.”? To illustrate, supramolecular sys-
tems involving covalently bound metal prophyrins, metal-
free porphyrins, and fullerene and related approaches have
been designed as models for photosynthetic processes."”) We
recently reported that highly efficient fluorescence resonant
energy transfer (FRET) was found in covalently bound
silica-based organic-inorganic hybrid systems that contain
two or more types of homogeneously distributed chromo-
phores.'!l For example, the FRET efficiencies for hybrid ma-
terials containing different ratios of stilbene (as donor-de-
rived form 1) and terphenylene-divinylene (as acceptor-de-
rived form 2) chromophores were 88-97%. We also found
that silica-based organic—inorganic hybrid materials can also
bind covalently to the surface of titanium oxide so that a
prototype photovoltaic cell can be fabricated.'” The effi-
ciency was further improved by incorporating titanium tet-
raisopropoxide (TTIP) during the course of the preparation
of the hybrid materials.'”! It seems likely that titanium oxide
species may have penetrated the silicon oxide network in
these hybrid films so that the electron-hole separation may
be facilitated. It is envisaged that these organic-inorganic
hybrid materials could provide a nanometric assembly of
multiple chromophores, including electron-acceptor moiet-
ies, to couple FRET and electron transfer (ET). This strat-
egy has been briefly explored in zeolite systems!' as well as

Chem. Asian J. 2008, 3, 578 —-584
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in self-assembled monolayers."") We now report a fascinat-
ing example of the integration of light-harvesting chromo-
phores and electron acceptors into silica—titania-based or-
ganic-inorganic hybrid systems and the enhancement of
photocurrent due to coherent coupling of FRET and ET
processes in these hybrid materials (Scheme 1).

\ /
\ / / O Si-OEt

1

OCsgH17

¥ W Y
SNV W/ W W WV
CgH470

2

Scheme 1. Chromophores 1, 2, 3, and 4.

Results and Discussion

Fabrication of Silica-Titania-Based Organic-Inorganic
Hybrid Materials

A pair of stilbene and terphenylene-divinylene chromo-
phores was chosen for the preparation of organic-inorganic
hybrid materials because, as mentioned, efficient FRET was
observed between these chromophores in such a hybrid net-
work."! Thus, 1 and 2, which have ethoxysilyl substitu-
ents,"'3 were employed as precursors for the preparation
of titania-silica hybrid materials by using a sol-gel tech-
nique. Hybrid materials A; with different Ti/Si ratios (i
(=1-6) denotes the molar ratio of 2 to 1 as shown in
Table 1) were prepared by employing different ratios of the
starting TTIP and tetraethoxysilane (TEOS), while the sum
of the molar quantities of the donor and acceptor chromo-
phores remained constant in the sol solutions for the fabri-
cation of the hybrid films.

Transparent thin films of the hybrid material were ob-
tained by spin-coating of the sol solutions onto indium tin
oxide (ITO) glasses. The evidence for Ti-O-Si bonding in
such Ti/Si hybrid materials by FTIR spectra has been docu-
mented.!”! The average thickness of these thin films was
(170 £10) nm, as examined by a surface profilometer. A typ-
ical scanning electron microscopy (SEM) image is shown in
Figure 1a, and the Brunauer-Emmett-Teller (BET) method
for porosity measurements suggests that these hybrid mate-
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Figure 1. a) Typical SEM images of the organic-inorganic hybrid-material
thin films on ITO glass prepared from 1, 2, TEOS, and TTIP. b) Typical

XRD patterns of the hybrid-material thin films on quartz substrate and
grind powder.

rials A; are nonporous. X-ray diffraction (XRD) of both
thin-film and powder (the ground powder of aerogel bulk)
materials were examined, and no characteristic peaks of
anatase- or rutile-phase titania were observed (Figure 1b).

Photophysics of Thin Films of Hybrid Material

The absorption and emission spectra of A; are shown in
Figure 2. As expected, the intensity of the absorption at
around 390 nm (4,,,, of the chromophore from 2) increased
with increasing molar fraction of 2 in the preparation of
films of the hybrid material. It is known that efficient FRET
between stilbene and terphenylene—divinylene chromo-
phores in silicon-based hybrid materials occurs readily."!
The fluorescence quantum yields of 1 and 2 in EtOAc were
0.13 and 0.65, respectively. Emission spectra (1.,=300 nm)
of the hybrid material thin films are shown in Figure 2b.
The donor emission was observed at around 400 nm in A,
whereas only the emissions from the acceptor chromophore
at 450 and 470 nm were observed in the hybrid thin films
A —-A;. Notably, the emission intensities of the acceptor in-
creased with increasing donor molar fractions in these
hybrid systems. Although the acceptor chromophores in
these hybrid films may also absorb at 300 nm, the complete
absence of emission from the donor chromophore, even
with relatively high donor molar fractions (e.g., Ay or Ajs),
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Figure 2. a) Absorption and b) fluorescence (4.,=300nm) spectra of
films A;. The ratios of 2 (acceptor) to 1 (donor) are shown in the figure.

indicates that FRET may take place readily and an antenna
effect may be exhibited.['")

Time-Resolved Fluorescence Spectroscopy

Time-resolved fluorescence spectroscopy was utilized to elu-
cidate the mode of interactions among relevant species in
these hybrid films. Representative decay profiles are shown
in Figure 3, and the results are also tabulated in Table 1. As
shown in Figure 3a, the time-resolved fluorescence spectra
of A,~A;s monitored over a period of 0-20 ps after irradia-
tion exhibited only the emission for the acceptor chromo-
phore derived from 2. These results suggest that the excited
state of the donor chromophore derived from 1 was com-
pletely quenched, which is consistent with the results ob-
tained in the steady-state fluorescence spectra (Figure 2b).
Silica-based hybrid films B (containing only acceptor) and
C (containing only donor) were prepared from 2 and 1, re-
spectively, and the fluorescence lifetimes of B (200 ps) and
C (30 ps) are compared in Table 1. The fluorescence-decay
profiles of the acceptor moiety in A,~Ajs are shown in Fig-
ure 3b. Biexponential fittings gave two components of life-
times. The longer lifetimes in A;—A; (130-215 ps) were com-
parable with that of B. Similarly, the longer lifetime in Aq
(33 ps) was similar to that of C. Titanium oxide is known to
quench efficiently the fluorescence from the organic chro-
mophores by electron transfer.'”! It seems reasonable that
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Figure 3. a) Time-resolved fluorescence spectra of films A; monitored
over a period of 0-20 ps after irradiation at 300 nm. b) Corresponding
fluorescence-decay profiles of the acceptor moiety monitored at 460-
480 nm. The dashed line represents the instrument response.

Table 1. Fluorescence-decay lifetimes of hybrid thin films A,.

Film 2/1% TTIP TEOS Monitoring Lifetime!®
(Acceptor/ [107'm] [107'm] A [nm] [ps]
donor)
A, 100:0 2 4 460-480 11 (0.9), 132 (0.1)
A,  80:20 2 4 460-480 18 (0.9), 211 (0.1)
Ay 60:40 2 4 460-480 17 (0.86), 181 (0.14)
A, 40:60 2 4 460-480 16 (0.77), 147 (0.23)
As  20:80 2 4 460-480 29 (0.81), 215 (0.19)
Ag  0:100 2 4 390-410 <31 (0.88), 33 (0.12)
B 100:0 0 6 460-480 200
C 0:100 0 6 390-410 30

[a] Total chromophore concentration in films A—C is 0.04 M. [b] The rela-
tive weights of the different time constants are included in parentheses.
[c] Beyond the limits of the instrument.

the shorter lifetimes in A;-Ajs (11-29 ps) may be due to ET
from the acceptor chromophore to titania.

These results indicate that several competitive pathways
may be involved. They are electron transfer from chromo-
phores to titania matrix and FRET between donor and ac-
ceptor chromophores. We previously showed that the FRET
rate between chromophores derived from 1 and 2 is faster
than 1 ps~! in silica-based hybrid films."!! The fast FRET in
these systems may imply that interaction between donor
and acceptor chromophores might play a pivotal role in the
photoinduced processes in these hybrid systems.

Chem. Asian J. 2008, 3, 578 —-584





Silica-Titania-Based Organic-Inorganic Hybrid Materials

It has been established that covalent bonding of chromo-
phores with the silica—titania-based matrix was essential for
enhancing photovoltaic performance,'¥ and a similar strat-
egy was also found in the Gritzel-type solar cell between
chromophore and titania surface.'¥ In other words, when a
chromophore is blended with the silica—titania hybrid mate-
rial, the photocurrent response is much lower than those of
the covalent analogues.I"") Apparently, the photophysical be-
havior of this blended system would be distinctly different
from those of the covalent ones. Accordingly, blended thin
films D; were prepared from a 2:4:0.4 molar ratio mixture
of TTIP, TOES, and chromophores 3 and 4 of different
ratios (i (1-6) denotes the different molar ratios of donor
and acceptor chromophores in these hybrid films; Table 2).

Table 2. Fluorescence-decay lifetimes of hybrid thin films D; fabricated
by 3 and 4, and E; fabricated by 3 and 2.

Film  Acceptor/ Lifetime!™ [ps]

donor! Monitoring at Monitoring at
390-410 nm 460-480 nm

D,  100:0 _ 28 (0.26), 133 (0.74)
D, 8020 - 24 (0.26), 148 (0.74)
D,  60:40 - 24 (0.35), 161 (0.65)
D,  40:60 43 (0.69), 612 (0.31) 27 (038), 177 (0.62)
D, 2080 125 (0.8), 621 (0.2) 57 (0.34), 308 (0.66)
D¢ 0:100 720 -

E, 100:0 - 17 (0.84), 208 (0.16)
E, 8020 - 30 (0.81), 217 (0.19)
E,  60:40 - 16 (0.85), 190 (0.15)
E, 4060 42 (0.6), 750 (0.4) 15 (0.89), 150 (0.11)
E.  20:80 110 (0.7), 770 (0.3) 20 (0.8). 192 (0.2)
E,  0:100 700 -

[a] The composition of the films D; and E; is chromophore/TTIP/TEOS =
0.4:2:4. [b] The relative weights of different time constants are included
in parentheses.

In these cases, neither 3 nor 4 formed covalent bonds with
the silica—titania matrix. On the other hand, films E; were
obtained similarly by mixing TTIP, TEOS, and chromo-
phores 2 and 3 in same molar ratios as those for D;. The dif-
ference between films D; and E,; is that the latter has the ac-
ceptor chromophore covalently bound to the silicon—titani-
um matrix.

Time-resolved fluorescence spectroscopy was employed to
investigate the photophysical behavior of these blended
films. The results are summarized in Table 2. When the fluo-
rescence decay was monitored at 390-410 nm, the emission
wavelength of the donor moiety, only those films with a
molar ratio of the acceptor chromophore lower than 40 %
(D~D¢ and E,~E;) were detected. Biexponential fitting
gave two lifetimes. As seen in Table 2, the shorter lifetimes
(42-125 ps) decreased with increasing molar fraction of the
acceptor chromophore, presumably due to FRET between
donor and acceptor chromophores in these blended systems.

When the fluoresence decay was monitored at 460-
480 nm (due to the emission of the acceptor chromophore),
two decay lifetimes were obtained from the fittings for these
blended films D; and E, Interestingly, both shorter (24—
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57 ps) and longer lifetimes (133-308 ps) were comparable to
those observed for films A; However, the relative weight
distributions of D; and E; were quite different. The weights
for short lifetimes owing to ET from the acceptor chromo-
phore to titania were smaller for D; (26-38 %) than for E;
(80-89%). These results suggest that the electron-transfer
process is more efficient in E; than in D;. Apparently, cova-
lent bonding between the acceptor chromophores and the ti-
tania matrix would make the ET process more facile. This
photophysical behavior is also consistent with our earlier
findings that covalent bonding between chromophores and
the silica—titania lattice is essential for improving photovol-
taic performance.m] Moreover, as seen in Tables 1 and 2, the
lifetimes and relative weight distributions of A; and E; are
comparable. It seems likely that, as long as the molar ratio
of donor and acceptor chromophores remains similar, the
environment between these two chromophores in the blend-
ed system and the covalently bound hybrid materials may
be alike for FRET.

Photocurrent Response of Thin Films

To investigate the photoinduced electron transfer between
the hybrid materials described above and the amorphous ti-
tanium oxide film, the electrochemical properties of 1 and 2
were examined (Table 3). The frontier orbital energies of
the chromophores in the hybrid system are compared with
the work function of titanium oxide in Figure 4. The
HOMO-LUMO energy levels of the donor and acceptor
were estimated on the basis of the cyclic voltammetric and
photophysical properties of 1 and 2. Notably, the lower edge

Table 3. Electrochemical parameters of 1 and 2 in solution.

Ey o [eV] E, AP V] HOMO [eV] LOMO [eV]
1 3.61 1.05 —-5.85 —2.24
2 2.81 0.52 —5.32 —2.51

[a] The band-gap energy was determined by the absorption edge of the
chromophore in EtOAc. [b] The potentials are relative to Fc/Fe* (Fc=
ferrocenyl).

Vacuum
Pt
11
2 1 .
sl 25 224
EleV 4| Tio,
5| -440 s
6] 532 — -5.04
_ Acceptor 985
1 Donor

Figure 4. Energy diagram of the chromophores used in the hybrid-materi-
al thin films.
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of the conduction band of anatase-phase titania may be
changed by silica incorporation, and the shift in the band
edge was shown to be less than 0.2 eV.""! It seems likely that
the conduction band of the titania/silica network would fit
into the energy diagram of the frontier orbitals of chromo-
phores used in these hybrid thin films.

The hybrid-material-coated ITO glass thin film was used
as the working electrode in combination with a platinum
counter electrode in a quartz cell containing a solution of
I"/1;~ for photoelectrochemical measurements. In AC impe-
dance experiments, the resistance of films A; was about
80000 Q in the dark and 130 Q upon irradiation with
AM 1.5 radiation. In the absence of chromophore(s), the re-
sistance was 220000 Q both in the dark and under irradia-
tion. This observation indicates that the chromophores play
a pivotal role in inducing ET upon illumination in organic—
inorganic hybrid thin films A,.

In general, photovoltages of around 400 mV at open cir-
cuit (zero current) were observed for these hybrid-material
thin films. Hence, external bias potentials were applied to
induce oxidative or reductive photocurrents. The molar ratio
of chromophore(s) to TTIP/TEOS in the hybrid thin films
was crucial to photocurrent response. For example, the plot
of photocurrent against the concentration of 2 used in the
preparation of the hybrid materials (Figure 5) suggests that

1250

-2

1000 4 -

750 - -

500 -

250 -

Current density / nA cm

0

000 004 008 012 016  0.20
Concentration /M

Figure 5. Photocurrent responses of the hybrid thin films derived from

sol solutions with different concentrations of 2. 0.2m of TTIP and 0.4m of

TEOS were used for the preparation of the sol solutions. The applied
bias was 500 mV.

the optimal concentration of 2 for the preparation of the sol
solution was 0.01-0.05mM, which corresponds to a chromo-
phore/TTIP/TEOS molar ratio of 0.1-0.5:2:4. Under these
conditions, a higher photocurrent was generated. Interest-
ingly, a higher ratio of 2 to the titania moiety gave a poorer
performance in photocurrent. Presumably, a critical ratio be-
tween the excited chromophore and the electron acceptor
would be essential to facilitate the electron-injection pro-
cess.

The photocurrents of films A; were responsive to the
molar ratios of donor and acceptor (Table 4 and Figure 6).
As seen in Figure 6, both reductive and oxidative photocur-
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Table 4. Photocurrent responses of the hybrid-material thin films A; with
different total chromophore concentrations and acceptor-to-donor ratios.

Molar Acceptor-to-donor ratio in sol solution
ratio®  100:0 80:20 60:40 40:60 20:80 0:100
A) Ay Ay  (A)  (A) (A9
Jod®  0.1:2:4 0.92 1.02 2.05 1.17 0.85 0.61
0.4:2:4 0.89 1.21 1.52 1.15 1.03 0.36
1:2:4 0.29 0.35 0.43 0.57 0.49 0.35

jed® 0.12:4  —107  —147 155 -105 -096 —0.76
04:2:4 —105 —115 —141 —-103 —092 —0.82
124  —027 —033 —034 —045 —036 —036

[a] Oxidative and reductive photocurrent densities (wAcm™2) of the
hybrid-material thin films. The applied bias was 500 and 300 mV for oxi-
dative and reductive photocurrents, respectively. [b] Chromophore/TTIP/
TEOS ratios in sol solution.
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Figure 6. a) Oxidative and b) reductive photocurrents of films A; on ITO

upon irradiation with AM 1.5. The applied bias was 500 and 300 mV for
oxidative and reductive photocurrents, respectively.

rent responses reached a maximum when the thin film con-
tained 60 % acceptor and 40% donor. The trends appear to
be independent of the total concentration of the two chro-
mophores. Interestingly, as with the photocurrent responses
shown in Figure 5, the photocurrents were smaller when a
higher total concentration of the donor and acceptor chro-
mophores was used.

Wavelength-dependent photocurrent-response investiga-
tions were employed to scrutinize the effect of energy trans-
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fer between chromophores on photocurrent generation. The
photoaction spectra are shown in Figure 7; films A;, D3, and
E; were chosen because, as shown in Figure 6, the 6:4 molar
ratio of acceptor to donor chromophores exhibited a stron-

A
N
64 AA A
NG L\A
o 7 <
Y /f
£ -54 I
5] //
< ‘4
LR
> I
£ J
2 -3+ / nT-m
3 / /D
14
24 N
e A o/ o
] / \
= I/ \
S -1 Va4
[&] =N
s B B -
olgine-® 8-0-o

300 320 340 360 380 400 420 440 460
Alnm

Figure 7. Photoaction spectra of hybrid-material thin films containing dif-
ferent chromophores on ITO. A=A;, A=E;, B=A,, [1=A,; @ =D;.
The chromophores/TTIP/TEOS molar ratio is 0.1:2:4. The external ap-
plied bias was 0 V.

ger photocurrent response. Thus, at 340 nm, the photocur-
rents of films A; and E; were 6-6.5 pA cm ™2, whereas that of
D; was 0.3 pA cm 2 These results reveal that a lack of cova-
lent bonding between acceptor chromophore and silica—tita-
nia matrix may cause a significant decrease in photocurrent,
as in the case of D;. On the other hand, covalent bonding
between the donor chromophore and the lattice of hybrid
materials may not be essential for photocurrent response
(e.g., E; vs. Aj). It seems likely that, as long as the molar
amounts of donor and acceptor remain similar, the environ-
ment between these two chromophores in the blended
system and in the covalently bound hybrid materials might
be similar. In other words, the photocurrent enhancement
due to FRET would depend mainly on the ratio of donor to
acceptor in these hybrid systems. On the other hand, ET
would rely strongly on the covalent bridge between chromo-
phore and titania matrix.

The photoaction spectra of A; (containing acceptor chro-
mophore only) and Ay (containing donor chromophore
only) were also examined. As shown in Figure 7, the photo-
action spectrum of Ay exhibited a much lower photocurrent
than that of A;. At this stage, direct electron transfer from
the excited donor chromophore to the titania species in the
hybrid materials cannot be ruled out. However, the relative-
ly low photocurrent by Ag indicates that direct electron
transfer from the excited donor chromophore to titania may
not be a major pathway contributing to the overall enhance-
ment of the photocurrent in A;.

As shown in Figure 7, the photocurrent response of A,
was only about 50 % that of A;. Hence, the presence of both
donor and acceptor chromophores in these hybrid systems
would enhance the photocurrent response. As discussed in
the previous sections, FRET between the donor and accept-
or chromophores would occur readily. Because of the effi-
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cient energy transfer between the donor and acceptor chro-
mophores in these films, a significant increase in photocur-
rent generation was observed.

Conclusions

We have demonstrated the first silica—titania-based organic—
inorganic hybrid systems that contain both light-harvesting
organic chromophores and electron-acceptor titanium oxide.
Efficient energy- and electron-transfer processes may take
place in these systems. FRET and ET may couple coherently
to lead to enhancement of photocurrent generation. Our ob-
servations of these systems suggest that covalent bonding
between the acceptor chromophores and the titania/silica
matrix would be important for ET. Relatively speaking,
FRET would strongly depend on the ratio of donor to ac-
ceptor chromophores. Although the present system is far
from practical application because the photocurrent genera-
tion was relatively low, with the relatively simple strategy
developed in this study, our approach may provide room for
further extension to carry out photocatalytic reactions as
well as to mimic natural photosynthetic processes.

Experimental Section

General

Hitachi U-3310 UV/Vis and Hitachi F-4500 fluorescence spectrophotom-
eters were used to acquire the absorption and emission spectra of the
hybrid-material films on ITO. The crystalline phase was identified by X-
ray diffraction on an MAC diffractometer (model MO3XHF, Material
Analysis and Characterization, Japan). An ECO Chemie pAutolab IIT
potentiostat/galvanostat was used for photoelectrochemical experiments.
An Hg(Xe) arc lamp (Oriel, model 66984) equipped with an AM 1.5
Global filter or a monochromator (Thermo Oriel cornerstone 260) was
employed as the light source. The thickness of the hybrid-material thin
films was measured by a surface profilometer (Dektak3, Veeco/Sloan In-
struments, Inc.). BET surface-area measurements were obtained at 77 K
on a Micromeritics ASAP 2010 apparatus.

Preparation of the Hybrid-Material Thin Films

The silica—titania-based hybrid-material thin films were prepared by
using a sol-gel protocol. TTIP (0.2m) and TEOS (0.4Mm) were added to a
dry solution of 1 and 2 of different ratios and concentrations in THF. A
solution of tetrabutylammonium fluoride (1 mol% relative to the total
amount of alkoxy moieties on silicon) in THF was then added, and the
mixture was kept at room temperature for 30 min. A mixture of water
(50 mol % relative to the total amount of alkoxy moieties on silicon and
titanium) and THF was then introduced under ultrasonic conditions at
0°C to afford the sol solution. The sol solution was spin-coated
(5000 rpm for 30 s) on ITO glass. A transparent thin film with homogene-
ous surface morphology was obtained'!! and subject to spectroscopic or
photoelectrochemical measurements.

Blending of 3 with Hybrid-Material Thin Films Containing Covalently
Bound 2

TTIP (0.2m) and TEOS (0.4m) were added to a dry solution of 3 and 2
of different ratios and concentrations in THF. A solution of tetrabutylam-
monium fluoride (1 mol % relative to the total amount of alkoxy moieties
on silicon) in THF was then added, and the mixture was kept at room
temperature for 30 min. A mixture of water (50 mol% relative to the
total amount of alkoxy moieties on silicon and titanium) and THF was
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then introduced under ultrasonic conditions at 0°C to afford the sol solu-
tion. The sol solution was spin-coated on ITO by following the same pro-
cedure described above.

Photoelectrochemical Measurements

A two-electrode system with a quartz electrochemical cell was used for
measurement of photocurrent generation. The working electrode was an
ITO glass coated with hybrid-material thin film as described above, and a
Pt foil was used as the counter electrode in a aqueous KI (0.5m) as the
electrolyte. The electrochemical cell was purged with Ar for at least
15 min before measurement. The incident light intensity was
100 mWcem ™ at AM 1.5.

Photoaction Spectra

Monochromatic wavelengths were generated by using an Hg(Xe) arc
lamp (Oriel, model 66984) equipped with a monochromator (Thermo
Oriel cornerstone 260). The photocurrent responses at different wave-
lengths were recorded by using the same procedure described above.

Acknowledgements

We thank the National Science Council and National Taiwan University
of the Republic of China for financial support.

[1] B.R. Green, W. W. Parson, Light-Harvesting Antennas in Photosyn-
thesis, Kluwer Academic, Dordrecht, 2003.
[2] a) G. M. Stewart, M. A. Fox, J. Am. Chem. Soc. 1996, 118, 4354;
b) P. Devadoss, J.S. Moore, J. Am. Chem. Soc. 1996, 118, 9635;
c)D.-L. Jiang, T. Aida, Nature 1997, 388, 454; d) S.L. Gilat, A.
Adronov, J. M. J. Fréchet, Angew. Chem. 1999, 111, 1519; Angew.
Chem. Int. Ed. 1999, 38, 1422; e) M. Plevoets, F. Vogtle, L. de Cola,
V. Balzani, New J. Chem. 1999, 23, 63; f) J. S. Melinger, Y. Pan, V. D.
Kleiman, Z. Peng, B. L. Davis, D. McMorrow, M. Lu, J. Am. Chem.
Soc. 2002, 124, 12002; g) D.J. Liu, S. De Feyter, M. Cotlet, A.
Stefan, U. M. Wiesler, A. Herrmann, D. Grebel-Koehler, J. Q. Qu,
K. Mullen, F. C. De Schryver, Macromolecules 2003, 36, 5918;
h) D. L. Andrews, D. S. Bradshaw, J. Chem. Phys. 2004, 121, 2445.
a) A. Nakano, A. Osuka, I. Yamazaki, T. Yamazaki, Y. Nishimura,
Angew. Chem. 1998, 110, 3172; Angew. Chem. Int. Ed. 1998, 37,
3023; b) R. A. Haycock, A. Yartsev, U. Michelsen, V. Sundstrom,
C. A. Hunter, Angew. Chem. 2000, 112, 3762; Angew. Chem. Int. Ed.
2000, 39, 3616; c) A. Nakano, A. Osuka, T. Yamazaki, Y. Nishimura,
S. Akimoto, I. Yamazaki, A. Itaya, M. Murakami, H. Miyasaka,
Chem. Eur. J. 2001, 7, 3134; d) D. Gust, T. A. Moore, A. L. Moore,
Acc. Chem. Res. 2001, 34, 40; ) M.-S. Choi, T. Aida, T. Yamazaki, I.
Yamazaki, Chem. Eur. J. 2002, 8, 2667; f) H. Tokuhisa, P. T. Ham-
mond, Adv. Funct. Mater. 2003, 13, 831; g) F. P. D’Souza, M. Smith,
S. Gadde, A. L. McCarty, M. J. Kullman, M. E. Zandler, M. Itou, Y.
Araki, O. Ito, J. Phys. Chem. B 2004, 108, 11333; h) P. A. Liddell, G.
Kodis, J. Andreasson, L. de La Garza, S. Bandyopadhyay, R. H.
Mitchell, T. A. Moore, A.L. Moore, D. Gust, J. Am. Chem. Soc.
2004, 126, 4303.
[4] a) M. Nowakowska, P. V. Foyle, J. E. Guillet, J. Am. Chem. Soc.
1993, 115, 5975; b) K. Hisada, S. Ito, M. Yamamoto, Langmuir 1995,
11, 996; c) X. Schultze, J. Serin, A. Adronov, J. M. J. Fréchet, Chem.
Commun. 2001, 1160; d) D. M. Russel, C. A. Arias, R. H. Friend, C.
Silvia, C. Ego, A. C. Grimsdale, K. Miillen, Appl. Phys. Lett. 2002,
80, 2204; e) H. Ohkita, H. Benten, A. Anada, H. Noguchi, N. Kido,
S. Ito, M. Yamamoto, Phys. Chem. Chem. Phys. 2004, 6, 3977.
a) Y.-J. Cheng, T.-Y. Hwu, J.-H. Hsu, T.-Y. Luh, Chem. Commun.
2002, 1978; b) Y.-J. Cheng, H. Liang, T.-Y. Luh, Macromolecules
2003, 36, 5912; c) Y.-J. Cheng, T.-Y. Luh, Chem. Eur. J. 2004, 10,
5361; d) Y.-J. Cheng, T.-Y. Luh, Macromolecules 2005, 38, 4563;

[3

—_

[5

[t

T.-Y. Luh et al.

e) H-W. Wang, Y.-J. Cheng, C.-H. Chen, T.-S. Lim, W. Fann, C.-L.

Lin, Y.-P. Chang, K.-C. Lin, T.-Y. Luh, Macromolecules 2007, 40,

2666; f) M.-Y. Yeh, H.-C. Lin, S.-L. Lee, C.-h. Chen, T.-S. Lim, W.

Fann, T.-Y. Luh, Chem. Commun. 2007, 3459; for a review, see:

¢) T.-Y. Luh, Y.-J. Cheng, Chem. Commun. 2006, 4669.

a) T. Morita, S. Kimura, Y. Imanasi, Langmuir 1998, 14, 171; b) J.

Matsui, M. Mitsuishi, T. Miyashita, Macromolecules 1999, 32, 381;

¢) P.J. Dutton, L. Conte, Langmuir 1999, 15, 613; d) F. C. Krebs, H.

Spanggaard, N. Rozlosnik, N. B. Larsen, M. Jorgensen, Langmuir

2003, 19, 7873; e) H. Imahori, K. Hosomizu, Y. Mori, T. Sato, T. K.

Ahn, S. K. Kim, D. Kim, Y. Nishimura, I. Yamazaki, H. Ishii, H.

Hotta, Y. Matano, J. Phys. Chem. B 2004, 108, 5018.

a) D. M. Kaschak, T. E. Mallouk, J. Am. Chem. Soc. 1996, 118, 4222;

b) H. Imahori, Phys. Chem. B, 2004, 108, 6130.

a) L. A. J. Chrisstoffels, A. Adronov, J. M. J. Fréchet, Angew. Chem.

2000, 712, 2247, Angew. Chem. Int. Ed. 2000, 39, 2163; b) H. Ima-

hori, Y. Kashiwagi, T. Hanada, Y. Endo, Y. Nishimura, I. Yamazaki,

S. Fukuzumi, Mater. Chem. Phys. 2003, 13, 2890; c) H. Imahori, Y.

Sekiguchi, Y. Kashiwagi, T. Sato, Y. Araki, O. Ito, H. Yamada, S. Fu-

kuzumi, Chem. Eur. J. 2004, 10, 3184.

a) M.-T. Charreyre, A. Yekta, M. A. Winnik, T. Delai, C. Pichot,

Langmuir 1995, 11, 2423; b) F. Caruso, E. Donath, H. Mowhald, J.

Phys. Chem. B 1998, 102, 2011; c¢) Y. Li, H. Kuwabara, Y. K. Gong,

Y. Takaki, K. J. Nakashima, Photochem. Photobiol. B 2003, 70, 171.

[10] a) A. Ajayaghosh, S.J. George, V. K. Praveen, Angew. Chem. Int.
Ed. 2003, 42, 333; b) S. Rau, B. Schafer, S. Schebesta, A. Grussing,
W. Poppitz, D. Walther, M. Duati, W. R. Browne, J. G. Vos, Eur. J.
Inorg. Chem. 2003, 8,1503.

[11] C.-H. Chen, K.-Y. Liu, S. Sudhakar, T.-S. Lim, W.-S. Fann, T.-Y.
Luh, J. Phys. Chem. B 2005, 109, 17887.

[12] a) D. Kuciauskas, P. A. Liddell, S. Lin, T. E. Johnson, S.J. Weghorn,
J. S. Lindsey, A. L. Moore, T. A. Moore, D. Gust, J. Am. Chem. Soc.
1999, 121, 8604; b) K. Tamaki, H. Imahori, Y. Nishimura, I. Yamaza-
ki, Y. Sakata, Chem. Commun. 1999, 625; c) C. Luo, D. M. Guldi, H.
Imahori, K. Tamaki, Y. Sakata, J. Am. Chem. Soc. 2000, 122, 6535;
d) G. Kodis, P. A. Liddell, L. de La Garza, P. C. Clausen, J. S. Linde-
sey, A. L. Moore, T. A. Moore, D. Gust, J. Phys. Chem. A 2002, 106,
2036; e) F. D’Souza, P. M. Smith, M. E. Zandler, A. L. McCarty, M.
Itou, Y. Araki, O. Ito, J. Am. Chem. Soc. 2004, 126, 7898; f)S.
Takagi, M. Eguchi, D. A. Tryk, H. Inoue, Langmuir 2006, 22, 1406;
2) G. Kodis, Y. Terazono, P. A. Liddell, J. Andreasson, V. Garg, M.
Hambourger, T. A. Moore, A. L. Moore, D. Gust, J. Am. Chem. Soc.
2006, 128, 1818.

[13] C.-L. Lin, M.-Y. Yeh, C.-H. Chen, S. Sudhakar, S.-J. Luo, Y.-C. Hsu,
C.-Y. Huang, K.-C. Ho, T.-Y. Luh, Chem. Mater. 2006, 18, 4157.

[14] a) G. Calzaferri, S. Huber, H. Maas, C. Minkowski, Angew. Chem.
2003, 715, 3860; Angew. Chem. Int. Ed. 2003, 42, 3732; b) C. Min-
kowski, R. Pansu, M. Takano, G. Calzaferri, Adv. Funct. Mater.
2006, 16, 273; c) H. Garcia, H. D. Roth, Chem. Rev. 2002, 102, 3947;
d) M. Fujihira, Mol. Cryst. Lig. Cryst. 1990, 183, 59.

[15] a) T. Morita, S. Kimura, S. Kobayashi, Y. Imanishi, Chem. Lett.
2000, 29, 676; b) H. Imahori, H. Norieda, H. Yamada, Y. Nishimura,
1. Yamazaki, Y. Sakata, S. Fukuzumi, J. Am. Chem. Soc. 2001, 123,
100.

[16] a) V. Balzani, P. Ceroni, A. Juris, M. Venturi, S. Campagna, F. Pun-
toriero, S. Serroni, Coord. Chem. Rev. 2001, 219, 545; b) F. Scandola,
C. Chiorboli, A. Prodi, E. Iengo, E. Alessio, Coord. Chem. Rev.
2000, 250, 1471.

[17] a) A.J. Bard, Science 1980, 207, 139; b) M. R. Hoffmann, S.T.
Martin, W. Y. Choi, D. W. Bahnemann, Chem. Revs. 1995, 95, 69.

[18] a) B. O’Regan, M. Gritzel, Nature 1991, 353, 737; b) M. K. Nazeer-
uddin, A. Kay, I. Rodicio, R. Humphrybaker, E. Muller, P. Liska, N.
Vlachopoulos, M. Gritzel, J. Am. Chem. Soc. 1993, 115, 6382.

[19] M. Girtner, V. Dremov, P. Miiller, H. Kisch, ChemPhysChem 2005,
6, 714.

[6

—

[7

—

[8

—_

[9

—

Received: November 7, 2007
Published online: February 12, 2008

584 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Asian J. 2008, 3, 578 —-584






CHEMISTRY

AN ASIAN JOURNAL

DOI: 10.1002/asia.200700287

Aromaticity and Diatropicity of Polyacenequinododimethides
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Abstract: Typical polyacenequinododimethides exist only in a single classical struc-
ture. These hydrocarbons are moderately aromatic and diatropic, although they

have no aromatic conjugated circuits. This apparent dichotomy was resolved with
our graph theory of aromaticity and magnetotropicity. Many nonconjugated cir-
cuits were found to contribute collectively to aromaticity and diatropicity. For indi-
vidual molecules, local aromaticity increases with distance from the exo-methylene
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groups. This fact indicates that the conjugated-circuit model is not always applica-
ble to semibenzenoid hydrocarbons such as polyacenequinododimethides.

Introduction

The conjugated-circuit theory states that conjugated circuits
are the main origin of aromaticity in polycyclic aromatic hy-
drocarbons."?! Dewar resonance energies (DREs) of poly-
cyclic benzenoid hydrocarbons can be reproduced well in
terms of conjugated circuits. Nonconjugated circuits have
been regarded as minor contributors to global aromaticity.
In 1975, we tacitly assumed that polyacene-2,3-quinododi-
methides  (2,3-dimethylene-2,3-dihydropolyacenes ~ 7-12;
Figure 1) are olefinic in nature, because only one classical
resonance structure can be written for them.”! No conjugat-
ed circuits can be chosen from these hydrocarbons. Schleyer
and Puhlhofer™ and Hajgaté et al.l’! used such hydrocarbons
with exocyclic methylenes as polyene-like reference struc-
tures in homodesmotic reactions.

In 1973, however, Gleicher et al. found that a series of
polyacene-2,3-quinododimethides might be appreciably aro-
matic with positive Hess—-Schaad and Dewar resonance ener-
gies.”! Although these hydrocarbons can exist in only a
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single classical resonance structure, there is a steady in-
crease in resonance energy per & electron on going to
higher members. As a result, pentacene-2,3-quinododimeth-
ide (2,3-dimethylene-2,3-dihydropentacene, 11; Figure 1) has
about half the aromatic character associated with pentacene
itself.®! Thus, it has been strongly suggested that even poly-
cyclic semibenzenoid hydrocarbons that consist of essential
single and double bonds might be aromatic if they are suffi-
ciently large in molecular size.

Recently, Wannere et al. predicted that fulminene-2,10-
quinododimethide (2,10-methylene-2,10-dihydrofulminene),
which also exists only in a single classical resonance struc-
ture, must have 'H NMR chemical-shift values in the aro-
matic range.”! They nevertheless viewed this hydrocarbon as
an essentially nonaromatic species. Faglioni et al. pointed
out soon afterward that this hydrocarbon should rather be
regarded as an aromatic species, because it sustains a net di-
atropic & current.’) In this paper, we interpret the peculiar
aromatic and diatropic character of polyacenequinododi-
methides, a prototypical series of quinododimethides, by
using our graph theory of aromaticity and magnetotropici-
ty ! and compare it with that of polyacenes. Magnetotro-
picity refers collectively to diatropicity and paratropicity.

Theory

Our graph theory of aromaticity and magnetotropicity is
constructed within the simple Hiickel framework. We use
the topological resonance energy (TRE) as an indicator of
global aromaticity.”!! Percentage TRE (%TRE) is defined
as 100 times TRE divided by the m-binding energy of the
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nododimethides 7-18.

polyene reference.''®!¥ This quantity is used as a measure
of aromaticity, normalized with respect to the molecular
size. Bond resonance energy (BRE) represents the contribu-
tion of a given m bond to the global aromaticity.'*'* Circuits
stand for all possible cyclic paths that can be chosen from a
cyclic m system.”” For example, there are five-, seven-, and
10-site circuits in azulene. For simplicity, all six-membered
rings in all molecules studied are assumed to be regular hex-
agons in shape.

Circuit resonance energy (CRE) represents an energy
gain or loss due to cyclic conjugation along a given cir-
cuit.?>»! The CRE for the ith circuit in a hydrocarbon n
system G is defined as A, in the form [Eq. (1)]:1112*%]

oce

A=4Y

i

Py (X))

T 1
LX) M

in which r; is a set of carbon atoms that constitute the ith cir-
cuit ¢, G—r; is the subsystem of G obtained by deleting

Abstract in Japanese:
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by R D RELFFEREZ R L, D730 RE R CBEIERET & 35
B35, ZOBRSEMEOS T 7HREMNTHRITLIZEZA, Z
oD TIFIEIAY —F% v PR HERIECRBEIEIC KR E 2% 5
YD ENbhot,
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Figure 1. Bond resonance energies (BREs) in units of |3] for all &t bonds in polyacenes 1-6 and polyacenequi-

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

from G all carbon atoms that
constitute the ith circuit, Pg(X)
and Pg_;(X) are the character-
istic polynomials for G and
G-, respectively, and X, is
the jth-largest root of the
equation Pg(X)=0; j runs over
all occupied  molecular orbi-
tals. If some occupied molecu-
lar orbitals have the same
energy, this formula must be
replaced by others>"l The
CRE for a six-site circuit cor-
relates well with the so-called
six-center index devised by
Bultinck.>*!

The sum of A; values or
CREs over all circuits repre-
sents the aromatic stabilization
energy (ASE) for an entire &
system. This sum is termed the
magnetic resonance energy
(MRE), which means a TRE-
like ASE derived from the
magnetic response of a cyclic &t
system [Eq. (2)]:2*2)

0.168Y 0.1687 0.158

0.148
0.183

0.093
0.128
1

0.093Y 0.076
0.133 ]0.128
6

G
MRE/| B|=X A, 2)

in which |f| is the absolute value of a standard resonance
integral between two adjacent carbon sp, atomic orbitals.

An excellent correlation is indeed observed between
MRE and TRE for polycyclic benzenoid hydrocarbons and
heterocycles.’"> This correlation in turn justifies the inter-
pretation of A; values as CREs. Notably, no hypothetical
polyene reference is needed to evaluate the MRE.

In fact, A; appears in the graph-theoretical formula for
ring-current magnetic susceptibility [Eq. (3)]:"1%]

in which y, is the ring-current susceptibility of benzene and
S; and S are the areas of r; and the benzene ring, respective-
ly. Positive and negative A; values represent diamagnetic
and paramagnetic contributions, respectively. From this for-
mula, we derive the contribution of the ith circuit to yg in
the form [Eq. (4)]:"'

2

S;
% =4'SZ°A*[S_]

0
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Every circuit is then supposed to sustain a m-electron cur-
rent in the external magnetic field, the intensity of which is
given by [Eq. (5)]:3

S,
1,=451A,— (5
S,

in which I/, is the intensity of the m-electron current induced
in the benzene molecule. Positive and negative A; values
now represent diatropicity and paratropicity, respectively.
Thus, at the level of individual circuits, aromaticity and anti-
aromaticity correspond without exception to diatropicity
and paratropicity, respectively. A total m-current-density
map for G is obtained by superposing all the circuit currents.
Hiickel-London theory®”? is capable of reproducing the
patterns of ab initio m-current density in many polycyclic
conjugated hydrocarbons fairly well,®3 although it is
unable to predict the diamagnetic m vortices in the region of
the formal C=C bond."! Our theory of magnetotropicity is
exactly a variant of the Hiickel-London theory.

As has been seen, the total m-current density is dependent
on the molecular geometry. To escape the geometric de-
pendence of m-electron currents, hypothetical geometry-in-
dependent circuit currents were evaluated by equating all
the circuit areas in [Eq. (5)] with that of the benzene ring
(ie., §;=S, for all circuits).”?*?" As will be seen later, the in-
tensity of a geometry-independent w current that is sup-
posed to run through a given peripheral bond, which is ob-
tained by summing the geometry-independent circuit cur-
rents that are supposed to run through the bond, is nearly
proportional to the corresponding BRE. Thus, the essence
of our theory is that the TRE, BRE, m-current density, and
ring-current magnetic susceptibility can all be interpreted
consistently in terms of CREs.

Results and Discussion

Six polyacenes 1-6, six polyacene-2,3-quinododimethides
(2,3-dimethylene-2,3-dihydropolyacenes 7-12), and six poly-
acene-2,x-quinododimethides (2,x-dimethylene-2,x-dihydro-
polyacenes 13-18) were employed for the present study.
TREs and MREs for these hydrocarbons are listed in
Table 1. As in the case of other polycyclic aromatic hydro-
carbons,>?? the MRE is somewhat smaller than the TRE.
For polyacenes, only one sextet ring can be chosen from the
7t system, so that the aromaticity is gradually diluted on
going to higher members.”"*? Therefore, the %TRE de-
creases on going to higher members with more benzene
rings.”!! Two series of quinododimethides were tacitly ex-
pected to be nonaromatic, as neither sextet rings nor conju-
gated circuits can be chosen from the nt system.F>) However,
all these hydrocarbons proved to be more or less aromatic
with smaller positive TREs and MREs. In line with this,
some of the quinododimethides have moderately large posi-
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Table 1. TREs and MREs for polyacenes and polyacenequinododi-
methides.

Species TRE[|3]]®) MRE [|B]]"

Polyacenes

Benzene (1) 0.2726 0.2222
(3.528)

Naphthalene (2) 0.3888 0.2894
(2.924)

Anthracene (3) 0.4746 0.3405
(2.519)

Naphthacene (4) 0.5531 0.3928
(2.269)

Pentacene (5) 0.6298 0.4476
(2.105)

Hexacene (6) 0.7063 0.5041
(1.992)

Polyacene-2,3-quinododimethides:

Benzene-2,3-quinododimethide (7) 0.0593 0.0575
(0.599)

Naphthalene-2,3-quinododimethide (8) 0.1405 0.1297
(0.913)

Aanthracene-2,3-quinododimethide (9) 0.2253 0.1990
(1.078)

Naphthacene-2,3-quinododimethide (10) 0.3090 0.2639
(1.169)

Pentacene-2,3-quinododimethide (11) 0.3911 0.3257
(1.224)

Hexacene-2,3-quinododimethide (12) 0.4717 0.3860
(1.258)

Polyacene-2,x-quinododimethides:

Benzene-2,4-quinododimethide (13; x=4)  0.0612 0.0593
(0.621)

Naphthalene-2,6-quinododimethide (14; 0.1345 0.1247

x=6) (0.877)

Anthracene-2,6-quinododimethide (15; 0.2122 0.1895

x=6) (1.018)

Naphthacene-2,8-quinododimethide (16; 0.2912 0.2526

x=38) (1.105)

Pentacene-2,9-quinododimethide (17; x=9) 0.3704 0.3142
(1.162)

Hexacene-2,10-quinododimethide (18; 0.4495 0.3749

x=10) (1.202)

[a] The values in parentheses are the % TREs.

tive DREs.®) The %TRE increases upon elongation of the
polyacene moiety.

The ring-current diamagnetic susceptibilities calculated
for 1-18 are listed in Table 2. All these species are highly or
moderately diamagnetic. Each quinododimethide molecule
is less diamagnetic than the corresponding polyacene, which
suggests that exo-methylenes suppress not only cyclic conju-

Table 2. Ring-current diamagnetic susceptibilities for polyacenes and
polyacenequinododimethides.

No. of Ring-current diamagnetic susceptibility [y,]
benzene Polyacene Polyacene-2,3-quinodo- Polyacene-2,x-quinodo-
rings dimethide dimethide

1 1.000 (1) 0259 (7) 0.267 (13; x=4)

2 2.185(2) 0.761 (8) 0.754 (14; x=6)

3 3448 3) 1441 (9) 1.406 (15; x=6)

4 4.747 (4)  2.240 (10) 2.179 (16; x=38)

5 6.062 (5) 3.123 (11) 3.039 17; x=9)

6 7.385(6) 4.067 (12) 3.965 (18; x=10)

www.chemasianj.org 587





FULL PAPERS

gation but also circulation of & electrons. Ring-current dia-
magnetic susceptibility and the associated diamagnetic sus-
ceptibility exaltation have been used as magnetic indicators
of aromaticity.”>3* However, on going to higher members in
each series, the susceptibility increases much faster than the
TRE or MRE; the susceptibility is never proportional to the
TRE or the MRE. It follows that ring-current diamagnetic
susceptibility is not a good measure of aromaticity.

The BREs for 1-18 are graphically summarized in
Figure 1. The BRE for a peripheral & bond represents the
local aromaticity of a ring to which the m bond belongs.'”)
For polyacene molecules, all the rings are similar in local ar-
omaticity to each other;? average local aromaticity de-
creases on increasing the number of benzene rings. For the
2,3-quinododimethide series, local aromaticity is enhanced
with distance from the methylene groups; the farthest ring
from the exo-methylenes in 12 is comparable in local aroma-
ticity to the benzene rings in 6. For 2,x-quinododimethide
molecules, the inner benzene rings are more aromatic than
the outer ones. The BREs for the exo-methylene C—C
bonds vanish. As pointed out by Faglioni et al.,””! the pertur-
bation produced by the exo-methylenes decrease with dis-
tance from the methylene groups. For the physical meaning
of local aromaticity, see references [19], [25], and [26].

We now proceed to interpret the aromatic and diatropic
character of 1-18 in terms of CREs. Many circuits can be
chosen from the polycyclic @ systems in 1-18. As shown in
Figure 2, hexacene (6) and hexacene-2,10-quinododimethide

Figure 2. The non-identical circuits in hexacene (6), hexacene-2,3-quino-
dodimethide (12), and hexacene-2,10-quinododimethide (18). Two exo-
methylenes in 12 and 18 are attached to the 2,3- and 2,10-positions of
hexacene, respectively.
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(18) have 12 non-identical circuits and 21 circuits in all,
whereas hexacene-2,3-quinododimethide (12) has 21 non-
identical circuits and 21 circuits in all. The CREs and inten-
sities of circuit currents for the three benchmark hydrocar-
bons are listed in Tables 3 and 4, respectively. As for the
numbering of circuits in these hydrocarbons, see Figure 2. In
brief, all circuits in 1-18 are aromatic and diatropic to vary-
ing extents.

We previously discussed the relative magnitudes of CREs
for all circuits in polyacenes 1-6;2°?2 all these circuits are

Table 3. CREs for hexacene (6) and hexacenequinododimethides 12 and
18.

Circuit Area [S] CRE[|8]]
6 12 18

c 1 0.0855 0.0296 0.0516
[ 1 0.0490 0.0395 0.0466
[ 1 0.0426 0.0416 0.0444
[ 1 0.0426 0.0433 0.0444
Cs 1 0.0490 0.0506 0.0466
Cs 1 0.0855 0.0880 0.0516
c; 2 0.0237 0.0056 0.0124
[N 2 0.0139 0.0088 0.0123
[ 2 0.0120 0.0106 0.0120
Cio 2 0.0139 0.0140 0.0123
ciy 2 0.0237 0.0250 0.0124
cp 3 0.0098 0.0017 0.0045
ci3 3 0.0068 0.0033 0.0050
Ci 3 0.0068 0.0053 0.0050
Cis 3 0.0098 0.0098 0.0045
Cis 4 0.0057 0.0007 0.0021
ci7 4 0.0049 0.0019 0.0025
Cig 4 0.0057 0.0042 0.0021
Cio 5 0.0045 0.0004 0.0011
Cx 5 0.0045 0.0016 0.0011
Cy 6 0.0042 0.0004 0.0005

Table 4. Circuit currents for hexacene (6) and hexacenequinododimeth-
ides 12 and 18.

Circuit Area [S] Circuit current [/y]
6 12 18

¢ 1 0.3846 0.1331 0.2324
c, 1 0.2204 0.1780 0.2095
c3 1 0.1916 0.1874 0.1999
cy 1 0.1916 0.1949 0.1999
Cs 1 0.2204 0.2276 0.2095
Cs 1 0.3846 0.3959 0.2324
¢ 2 0.2130 0.0502 0.1115
cg 2 0.1248 0.0794 0.1104
Cy 2 0.1081 0.0954 0.1079
Cyp 2 0.1248 0.1259 0.1104
cyy 2 0.2130 0.2254 0.1115
Cpp 3 0.1328 0.0224 0.0609
Ci3 3 0.0917 0.0441 0.0675
Ciy 3 0.0917 0.0712 0.0675
Cis 3 0.1328 0.1323 0.0609
Ci6 4 0.1035 0.0126 0.0378
cyy 4 0.0891 0.0348 0.0444
Cig 4 0.1035 0.0758 0.0378
Ciy 5 0.1014 0.0100 0.0247
Co 5 0.1014 0.0366 0.0247
Cy 6 0.1132 0.0103 0.0135
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(4n+2)-site conjugated ones
with positive CREs. These cir-
cuits are the origin of high aro-
maticity in these hydrocarbons.
In contrast, all the circuits in
polyacenequinododimethides
7-18 are (4n+2)-site noncon-
jugated ones, so are still more
or less aromatic with positive
CREs. According to the ex-
tended Hiickel rule proposed
by Hosoya et al.,F>¥! (4n42)-
site conjugated and nonconju-
gated circuits contribute to ar-
omaticity. In general, larger
circuits contribute less to aro-
maticity than smaller ones. For
polyacene molecules, outer cir-
cuits have larger CREs as long
as they have the same area.
However, a larger number of
circuits contribute to the local
aromaticity of inner rings. For
polyacenequinododimethide
molecules, circuits farther from
the two methylene groups
have larger CREs, if the areas
are the same.

The total m-current-density
maps for 1-18 are presented in
Figure 3, in which counter-
clockwise currents indicate di-
atropicity. For the polyacene
series, a strong diatropic pe-
rimeter current is observed,
which is rather concentrated
on the inner benzene
rings.”¥! A larger number of
diatropic circuit currents are
superposed at the inner rings.
As pointed out by Havenith
etal..B% a similar behavior of
a,w-dicyclopenta-fused  poly-
acenes indicates that these
molecules behave like poly-
acenes with 4n+2 m electrons,
although the only conjugated
circuit in these hydrocarbons is
a peripheral 4n-site one. Poly-
acenequinododimethides  are
similar in this sense to o,w-di-
cyclopenta-fused polyacenes. It
seems quite likely that a mole-
cule with a large polyacene
moiety behaves like a poly-
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Figure 4. Maps of geometry-independent st-current density for 1-18.

acene whatever the remaining part of the molecule might The maps of geometry-independent m-current density for

be.
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1-18 are shown in Figure 4. Those for 1-6 are the same as
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reported in reference [21]. Figure 5 gives the plot of the in-
tensity of a geometry-independent ; current against the
BRE for all peripheral & bonds in 1-18. An excellent corre-
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Figure 5. Correlation between the intensity of the geometry-independent
7 current and BRE for all peripheral & bonds in 1-18.

lation was found between the two quantities with a correla-
tion coefficient of 0.998, which clearly indicates that not
only the BRE for a peripheral st bond but also the intensity
of a geometry-independent m current can be used as an indi-
cator of local aromaticity."” As may be inferred from
[Eq. (5)], the approximate value for the BRE is obtained by
dividing the intensity of the corresponding geometry-inde-
pendent & current by 4.5. Notably, the BRE is associated
with the stabilization energy due to all circuits that share
the m bond concerned.'*' Therefore, the discussion of
local aromaticity made with the BREs can be applied to the
geometry-independent s currents.

Finally, the circuit-current diamagnetic susceptibilities,
that is, the circuit contributions to the ring-current suscepti-
bilities, calculated for hexacene (6), hexacene-2,3-quinododi-
methide (12), and hexacene-2,10-quinododimethide (18) are
presented in Table 5. Notably, for all these species, large cir-
cuits with small CREs contribute much to the ring-current
diamagnetic susceptibility, because the circuit-current sus-
ceptibility is proportional to the square of the circuit area.
This is the primary reason why the ring-current diamagnetic
susceptibility and diamagnetic susceptibility exaltation are
not reliable indices of aromaticity. They overestimate the ar-
omaticity of large but less-aromatic circuits.

Conclusions
Polyacenequinododimethides are more or less aromatic and
diatropic even if they have no aromatic conjugated circuits.

Such an apparent dichotomy with respect to aromatic char-
acter was interpreted with our graph theory of aromaticity
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Table 5. Circuit-current diamagnetic susceptibilities for hexacene (6) and
hexacenequinododimethides 12 and 18.

Circuit  Area [Sy] Circuit-current diamagnetic susceptibilities [y]
6 12 18
¢ 1 0.3846 0.1331 0.2324
c, 1 0.2204 0.1780 0.2095
c3 1 0.1916 0.1874 0.1999
[ 1 0.1916 0.1949 0.1999
Ccs 1 0.2204 0.2276 0.2095
C6 1 0.3846 0.3959 0.2324
¢ 2 0.4260 0.1005 0.2231
g 2 0.2496 0.1589 0.2208
Cy 2 0.2163 0.1907 0.2159
N 2 0.2496 0.2518 0.2208
cyy 2 0.2496 0.4507 0.2231
Cpp 3 0.3983 0.0672 0.1827
Ci3 3 0.2750 0.1324 0.2025
Ciy 3 0.2750 0.2135 0.2025
Cis 3 0.3983 0.3969 0.1827
Ci6 4 0.4139 0.0506 0.1514
cyy 4 0.3563 0.1391 0.1774
Cig 4 0.4139 0.3031 0.1514
Cio 5 0.5072 0.0499 0.1234
Co 5 0.5072 0.1831 0.1234
Cy 6 0.6790 0.0618 0.0807

and magnetotropicity. Many nonconjugated circuits were
found to contribute collectively to aromaticity and diatropic-
ity. As a result, at least, benzene rings far from the exo-
methylenes exhibit considerable local aromaticity. This fact
strongly suggests that the conjugated circuit model™? might
not be applicable to semibenzenoid hydrocarbons without
conjugated circuits. It is also clear that the quinododimeth-
ides cannot be used as polyene references in estimating the
ASEs of structurally related species. The aromaticity and di-
atropicity of fulminene-2,10-quinododimethide and its ho-
mologues”®! can be interpreted in essentially the same
manner. Work in this direction is in progress.
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Halide Anion Mediated Dimerization of a meso-Unsubstituted N-Confused

Porphyrin

Hiroyuki Furuta,*'™"! Hideki Nanami,'' Tatsuki Morimoto,* Takuji Ogawa,'* %
Vladimir Kral,'”! Jonathan L. Sessler,*'*! and Vincent Lynch'®

Abstract: The new N-confused porphy-
rin (NCP) derivatives, meso-unsubsti-
tuted f-alkyl-3-oxo N-confused porphy-
rin (3-0xo-NCP) and related macrocy-
cles, were synthesized from appropriate
pyrrolic precursors by a [3+1]-type
condensation reaction. 3-Oxo-NCP
forms a self-assembled dimer in di-

complementary hydrogen-bonding in-
teractions arising from the peripheral
amide-like moieties. The protonated
form of 3-oxo-NCP was observed to

Keywords: anion binding - anion
recognition - dimerization - N-
confused porphyrins - porphyrins

bind halide anions (F~, Cl7) through
the outer NH and the inner pyrrolic
NH groups, thus affording a dimer in
dichloromethane. The structure of the
chloride-bridged dimer in the solid
state was determined by X-ray diffrac-
tion analysis.

chloromethane that is stabilized by

Introduction

Anion binding by synthetic receptors has been investigated
extensively in recent years. This research was motivated by
the importance of anions in biological systems and the po-
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tential application of anion receptors as sensors, transport-
ers, catalysts, and so on."? Among the various synthetic re-
ceptors for anions studied in recent years, oligopyrrolic mac-
rocycles such as calix[4]pyrroles and expanded porphyrins,
which contain the pyrrolic NH hydrogen-bond-donor groups
within their cavities or cores, have received considerable at-
tention.®Y As well as the internal binding normally dis-
played by such systems, an usual example of peripheral
anion binding, which involves an outwardly pointing NH
pyrrolic moiety, was reported recently in the case of the
modified porphyrinoids, N-confused porphyrins (NCPs;
Scheme 1).”! In spite of the fact that NCPs provide but a
single hydrogen-bond-donor site, they were found to bind
halide anions tightly, presumably due to the well-oriented
molecular dipole moment directed toward the peripheral

(a) - (b)

Scheme 1. Anion-binding modes stabilized by N-confused tetraarylpor-
phyrins; these involve interactions at a) the periphery and b) a coordinat-
ed metal center. M=H,, Ni'', Pd", Cu"; X =halide anion (F-, Cl” in the
present study).
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NH group and the large polarizability of the molecule.) In-
terestingly, internal anion binding by NCPs was observed in
the case of the Sn'" complex of 3-oxo-substituted N-con-
fused tetraarylporphyrins. In this case, which has considera-
ble precedence in metalloporphyrin chemistry,” the anion
was found to be coordinated as an axial ligand to the Sn'
center.®! Due to the special nature of NCPs (they have NH
hydrogen-bond donors on both the interior and exterior of
the macrocyclic ring), the metal-free form of NCPs was also
expected to interact with anions through the inner NH
groups.”’) Depending on the extent to which this occurs, a
new type of anion binding might be established, whereby an
anion guest is recognized by different NH-derived binding
modes, internal or external, or some combination thereof.
Intrigued by such a possibility, we sought a system in which
such flexible recognition could be explored and, accordingly,
report herein the first study of the anion-binding properties
of a B-alkyl-3-oxo N-confused porphyrin (3-oxo-NCP). This
system, studied in the form of its HF, HCI, and HBPh, salts,
was found to form an anion-mediated dimer both in di-
chloromethane solution and in the solid state.

Results and Discussion
Synthesis of -Alkyl-3-oxo N-confused Porphyrin

Meso-unsubstituted 3-hepta- and hexaalkylated N-confused
porphyrins were synthesized by Dolphin and co-workers by
using a MacDonald-type [242] approach,'” and by Lash
et al. with a [3+1] condensation reaction.!"! We also adopt-
ed a [3+41] reaction leading to products 6-8 (Scheme 2).
Briefly, a solution in ethanol of tripyrrane diacid (4)!? and
2,4-diformylpyrrole (5),'% the same precursors used by the
Lash group, was stirred for 12 h in the presence of p-tolu-
enesulfonic acid. After oxidation with o-chloranil, the reac-
tion mixture was purified by column chromatography over
silica gel (eluent: 2% MeOH in CH,Cl,). The first red band
contained a small amount of 2,8,12,17-tetraethyl-3,7,13,18-
tetramethylporphyrin (<1%), whereas the ensuing three
red-brown bands were found to correspond to the 3-oxo (6,
6%),14 3-ethoxy (8, 1%), and expected 3-H (7, 3% )" spe-
cies. When rigorously dried anhydrous ethanol was used as

CO,H HO,C

~

\ /) OH

N
CHO i)
H = + S\_/7/ _—
N
Cc
5
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the solvent during the condensation, the yield of 6 decreased
to 0.5%, whereas the amount of ethoxy-substituted product
8 increased to 9 %. Thus, while the mechanism of the substi-
tution of the confused pyrrole ring remains to be clarified,
we consider it likely that the 3-oxo substituent arises from
adventitious moisture present in the solvent.”!

The meso-free N-confused porphyrins 6-8 displayed
"H NMR signals characteristic of such species, namely, reso-
nances ascribable to the meso protons and the inner C21H
protons at 0=9-10ppm and J6=-6.87, —6.41, and
—6.74 ppm, respectively, in CDCl;. Furthermore, 3-oxo-NCP
(6) displayed a broad 'H NMR signal at 6 =9.22 ppm as well
as a *C NMR signal at =171.1 ppm; these features are as-
cribable to an amide-like moiety (NH-CO). More direct
support for the structure of 6 came from a single-crystal X-
ray diffraction analysis of the monohydrochloride salt
(6:HCl) (see below). Specifically, the observed carbon—
oxygen bond length (C3—0) was 1.216(6) A, a value typical
for a C=0 bond.!')

The amide-like form of 6 was dominant in a range of sol-
vents, including C¢D4s, CD;OD, CsDsN, and [Ds]DMSO
(DMSO = dimethyl sulfoxide), on the basis of the 'H NMR
spectra. The chemical shift of the N2H proton was depen-
dent on the temperature and concentration. As the concen-
tration increased or the temperature decreased, the N2H
signal shifted to lower field, for example, from 6 =8.98 ppm
(0.34 mm) to 6=9.04 ppm (1.0 mm), whereas the chemical
shifts of other peripheral proton signals were relatively
small (Figure 1). The temperature- and concentration-de-
pendent chemical shifts of the N2H signal were considered
consistent with a self-dimerization process, in which a dimer
of 6 is formed through complementary hydrogen-bonding
interactions involving the amide-like moieties (Scheme 3).
From the chemical shifts of the N2H proton signal at vari-
ous concentrations, the dimerization constant (K;) associat-
ed with this presumed dimerization was estimated to be
26m~" (at 30°C in CD,Cl,); this value compares favorably to
those recorded for an N-confused calix[4]phyrin with an
identical 3-oxo moiety at the confused pyrrole ring (14m™")
and a species for which such a dimerization process was pre-
viously established.['”:1#]

N N=
A N
+
6 7.R=H
8: R = OFt

Scheme 2. Synthesis of $-alkyl-3-0xo-NCP (6). The [3+ 1] condensation reaction of precursors 4 and 5 shown also produces the N-confused porphyrins 7
and 8, although in lower yields (6, 3, and 1% for 6, 7, and 8, respectively). Reaction conditions: i) p-toluenesulfonic acid/EtOH, 12 h, room temperature;

ii) o-chloranil, 4 h, room temperature.
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Figure 1. '"H NMR spectra of 3-0xo-NCP (6) in CDCl, at a) 30°C, b) 10°C, and c) —10°C.
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Scheme 3. Self-dimerization of 3-oxo-NCP (6) resulting from complementary hydrogen bonding.

Dimer Formation Mediated by Halide Anions in the Solid
State

Ditopic interactions in the core and the periphery of NCPs
can be used for constructing self-assembled supramolecules.
For example, self-assembled dimers and trimers were fabri-
cated by simultaneous metal coordination at the inner and
outer nitrogen atoms of NCPs.""! In the present system, the
peripheral amide-like and inner NH atoms could act as rec-
ognition sites for typical pyrrole NH hydrogen-bond accept-
ors such as the halide anions chloride and fluoride.

Previously, the diprotonated sapphyrin was shown to bind
halide anions through interactions with the five NH donor
groups present within the core.! Owing to the contribution
of electrostatic terms, the anion-binding affinities observed
for this and other protonated oligopyrrolic macrocycles are
usually much larger than those for the corresponding (or
analogous) neutral species. Thus, for the present anion-bind-
ing study, we prepared three protonated salts of 6 (6-HCI,
6-HF, and 6-HBPh,); these were generated by washing the
metal-free form with an excess of HCI, HF, and HBPh,, re-
spectively.

In the case of 6-HCI, recrystallization from dichlorometh-
ane/diethyl ether gave rise to single crystals suitable for X-
ray diffraction analysis (Table 1). The resulting structure re-
vealed that 6-HCI crystallizes in the form of a chloride
anion bridged dimer (Figure 2). Here, each chloride anion
(two per dimer, one per monoprotonated macrocycle) is
bound, through hydrogen-bonding interactions, to the three
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central pyrrole rings of one

Me/ ‘ Bt macrocycle and the amide-like
s ’ N\)\\ NH group of the second (the
""" L H relevant pyrrole NH--Cl dis-

tances are 2.43, 224, and
231 A, whereas the peripheral
N2H--Cl distance is 2.30 A).
The net result is a dimer in
6): which the chloride anion, lo-
cated 242 A above the N,C
core of one of the macrocycles
and displaced 6.99 A from the
center of the other N;C core,
serves to glue the two NCP subunits together. Although
such dimerization motifs have been observed in the case of
self-assembling “tailed” sapphyrins and calix[4]pyrroles,?”!
to the best of our knowledge they are unknown in the con-
text of simple porphyrinoids.

Table 1. Summary of crystallographic data for 6-HCI.

Compound 6-HCl
Formula C33H;3sN,OC1
M, 503.07
Crystal size [mm?] 0.17x0.17x0.51
Crystal system monoclinic
Space group P2,/n (No. 14)
a[A] 10.929(2)
b[A] 15.160(2)
c[A] 16.429(2)
al’] 90

Bl 101.87(1)
sl %

VA7 2663.8(7)
Pealed [g cm 3] 1.26

V4 4

T [K] 183

No. of reflections 10472

No. of unique reflections 6060
A(Moy,) [A] 0.71073

R, (I>40(1)) 0.0816

WR, (I>40(1)) 0.188

GOF 1.015
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(b)

Figure 2. a) View of (C,,H3sN,O)*Cl~ (6-HCl) showing a partial atom-la-
beling scheme. Thermal ellipsoids are drawn at the 30% probability
level. Hydrogen atoms shown are drawn to an arbitrary scale. The chlo-
ride ion is within H-bonding distance of N4 with the following relevant
geometry: N4—H4---Cl1: N--Cl

3.197(4) A, H--Cl1 2.30(4) A, N—H---Cl

162(3)°. b) Dashed lines illustrate the

H-bonding interactions: N1-H1---Cl1: @)

N--Cl 3.276(4) A, H-Cl 2.43(6) A,

N—H:-Cl 165(5)°; N2—-H2---Cl1: N---Cl

3.130(4) A, H--Cl1 2.24(4) A, N—H---Cl

166(4)°; N3—H3--Cl1: N---Cl amide NH
3.142(4) A, H--C1 231(6) A, N-H~Cl l
150(5)°.

? M

(b)
Dimer Formation Mediated by
Halide Anions in Solution

To examine whether 6-HCl
might exist as a dimer in solu-
tion, vapor pressure osmome-
try (VPO) experiments were ©
carried out in dichloromethane
([6-HCI]=0.4-3.2 mm). These
analyses revealed an average
solution-phase molecular
weight of 836+20 for 6-HCl

amide NH
l inner NH
—_———
1 A o
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this salt being partially, but not completely, dimerized in this
particular halocarbon solvent.

Further support for the proposed dimeric nature of 6-HCl
and 6-HF came from electron-spray ionization mass spectro-
metric (ESI-MS) analyses (see Supporting Information, Fig-
ure S4). In particular, ESI-MS of a solution of 6-HCI in di-
chloromethane gave rise to peaks at m/z=969.5
([(6:HC1),—HCI]*, 7%), 933.6 ([(6-HCl),—2HCI]*, 40%),
and 467.1 ([6+H]*, 100%). Similar results were obtained
for 6-HF; in this case, peaks at m/z=952.6 ([(6-HF),—HF]*,
100%), 933.6 ([(6-HF),—2HF]*, 89%), and 467.1 ([6+H]*,
91%) were observed. In the case of 6-HBPh,, on the other
hand, an intense ion peak at m/z=467.3 ([6+H]*, 100%)
along with a small anion-free dimer peak at m/z=933.6
([(6:HBPh,),—2HBPh,]*, 7.5% ) were observed. These find-
ings thus support the proposal that the HF salt is also dimer-
ized in dichloromethane solution and/or in the gas phase.

Further structural analysis in solution was made by
"H NMR spectroscopy (Figure 3). The analysis of 6-HCl, car-
ried out at 20°C in CD,Cl,, revealed the presence of four in-
ternal (1 x CH and 3xNH) protons resonating at 0 = —6.60,
—1.92, —1.24, and —0.55 ppm and an outer NH signal at =
8.85 ppm. When analogous studies were made by using the
mono-HBPh, salt of 6, the corresponding peaks were found
at 0=—6.58, —3.58, —3.27, —2.76, and 11.34 ppm, respective-
ly. By contrast, the mono-HF salt (6-HF) displayed signals
for the inner hydrogen atoms, split by YF-'H coupling, that
resonated at considerably higher field (6=-9.90, —7.81,
—7.43, and —6.93 ppm).

The signals of 6-HCI and 6-HF shifted upfield can be ra-
tionalized in terms of the ring-current effect of the neighbor-

inner CH

W\‘J inner NH
.j Juk T L.

inner CH

(caled for monomer 6-HCIL:
503.1; caled for dimer 12
(6-HCl),: 1006.2). These find-
ings are thus consistent with
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Figure 3. '"H NMR spectra of a) 6-HCI, b) 6:HBPh,, and c) 6-HF.
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ing porphyrin. By assuming a model whereby the HBPh,
salt is not appreciably dimerized, the 'H NMR spectroscopic
data are consistent with the HCI salt being dimerized in an
“offset” manner, whereas the HF salt is dimerized in a
fashion (Scheme 4).

“somewhat-stacked” The “offset”

"somewhat stacked"

Scheme 4. Plausible halide-mediated dimerization modes of a) 6:HCI and
b) 6-HF in dichloromethane.

dimerization mode proposed for 6-HCI is analogous to that
seen in the solid state and would explain the deshielding ef-
fects observed in the '"H NMR spectrum. By contrast, the

H. Furuta, J. L. Sessler et al.

“somewhat-stacked” geometry proposed for the HF salt is
reasonable given the smaller ionic radius of F~ and its in-
creased propensity to form hydrogen bonds; it is also consis-
tent with the shielding effects observed in the 'H NMR
spectrum of 6-HF.?!)

More structural information was obtained by analyzing
the chemical shifts of particular peripheral protons as a
function of temperature. While most of the peripheral and
inner proton signals of 6:HCl were found to give rise to
shifts that were independent of temperature, large changes
were observed for the amide-like NH (H'), meso-H (H?),
and methyl-H (Me') resonances (Figure 4a—c). In particular,
the H? and Me' signals, which were well-resolved, shifted to
higher field as the temperature decreased. Such a result is
rationalized in terms of the enhanced diamagnetic ring-cur-
rent effect that results from the stabilization of the “offset”
dimer at the lower-temperature region. On the other hand,
in the case of the HBPh, salt of 6, such a large chemical-
shift change of Me' was not observed (Figure 4¢). These re-
sults thus further support the proposed anion-mediated di-
merization of 6-HCI (but not that of 6-HBPh,) in dichloro-
methane.

Besides the above first-order dimerization process, a de-
tailed analysis of the change in the chemical shift of the H'
signal of 6-HCI provides support for the existence of another
type of dimerization process that could be operative in solu-
tion (Figure 4a). Specifically, the shift versus temperature
profile of H' displays a maximum at around —10°C. Upfield
shifts similar to those seen for the H' signal of 6-HCI in the

3.6
. = (b)
‘__4_49——._.,——0———&—-9——‘
t 3.4
’ 1 o NH! 1
X &/ ppm NH 5/ ppm 3.2 Me
9+ e H3 o Me!
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8.5 2 H5
— = 8 L — —TTT T 2.8 e e i}
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Figure 4. Changes in the chemical-shift values of the "H NMR signals of 6-HCI and 6-HBPh, recorded in CD,Cl, as a function of temperature. a) Amide-
like NH and meso-H (X~ =Cl"). b) Me H (X" =Cl"). ¢) Inner H (X~ =Cl"). d) Amide-like NH and meso-H (X~ =BPh,"). ¢) Me H (X =BPh,").
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lower-temperature regime were also observed for H? and
Me', although the effect is far less obvious (slight deviation
in the curve rather than an observable maximum). These
combined chemical-shift effects can be explained by the en-
hanced formation of the anion-mediated dimer in the low-
temperature region as the dominant process, as well the for-
mation of an amide-linked dimer analogous to that seen for
the free-base form of 6 (see above). This combination of
factors would give rise to effects that are different for the
two sets of signals (H' vs. H?> and Me!), with one set (H')
being more sensitive to amide-mediated dimer formation
and the other (H* and Me') a more accurate indicator of
anion-binding-triggered dimerization. It also helps to ration-
alize the negative slope of the chemical-shift changes ob-
served in the higher-temperature region as this can be ascri-
bed to the formation of a dimer mediated by hydrogen-
bonding interactions involving the amide-like moieties,
rather than NH-anion binding. This is apparently seen with
the H' signal of 6-HBPh, (Figure 4c). In other words, on the
basis of these findings, we propose that two types of dimers,
one that is anion-mediated and the other based on amide-
amide hydrogen-bonding interactions, compete with one an-
other and with the monomeric 6-HCI salt in dichlorome-
thane, and that the anion-mediated dimer, which is more
stable than the hydrogen-bonded amide-amide dimer, is
dominant at lower temperatures (Scheme 5). Unfortunately,
a similar analysis for the 6-HF salt was hampered by its low
solubility, which caused severe broadening of the 'H NMR
signals at lower temperatures.

Conclusions

A meso-unsubstituted 3-oxo N-confused porphyrin (3-oxo-
NCP), 6, was synthesized as the major isolable product of a
[34+1] condensation reaction involving pyrrolic precursors.
The free-base form of 3-oxo-NCP (6) afforded a dimer in di-
chloromethane that is stabilized by complementary hydro-
gen-bonding interactions resulting from the peripheral
amide-like moieties. In contrast, the protonated form of 3-
0xo-NCP (HCI and HF salts) gave rise to a different type of
dimer bridged by the counter halide anions. An X-ray struc-
ture of the chloride anion mediated dimer (6-HCI), reveals
clearly that the halide anion is bound by both the inner and
peripheral NH groups of the protonated macrocycle. By ex-

"anion-mediated dimer" 6 - HCI
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tending the results found herein, specifically by using one or
more outer amide-like groups as hydrogen-bond-donor
“sticky sites”, it may be possible to construct porphyrin-like
arrays containing modified NCP cores. On a different level,
porphyrinoids such as 6, specifically modified at key periph-
eral positions, could prove useful as receptors for more com-
plex anions, including biologically important ones such as
nucleotides and N-protected amino acids.”” We are current-
ly exploring these possibilities.

Experimental Section

General Procedures

Commercially available solvents and reagents were used without further
purification unless otherwise mentioned. Silica-gel column chromatogra-
phy was performed on Wakogel C-200 and C-300. Thin-layer chromatog-
raphy (TLC) was carried out on aluminum sheets coated with silica gel
60 (Merck 5554). UV/Vis spectra were recorded on PerkinElmer
Lambda 19 and Shimadzu UV-3150PC spectrometers. 'H and “C NMR
spectra were recorded on JEOL JNM-AL300, Bruker RX300 (operating
at 270.17 MHz for 'H and 67.97 MHz for *C), and JEOL JMN-GSX 270
(operating at 300.00 MHz for 'H and 75.47 MHz for *C) spectrometers
with deuterated chloroform as the internal lock and residual solvent as
the internal reference. Fast atom bombardment mass spectrometry
(FAB-MS) was carried out on a JEOL-HX110 mass spectrometer in the
positive-ion mode with a 3-nitrobenzylalcohol matrix. ESI mass spectra
were obtained on a Perkin-Elmer Sciex API300 mass spectrometer.
VPO experiments were carried out on a GONOTEC OSMOMAT 070 in-
strument. Elemental analysis was performed at the Analytical Center at
Kyushu University.

Syntheses

6, 7, and 8: 2,5-Bis[(5-carboxy-3-ethyl-4-methylpyrrole-2-yl)methyl]-3,4-
diethylpyrrole (4; 1.0 mmol) and p-toluenesulfonic acid (4 mmol) were
added to a solution of pyrrole-2,4-dicarboxaldehyde (5; 1.0 mmol) in eth-
anol (1 L). After the mixture was stirred for 12 h at room temperature in
the dark under an Ar blanket, o-chloranil (2.0 mmol) was added. The re-
sulting mixture was then stirred for an additional 4 h. The solvent was
evaporated off by using a rotorary evaporator, and the resulting crude
black mixture was purified by column chromatography over silica gel
(eluent: 2% MeOH/CH,Cl,). Fractions were isolated as described in the
text.

6: 2H,7,18-Dimethyl-8,12,13,17-tetraethyl-3-oxo-2-aza-21-carbaporphyrin:
Red-green solid. M.p.>300°C; UV/Vis (CD,CL): Ap. (loge)=415.5
(5.30), 425 (sh), 513 (4.2), 549.5 (4.2), 603 (3.8), 664 nm (3.9); 'H NMR
(270 MHz, CDCly): d=—6.87 (s, 1 H, C21H), —4.00 (br's, 2H, NH), 1.74-
1.85 (m, 12H, CH,CHs;), 3.43 (s, 3H, CHj;), 3.51 (s, 3H, CHj;), 3.95-4.10
(m, 8H, CH,CHjy), 9.12 (s, 1H, meso-H), 9.59 (br's, 1H, NH), 9.64 (s, 1H,
meso-H), 9.68 (s, 1H, meso-H), 9.86 ppm (s, 1H, meso-H); 'H NMR
(300 MHz, [D4]DMSO, 303 K): 6 =-7.06 (s, 1 H, C21H), —4.30 (brs, 2H,

"hydrogen-bonded dimer”

Scheme 5. Solution-phase dimerization processes involving the hydrochloride salt of 3-oxo-NCP (6-HCI).
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NH), 1.79-1.84 (m, 12H, CH,CHj;), 3.52 (s, 3H, CHs), 3.55 (s, 3H, CHj;),
3.91-3.93 (m, 4H, CH,CH,;), 4.04-4.08 (m, 4H, CH,CHj;), 9.26 (s, 1H,
meso-H), 9.59 (s, 1 H, meso-H), 9.63 (s, 1H, meso-H), 9.68 (s, 1H, meso-
H), 11.98 ppm (s, 1 H, NH); *C NMR (75.47 MHz, CDCl,): §=11.1, 11.2,
17.2, 17.3, 184, 184, 19.5 (2C), 19.9 (2C), 91.6, 95.7, 97.2, 98.4, 102.6
(C21), 125.8, 131.0, 133.4, 134.2, 134.7 (2C), 136.0, 136.8, 138.1, 138.6,
144.2, 144.6, 152.1, 153.3, 171.1 ppm; *C NMR (75.47 MHz, [D{]DMSO,
303 K): =109 (2C), 17.3, 174, 18.6, 18.6, 18.7, 18.8, 19.1 (2C), 92.0,
95.1,96.9 (2C), 102.5 (C21), 126.1, 130.9, 132.6, 133.3, 134.7, 134.9, 136.2,
137.0, 137.9, 138.3, 143.3, 143.9, 150.7, 151.2, 170.6 ppm; MS (FAB): m/
z7=467 [M+1]"; elemental analysis: caled (%) for C;H;,N,O: C 77.22,
H 7.34, N 12.01; found: C 76.74, H 7.32, N 11.15.

6-HCl: 2H,7,18-Dimethyl-8,12,13,17-tetraethyl-3-oxo-2-aza-21-carbapor-
phyrin hydrochloride salt: UV/Vis (CH,Cl): A,..=423.3, 450.4, 548.1,
617.1, 662.0 nm; '"H NMR (300 MHz, CD,CL): 6 =—6.54 (s, 1H), —1.92
(s, 1H), —1.24 (s, 1H), —0.55 (s, 1H), 1.80-1.88 (m, 12H), 3.22 (s, 3H),
3.52 (s, 3H), 4.08-4.10 (m, 8H), 8.85 (brs, 1H), 8.90 (s, 1H), 10.03 (s,
1H), 10.06 (s, 1H), 10.22 ppm (s, 1 H).

6-HF: 2H,7,18-Dimethyl-8,12,13,17-tetraethyl-3-oxo-2-aza-21-carbapor-
phyrin hydrofluoride salt: UV/Vis (CH,Cl,): A,,,,=423.6, 449.9, 545.0,
618.2, 662.5, 725.0 nm; '"HNMR (300 MHz, CD,CL): 6=-9.90 (d, /=
31 Hz, 1H), —7.81 (d, /=32 Hz, 1H), —7.43 (d, J=41 Hz, 1H), —6.93 (d,
J=44Hz, 1H), 1.57-1.94 (m, 12H), 3.35 (s, 3H), 3.42 (s, 3H), 3.87 (brs,
8H), 8.82-8.93 (m, 4H), 9.59 ppm (d, /=180 Hz, 1H).

6-HBPh,: 2H,7,18-Dimethyl-8,12,13,17-tetraethyl-3-oxo0-2-aza-21-carba-
porphyrin hydrotetraphenylborate salt: UV/Vis (CH,CL): A.,=423.0,
450.0, 549.5, 616.5, 662.0 nm; '"H NMR (300 MHz, CD,Cl,): 6 =—6.58 (s,
1H), —3.62 (brs, 1H), —3.30 (brs, 1H), —2.78 (brs, 1H), 1.73-1.86 (m,
12H), 3.42 (s, 3H), 3.48 (s, 3H), 4.02-4.10 (m, 8H), 8.51-6.62 (m, 20H),
9.77 (s, 1H), 9.94 (s, 1H), 10.09 (s, 1H), 10.11 (s, 1H), 11.34 ppm (s, 1H).
7: 7,18-Dimethyl-8,12,13,17-tetraethyl-2-aza-21-carbaporphyrin: Purple
solid. M.p.>300°C; UV/Vis (CH,CL): A,. (loge)=418.5 (5.28), 514
(4.3), 551.5 (4.1), 6155 (3.6), 679.5nm (3.7); 'HNMR (270 MHz,
CDCly): 6=—6.41 (s, 1H, C21H), —3.90 (brs, 2H, NH), 1.77-1.84 (m,
15H, CH,CH,), 3.49 (s, 3H, CH,), 3.56 (s, 3H, CHj;), 3.82-4.03 (m, 8H,
CH,CHs;), 9.53 (s, 2H, meso-H), 9.61 (s, 1 H, meso-H), 9.78 (s, 1 H, meso-
H), 10.09 ppm (s, 1 H, meso-H); “C NMR (75.48 MHz, CDCl;): 6=11.1,
11.1, 17.1, 17.2, 18.3, 18.3, 19.3, 19.4, 19.8 (2C), 94.3, 95.5, 101.0 (C21),
103.9, 107.7, 132.7, 134.8, 135.0, 135.0, 135.8, 137.6, 138.0, 138.3, 145.1,
145.6, 149.3, 154.6, 155.5, 156.4 ppm; elemental analysis: calcd (%) for
C3H3,N,: C 79.96, H 7.61, N 12.43; found: C79.65, H 7.63, N 12.06.

8: 7,18-Dimethyl-3-ethoxy-8,12,13,17-tetraethyl-2-aza-21-carbaporphyrin:
Red-green solid. M.p.>238-243°C (decomp.); UV/Vis (CH,ClL): A«
(log €)=361 (4.4), 420 (4.9), 444.5 (4.4), 512 (4.0), 554 (3.9), 603 (3.7),
662 nm (3.5); 'HNMR (270 MHz, CDCl,): 6=-6.74 (s, 1H, C21H),
—4.40 (brs, 1H, NH), 1.78-1.81 (m, 12H, CH,CHj;), 1.91 (t, /J=7.3 Hz,
3H, OCH,CH,), 3.44 (s, 3H, CHj;), 3.50 (s, 6H, CHj;), 3.79-3.97 (m, 8H,
CH,CH,;), 5.20 (q, J=7.2 Hz, 2H, OCH,CH,), 9.38 (s, 1 H, meso-H), 9.56
(s, 1H, meso-H), 9.61 (s, 1H, meso-H), 9.83 ppm (s, 1H, meso-H);
BCNMR (7548 MHz, CDCLy): 0=11.1, 11.1, 15.2, 17.1, 17.3, 18.3, 18.4,
19.2,19.4, 19.7, 29.7, 65.4, 93.9, 96.3, 98.4, 103.8 (C21), 104.3, 124.9, 132.4,
133.2, 134.5, 134.9, 135.8, 136.7, 137.2, 137.9, 143.8, 144.7, 146.2, 152.3,
153.9, 171.1 ppm; MS (FAB): m/z=495 [M+1]*; elemental analysis:
caled (%) for C;,H;N,O: C 77.70, H 7.74, N 11.33; found: C 77.24, H
7.75, N 11.07.

Single-Crystal X-ray Diffraction Analysis

Crystals grew as very dark needles by vapor diffusion of diethyl ether
into a solution of (C53H3sN,0)TCl™ in CH,CL/CH;0OH. A needle of ap-
proximate dimensions 0.17x0.17 x0.51 mm® was chosen for data acquisi-
tion. Data were collected at —90°C on a Siemens P4 diffractometer
equipped with a Nicolet LT-2 low-temperature device and with a graphite
monochromator with Moy, radiation (1=0.71073 A). Details of crystal
data, data collection, and structure refinement are listed in Table 1. Four
reflections (3,1,0; 2,1,3; 3,0,3) were remeasured every 97 reflections to
monitor instrument and crystal stability. A smoothed curve of the intensi-
ties of these checked reflections was used to scale the data. The scaling
factor ranged from 0.9758 to 1.008. The data were corrected for Lp ef-
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fects but not for absorption. Data reduction, decay correction, and struc-
ture solution and refinement were performed with the SHELXTL/PC
software package.”” The structure was solved by direct methods and re-
fined by full-matrix least-squares on F* with anisotropic displacement pa-
rameters for the non-H atoms. The hydrogen atoms on carbon (except
for C17) were calculated in idealized positions (C-H 0.96 A) with iso-
tropic displacement parameters set to 1.2x U, of the attached atom
(1.5x U, for methyl hydrogen atoms). The hydrogen atoms on C17 and
the nitrogen atoms were obtained from a AF map and refined with iso-
tropic displacement parameters. The function “w(|F,*~|F,|%)? in which
w=1/[(0(Fy))*+(0.0553P)*+(0.9462P)] and P=(|F,|*+2|F,.|*)/3, was
minimized. The data were corrected for secondary extinction effects. The
correction took the form F,,, =kF/[1+5.2(6)x 10~°x FA%/sin26]"%, in
which k is the overall scale factor. Neutral-atom-scattering factors and
values used to calculate the linear absorption coefficient were obtained
from the International Tables for X-ray Crystallography (1992).% Other
computer programs used are listed elsewhere.””) CCDC-640769 (6-HCI)
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallographic
Data Centre at http://www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgements

We acknowledge Dr. Fumito Tani at the Institute for Materials Chemis-
try and Engineering, Kyushu University for the help with ESI-MS meas-
urements. T.M. thanks the JSPS for a Research Fellowship for Young Sci-
entists. Support for this work was provided by the Shorai Foundation and
the U.S. National Institutes of Health (grant no. GM 58907 to J.L.S.).

[1] a) B. Dietrich, M. A. Hosseini in Supramolecular Chemistry of
Anions (Eds: A. Bianchi, K. Bowman-James, E. Gracia-Espaiia),
Wiley-VCH, New York, 1997, pp. 45-62; b) Fundamentals and Ap-
plications of Anion Separations (Eds.: R.P. Singh, B. A. Moyer),
Kluwer Academic/Plenum Publishers, New York, 2004; c) J. L. Sess-
ler, P. A. Gale, W.-S. Cho, Anion Receptor Chemistry, RSC, Cam-
bridge, 2006.

[2] a) M. W. Hosseini, A.J. Blacker, J.-M. Lehn, J. Am. Chem. Soc.

1990, 712, 3896-3904; b) F. P. Schmidtchen, M. Berger, Chem. Rev.

1997, 97, 1609-1646; c) P. D. Beer, Acc. Chem. Res. 1998, 31, 71-80;

d) P. D. Beer, P. A. Gale, Angew. Chem. 2001, 113, 502-532; Angew.

Chem. Int. Ed. 2001, 40, 486—-516; e¢) R. Martinez-Maiiez, F. Sance-

nén, Chem. Rev. 2003, 103, 4419-4476; f) V. Amendola, M. Boniz-

zoni, D. Esteban-Gomez, L. Fabbrizzi, M. Licchelli, F. Sancenon, A.

Taglietti, Coord. Chem. Rev. 2006, 250, 1451-1470; g) P. A. Gale,

Acc. Chem. Res. 2006, 39, 465-475; h) V. Amendola, D. Esteban-

Gomez, L. Fabbrizzi, M. Licchelli, Acc. Chem. Res. 2006, 39, 343 —

353.

a) P. A. Gale, J. L. Sessler, V. Krdl, V. Lynch, J. Am. Chem. Soc.

1996, 718, 5140-5141; b) P. A. Gale, J. L. Sessler, V. Krél, Chem.

Commun. 1998, 1-8.

a) J. L. Sessler, M. J. Cyr, V. Lynch, E. McGhee, J. A. Ibers, J. Am.

Chem. Soc. 1990, 112, 2810-2813; b) M. Shionoya, H. Furuta, V.

Lynch, A. Harriman, J. L. Sessler, J. Am. Chem. Soc. 1992, 114,

5714-5722; ¢) J. L. Sessler, J. Davis, Acc. Chem. Res. 2001, 34, 989—

997.

a) H. Furuta, T. Asano, T. Ogawa, J. Am. Chem. Soc. 1994, 116,

767-768; b) P.J. Chmielewski, L. Latos-Grazynski, K. Rachlewicz,

T. Gtowiak, Angew. Chem. 1994, 106, 805-808; Angew. Chem. Int.

Ed. Engl. 1994, 33, 779-781; c) T. Morimoto, S. Taniguchi, A.

Osuka, H. Furuta, Eur. J. Org. Chem. 2005, 3887—-3890.

[6] a)J.-C. Liu, T. Ishizuka, A. Osuka, H. Furuta, Chem. Commun.
2003, 1908-1909; b) H. Maeda, Y. Ishikawa, T. Matsuda, A. Osuka,
H. Furuta, J. Am. Chem. Soc. 2003, 125, 11822-11823; c) H.
Maeda, A. Osuka, H. Furuta, J. Inclusion Phenom. 2004, 49, 33-36;
d) H. Maeda, T. Morimoto, A. Osuka, H. Furuta, Chem. Asian J.
2006, 1, 832-844.

—
W
—_

[4

—_

[5

—

Chem. Asian J. 2008, 3, 592 -599





Dimerization of a meso-Unsubstituted N-Confused Porphyrin

[7] a) N. A. Chaniotakis, A. M. Chasser, M. E. Meyerhoff, J. T. Groves,
Anal. Chem. 1988, 60, 185-188; b) L. Groski, E. Malinowska, P. Par-
zuchowski, W. Zhang, M. E. Meyerhoff, Electroanalysis 2003, 15,
1229-1235.

[8] Y. Xie, T. Morimoto, H. Furuta, Angew. Chem. 2006, 118, 7061
7064; Angew. Chem. Int. Ed. 2006, 45, 6907 -6910.

[9] a) H. Furuta, T. Ishizuka, A. Osuka, T. Ogawa, J. Am. Chem. Soc.
1999, 721, 2945-2946; b) H. Furuta, T. Ishizuka, A. Osuka, T.
Ogawa, J. Am. Chem. Soc. 2000, 122, 5748-5757; c) H. Furuta, T.
Ishizuka, A. Osuka, H. Dejima, H. Nakagawa, Y. Ishikawa, J. Am.
Chem. Soc. 2001, 123, 6207-6208.

[10] B.Y. Liu, C. Bruckner, D. Dolphin, Chem. Commun. 1996, 2141 -
2142.

[11] a) T. D. Lash, D. T. Richter, C. M. Shiner, J. Org. Chem. 1999, 64,
7973-7982; b) T. D. Lash, Synlett 1999, 279-295.

[12] J. L. Sessler, M. R. Johnson, V. Lynch, J. Org. Chem. 1987, 52, 4394 —
4397.

[13] J. H. Anderson, C.E. Loader, A. Foster, Can. J. Chem. 1980, 58,
2527-2530.

[14] The observation of a peak at 1681 cm™! in the FTIR spectrum of 6
(recorded in CCl,) is consistent with the proposed exocyclic C=O
group.

[15] I. Schmidt, P. J. Chmielewski, Tetrahedron Lett. 2001, 42, 6389-6392.

[16] M. Smith, J. March, Advanced Organic Chemistry: Reactions, Mech-
anism, and Structures, 5th ed., Wiley, New York, 2001, p. 20.

[17] See Supporting Information, Figure S1.

[18] H. Furuta, T. Ishizuka, A. Osuka, Y. Uwatoko, Y. Ishikawa, Angew.
Chem. 2001, 113, 2385-2387; Angew. Chem. Int. Ed. 2001, 40, 2323
2325.

CHEMISTRY

AN ASIAN JOURNAL

[19] a) C.-H. Hung, W.-C. Chen, G.-H. Lee, S.-M. Peng, Chem. Commun.
2002, 1516-1517; b) J. D. Harvey, C.J. Ziegler, Chem. Commun.
2002, 1942-1943; ¢) H. Furuta, T. Ishizuka, A. Osuka, J. Am. Chem.
Soc. 2002, 124, 5622-5623; d)J. D. Harvey, C.J. Ziegler, Chem.
Commun. 2003, 2890-2891; e) H. Furuta, T. Morimoto, A. Osuka,
Inorg. Chem. 2004, 43, 1618—1624; f) M. Toganoh, N. Harada, T.
Morimoto, H. Furuta, Chem. Eur. J. 2007, 13, 2257-2265; g) T. Mor-
imoto, H. Uno, H. Furuta, Angew. Chem. 2007, 119, 3746-3749;
Angew. Chem. Int. Ed. 2007, 46, 3672-3675.

[20] a) V. Krdl, H. Furuta, K. Shreder, V. Lynch, J. L. Sessler, J. Am.
Chem. Soc. 1996, 118, 1595-1607; b) J. L. Sessler, A. Andrievsky,
P. A. Gale, V. Lynch, Angew. Chem. 1996, 108, 2954-2957; Angew.
Chem. Int. Ed. Engl. 1996, 35, 2782-2785.

[21] The broad nature of the peak, compounded by problems associated
with the large (presumed) "F-'H splitting, made an assignment of
the outer NH proton difficult for 6-HF; it is tentatively assigned to
the signal at 0=9.59 ppm.

[22] E. A. Katayev, Y. A. Ustynyuk, J. L. Sessler, Coord. Chem. Rev.
2006, 250, 3004 -3037.

[23] G. M. Sheldrick, SHELXTL/PC (Version 5.03), Siemens Analytical
X-ray Instruments, Inc., Madison, WI (USA), 1994.

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

[25] S. M. Gadol, R. E. Davis, Organometallics 1982, 1, 1607-1613.

Received: April 15, 2007
Published online: January 25, 2008

Chem. Asian J. 2008, 3, 592 -599

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemasianj.org 599






FULL PAPERS

DOI: 10.1002/asia.200700242

Oligomeric Alkoxysilanes with Cagelike Hybrids as Cores: Designed
Precursors of Nanohybrid Materials

Hideki Kuge,™ Yoshiaki Hagiwara,'”! Atsushi Shimojima,*'“ % and

Abstract: Well-defined alkoxysilane
oligomers containing a cagelike carbo-
siloxane core were synthesized and
used as novel building blocks for the
formation of siloxane-based hybrid net-
works. These oligomers were synthe-
sized from the cagelike trimer derived
from bis(triethoxysilyl)methane by si-
lylation with mono-, di-, and triethoxy-
chlorosilanes ((EtO),Me;_,SiCl, n=1,
2, and 3). Hybrid xerogels were pre-
pared by hydrolysis and polycondensa-
tion of these oligomers under acidic
conditions. The structures of the prod-
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ucts varied depending on the number
of alkoxy groups (n). When n=2 and
3, microporous xerogels (BET surface
areas of 820 and 510 m*g ™", respective-
ly) were obtained, whereas a nonpo-
rous xerogel was obtained when n=1.
¥Si NMR spectroscopic analysis sug-
gested that partial rearrangement of
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the siloxane networks, which accompa-
nied the cleavage of the Si—O-Si link-
ages, occurred during the polyconden-
sation processes. By using an amphi-
philic triblock copolymer surfactant as
a structure-directing agent, hybrid thin
films with a 2D hexagonal mesostruc-
ture were obtained when n=2 and 3.
These results provide important insight
into the rational synthesis of molecular-
ly designed hybrid materials by sol-gel
chemistry.
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Introduction

Siloxane—organic hybrid materials prepared by sol-gel
chemistry have received both fundamental and practical in-
terest.l'! Significant progress has been made in tailoring the
structure and properties of the products by the molecular
design of alkoxysilane precursors.* Furthermore, in recent
years, the surfactant-directed self-assembly process has been
developed as a tool for producing various hybrid mesostruc-
tures (lamellar, hexagonal, cubic, etc.).**! However, precise
control over local structures and the molecular homogeneity
of sol-gel-derived hybrid solids is still difficult. This is an im-
portant issue particularly in multicomponent systems with
more than two types of monomers because of the difference
in the reaction rates caused by inductive and/or steric ef-
fects.®! In this context, a promising approach should be the
use of predesigned oligomeric alkoxysilanes as molecular
building blocks.

Among the various types of oligomeric species, those with
cagelike structures are important because of their rigid and
symmetrical frameworks. Silsesquioxane cages ((RSiO;s),,
R =H or organic groups) can be obtained by controlled hy-
drolysis and polycondensation of trifunctional organosilanes
(RSiCl; or RSi(OR"),).*¥ 1t is also known that cagelike olig-
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omers such as SigO0,5"", SigO,,"", and Si;(O,5!°~ are formed in
alkaline silicate solutions containing quaternary ammonium
cations.”’] Such cagelike species serve not only as “building
blocks” for the synthesis of silica-based materials, but also
as “cores” for the design of even larger building blocks." !
Silylation of the cage corners is a well-established method
for producing larger siloxane species.”) However, most of
the products reported so far have been derivatized with or-
ganosilyl (R;Si) groups, which cannot be employed in the
sol-gel process. To overcome this limitation, we recently
succeeded in the synthesis of alkoxysilylated derivatives of
cubic octameric silicates (double-four-ring silicates) by silyl-
ation with a series of alkoxychlorosilanes ((EtO),Me;_,SiCl,
n=1,2,3).

Organoalkoxysilanes  containing  organic  spacers,
(R'0);Si-R-Si(OR’);, are widely used to produce unique
hybrids in which organic groups are integrated into their
frameworks. Extensive studies have been carried out on xe-
rogels!™ ¥ and mesostructured solids.'”?! However, such
materials are generally formed by random cross-linking of
monomers, which involves the formation of linear and cyclic
oligomers at the initial stages;?" therefore, the design of
well-defined oligomeric units is of great importance. We re-
ported the synthesis of cagelike trimers by hydrolysis and
polycondensation of bis(triethoxysilyl)methane ((EtO);Si—
CH,-Si(OEt);, BTESM) in the presence of tetramethylam-
monium (TMA) hydroxide.”” One of the isomers
(Scheme 1) was selectively formed under certain conditions.
It is analogous to double-three-ring silicates (SigO;5%"),
except that the bridging oxygen atoms are partially replaced
by methylene groups. The presence of Si-O~ (or Si-OH)
sites at the cage corners allows further chemical modifica-
tions, thus making it a good candidate as building blocks or
scaffolds for the potential synthesis of a new class of hybrid
materials.
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Scheme 1. Design of hybrid materials by using alkoxysilylated derivatives
of cagelike oligomers derived from bis(triethoxysilyl)methane (BTESM).

Herein, we report the molecular design of mono-, di-, and
trialkoxysilylated derivatives of the cagelike trimer derived
from BTESM (1, 2, and 3 in Scheme 1) by silylation with
corresponding alkoxychlorosilanes ((EtO),Me;_,SiCl, n=1,
2, 3). To understand the chemistry of these oligomeric spe-
cies, their hydrolysis and polycondensation behavior under
acidic conditions as well as the structure and porosity of the
resulting xerogels were studied in detail. Furthermore, mes-
ostructured thin films were prepared by using a poly(oxyeth-
ylene)—poly(oxypropylene)—poly(oxyethylene) (PEO-PPO-
PEO)-type amphiphilic triblock copolymer (EO,,PO;EOQO,,)
as a structure-directing agent, which represents a promising
approach to hierarchically ordered hybrid materials.

Results and Discussion
Characterization of 1, 2, and 3

As we reported previously,”” the cagelike trimer derived
from BTESM consists of two inequivalent Si sites. In its
#Si NMR spectrum, two signals (—56.0 and —59.1 ppm) cor-
responding to the T? units®® appear with the intensity ratio
1:2. Figure 1 A shows the liquid-state *Si NMR spectra of 1,
2, and 3 synthesized by alkoxysilylation of this cagelike
trimer. The spectrum of 1 shows mainly four signals (Fig-
ure 1 A, spectrum a). Two close signals at —11.0 and
—11.3 ppm correspond to the D! units,” and the other two
signals at —61.9 and —65.7 ppm correspond to the T? units.
Oligomers 2 and 3 exhibit T' (—50.3 ppm with a shoulder)
and Q! signals (—88.7, —88.8 ppm),® respectively, in addi-
tion to the T° signals. The absence of T? signals in all the
spectra suggests the complete silylation of the cagelike
trimer, although the appearance of small, unidentified sig-
nals indicates the presence of other species. Also, the reten-
tion of the ethoxy groups without hydrolysis was confirmed
by “CNMR spectra (data not shown), which showed the
signals of Si-OCH,CHj; (at around 18 and 59 ppm).
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Figure 1. A) Liquid-state *’Si NMR spectra of a) 1, b) 2, and c) 3 in CDCl,. B) Liquid-state *’Si NMR spectra of solutions of a) 1, b) 2, and c) 3 after 1 h
of reaction. C) Solid-state *Si MAS NMR spectra of the xerogels a) 1G, b) 2G, and ¢) 3G.

Hydrolysis and Polycondensation Processes

Hydrolysis and polycondensation of 1, 2, and 3 were per-
formed under acidic conditions to minimize the decomposi-
tion of the oligomers by hydrolysis of Si-O-Si bonds, which
occurs much faster under basic conditions.”) We studied the
reaction processes by liquid-state 2?Si NMR. To monitor the
initial stage of the reactions, the HCI/Si molar ratio was de-
creased to 1/10 of that employed in the xerogel syntheses.
Figure 1B shows the *Si NMR spectra of the solutions after
1h of reaction. Several signals indicative of hydrolysis and
condensation of terminal Si-OEt groups were observed
along with the T® signal of the cagelike cores. In the case of
1 (Figure 1B, spectrum a), a small signal slightly upfield of
that of the D' unit can be assigned to the DI(IOH) unit, and
the signals at around —20 ppm can be assigned to the D’
units.” The spectrum for 2 (Figure 1B, spectrum b) shows
broad signals at —48 and —46 ppm, which were assigned to
the T'(1on) and T' o, units,” respectively, and a broad T”
signal at around —58 ppm. In Figure 1B, spectrum c, the sig-
nals due to the hydrolyzed Si(OEt); groups of 3 (Q'zomy.
Ql(zoﬂ), and Ql(loﬂ) units) were observed at around —82,
—84, and —86 ppm, respectively, together with the Q? sig-
nals.[! Further reaction led to ill-resolved spectra, which is
attributed to the formation of polymerized species (see Sup-
porting Information).

We note here that the intramolecular condensation be-
tween adjacent terminal silyl groups is sterically hindered,
similar to the case of the alkoxysilylated derivatives of cubic
octameric silicate.'® Therefore, the appearance of the D?,
T2, and Q7 signals in the hydrolyzed solutions of 1, 2, and 3
(Figure 1B), respectively, suggest that the intermolecular
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condensation proceeded after hydrolysis of the Si-OEt
groups. The considerably broad T° signals of the cagelike
cores should be attributed to the various environments of
the terminal silyl groups bonded to the cores. Notably, the
signals due to the D° T°, and Q° units did not appear during
the reaction. This suggests that the cleavage of the Si—-O-Si
linkages between the terminal silyl groups and the cores are
very slow relative to hydrolysis and polycondensation of the
terminal Si—-OEt groups. Thus, we confirmed that the origi-
nal siloxane frameworks of 1, 2, and 3 are retained at the in-
itial stage of the reactions.

The slow rate of hydrolysis of Si-O-Si bonds under our
experimental conditions was actually confirmed by using the
trimethylsilylated derivative,?? in which inert Si—-CH, groups
were substituted for the hydrolyzable Si-OEt groups of 1-3.
When this molecule was treated for 1 day under conditions
similar to those for the synthesis of 3G, new signals due
to the T? (at around —53 and —57 ppm), M° (13.2 ppm), and
M' (7.3 ppm) units appeared in the *Si NMR spectrum (see
Supporting Information). The M® and M’ signals can be as-
signed to Me;SiOH and Me,Si-O-SiMe;, respectively,”
which suggests that the cleavage of the Si—-O-Si bonds link-
ing the core and the terminal trimethylsilyl groups proceed-
ed. However, the degree of cleavage was only about 20% as
estimated from the relative-intensity ratios.

Hydrolysis and polycondensation of 1, 2, and 3 led to ge-
lation within 1 day. This behavior is different from that ob-
served for mixtures of monomeric alkoxysilanes (i.e., di-
methyldiethoxysilane (DMDES)-, methyltriethoxysilane
(MTES)-, and tetraethoxysilane (TEOS)-BTESM mix-
tures),” which did not form gels even after 1 day of reac-
tion. The faster gelation of the oligomeric precursors should
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be due to their larger molecular size, which allows efficient
growth of the siloxane networks. Although transparent gels
were obtained from 2 and 3, an opaque gel was formed
from 1. This may be due to the microphase separation be-
tween rather hydrophobic polymers formed from dimethyl-
silyl-terminated oligomers and the water-based hydrophilic
phase. In fact, the scanning electron microscopy (SEM)
image of 1G (data not shown) revealed the presence of
large spherical voids possibly formed by phase separation.

Characterization of the Xerogels

The xerogels 1G, 2G, and 3G were characterized by solid-
state ’Si magic-angle spinning (MAS) NMR to obtain infor-
mation on the siloxane networks. The spectrum of 1G (Fig-
ure 1C, spectrum a) shows mainly a D? signal (—19 ppm)
and two T° signals (—61 and —64 ppm). The signal due to
the SiMe,(OEt) groups (D' unit, at —12 ppm) is very small,
which suggests that almost all the silyl groups at the cage
corners are linked together by siloxane bonds. The appear-
ance of another T? signal at 70 ppm is probably due to the
partial rearrangement of the siloxane networks. In the case
of 2G, only T* and T signals (—56 and —64 ppm, respective-
ly) were observed (Figure 1C, spectrum b). The absence of a
T signal confirmed that all the terminal SiMe(OEt), groups
of 2 were hydrolyzed and polycondensed to form at least
one siloxane bond. However, more detailed analysis of this
spectrum could not be performed because of the overlap-
ping of the signals of the cagelike cores and the terminal
silyl groups. The spectrum of 3G shows Q% Q° and Q* sig-
nals (=92, —100, and —108 ppm, respectively) along with
the T? and T° signals (Figure 1C, spectrum c). The presence
of the T? units clearly confirms that the Si-O-Si linkages
were partially cleaved during polycondensation. However,
deconvolution of the signals to estimate the degree of cleav-
age was unsuccessful because the T° signal of the core ap-
pears close to the T? region (—55 to —60 ppm).

The difference in the number of alkoxy groups, that is, the
difference in the degree of cross-linking between the cage-
like cores, resulted in different properties for the xerogels.
The thermogravimetry differential thermal analysis (TG-
DTA) curves for 2G and 3G display endothermic peaks ac-
companied by an approximately 15% mass loss below
100°C (Figure 2), which can be due to the loss of adsorbed
water molecules. In contrast, no such peak was observed for
1G, which suggests that the xerogel has a relatively hydro-
phobic network. In fact, in the IR spectra of these xerogels
(see Supporting Information), strong bands due to H,O (at
3100-3600 and 1600 cm’l) were observed for 2G and 3G,
whereas 1G exhibited much weaker bands in these regions.
At higher temperature, large exothermic peaks with weight
losses indicative of combustion of organic moieties (methyl
and/or methylene groups) were observed at about 420, 560,
and 600°C for 1G, 2G, and 3G, respectively. The gradual
mass losses starting from 200°C observed for both 2G and
3G suggest that a part of the organic moieties were com-
busted. Interestingly, the thermal stabilities of 2G and 3G
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Figure 2. TG-DTA curves for the xerogels a)1G, b)2G, and c)3G.
endo. =endothermic, exo. = exothermic.

are higher than those of the xerogels derived from the
MTES-BTESM and TEOS-BTESM mixtures,” which
showed exothermic peaks at about 510 and 550°C, respec-
tively (see Supporting Information). This should be due to
the difference in the local structure of the hybrid xerogels,
although the detailed behavior is still under investigation.
The number of alkoxy groups in the oligomers also affect-
ed the porosity of the resulting xerogels. Figure 3 shows the
nitrogen-adsorption isotherms of 1G, 2G, and 3G. The iso-
therms of 2G and 3G display the type I curve, which sug-
gests that they are microporous. The Brunauer-Emmett—
Teller (BET) surface areas of 2G and 3G were calculated to
be 820 and 510 m*g !, respectively. These samples have an
average pore diameter of 0.6 nm, which can be calculated
either by the Saito-Foley (SF) method or by the Barrett—
Joyner—Halenda (BJH) method. In contrast, 1G exhibits a
very low BET surface area (<10 m*g™"). Despite this differ-
ence in porosity, no difference in the microstructures was

V,io/ cmig~1(STP)

0 :
00 02 04 06 08 10
PIP,

Figure 3. Nitrogen-adsorption isotherms of a) 1G, b) 2G, and ¢) 3G.
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observed by TEM (see Supporting Information for the
images of 1G and 3G).

The nonporous nature of 1G is probably due to its rela-
tively flexible networks, which form only one siloxane bond
at each corner of the cagelike unit, thus causing large
shrinkage of the networks during the drying process. Inter-
estingly, highly porous xerogels were obtained from 3, which
is in contrast to our previous finding that a triethoxysilylated
derivative of cubic octameric silicate had a very low BET
surface area. This difference is possibly associated with the
deterioration of 3 during hydrolysis and polycondensation,
as evidenced by ?Si MAS NMR.

Preparation of Mesostructured Films

Mesoscale self-assembly of oligomers 1, 2, and 3 by using a
surfactant as the structure-directing agent was performed to
construct hybrid materials with structural hierarchy. Al-
though various mesostructured hybrids have been synthe-
sized starting from monomeric alkoxysilanes including
BTESM,? ! there have been only a few reports on the use
of well-defined oligomeric species.'***?) We used amphi-
philic triblock copolymer P123 because it appeared to be
large enough to direct the self-assembly of the oligomeric
species consisting of 12 Si atoms.

Figure 4 shows the XRD patterns of the thin films (1F,
2F, and 3F) prepared by hydrolysis and polycondensation of
1, 2, and 3 in the presence of P123. Although 1F is non-or-
dered, 2F and 3F exhibit sharp diffraction peaks (d=9.40
and 9.17 nm, respectively) accompanied by second-order re-
flections. The periodic structures were retained even after
calcination (d=5.60 and 6.77 nm), and the TEM images of
3F after calcination (Figure 5) display either honeycomb or
striped patterns, thus confirming the 2D hexagonal meso-
structure of the film. The two XRD peaks were therefore in-
dexed as the (10) and (20) reflections of the 2D hexagonal
structure. The absence of a (11) peak suggests that the mes-
ochannels are oriented parallel to the substrate surface.”)

& a)
9.40 nm
e X100 b)
\\_Jiﬁonm c)
/ 9.17 nm
l\ x100 d)
6.77 nm
o~ X100 e)
s Lo o 1 Do ]
1 2 3 4 5
20/° (Fek,)

Figure 4. XRD patterns of a)1F, b)2F, c)calcined 2F, d)3F, and
e) calcined 3F.
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Figure 5. Typical TEM images of calcined 3F showing the honeycomb
(left) and striped (right) patterns.

The TEM images of the calcined 2F also showed the pres-
ence of mesopores (see Supporting Information). However,
the structure is less ordered relative to 3F, which should be
due to the thermally less stable network of 2F, as expected
from the significant decrease in the intensity of the XRD
peak upon calcination.

FTIR analysis suggests that surfactants in the films were
mostly removed by calcination while maintaining the Si-
CH,-Si linkage. Figure 6a and b show the IR spectra of 3F
before and after calcination, re-
spectively. The spectrum of 3G
(Figure 6¢) is also shown for
comparison. Before calcination,
four absorption peaks due to
C—H stretching modes were ob-
served in the range 2850-
3000 cm . The peaks at 2900
and 2970 cm ! were assigned to
the CH; groups of P123, and
the other peaks at about 2850
and 2925 cm ™! were assigned to
the CH, groups of both P123
and the cagelike cores. After
calcination, the CH; peaks sig-
nificantly decreased and
became smaller than the CH,
peaks, which suggests that most
of the surfactant was removed.
We also note that the band at about 700 cm™', which is
likely to be associated with the Si~CH,-Si linkages, was still
observed after calcination (data not shown). The removal of
the surfactant by calcination was supported by the nitrogen-
adsorption measurements. The isotherm for 3F after calcina-
tion shows a type IV curve typical of mesoporous silica (see
Supporting Information).

It is generally recognized that the interactions (mainly hy-
drogen-bonding) between siloxane species and PEO blocks
are essential for the formation of hybrid mesostructures
when PEO-based surfactants are used.’ In the present sys-
tems, the lack of structural order in 1F should be due to a
relatively weak interaction of hydrolyzed 1 with PEO blocks
of the surfactant (P123). This is reasonable because of the
smaller number of Si-OH groups and the relatively hydro-
phobic nature of 1, which has 12 terminal methyl groups. A

a)

c)

Transmittance

rrrrrrrrrrrrrrrrrrrq?rrrrrrrr]‘
3100 3000 2900 2800
viem™!

Figure 6. FTIR spectra (C—H
stretching region) of a)3F,
b) calcined 3F, and ¢) 3G.
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similar result was obtained in our recent study with a mono-
ethoxysilylated derivative of cubic octameric silicate as pre-
cursors.' It is therefore concluded that geminal silanol
groups (Si(OH),) at the cage corners are necessary for the
building blocks to interact fully with PEO blocks to form
mesostructures.

Mesoporous hybrid films are potentially useful as low-k
dielectrics and low-refractive-index materials.* Besides the
mesoporosity generated by surfactant templates, it is impor-
tant to control the compositions and local structure of the
hybrid networks. The incorporation of methyl and methyl-
ene groups in the networks contributes to an increase in hy-
drophobicity and a decrease in dielectric constant relative to
pure silica mesoporous films.”*** The use of well-defined
building blocks may lead to fine-tuning of the physical prop-
erties of the hybrid films, and further characterization of
these films in this regard is underway.

Conclusions

We have demonstrated the formation of siloxane-based
hybrid materials by using three new types of molecular
building blocks in which mono-, di-, and trialkoxysilyl
groups are attached to the cagelike hybrid core. Detailed
analysis of the hydrolysis and polycondensation processes of
these oligomers suggested that novel hybrid xerogels con-
taining cagelike units have been prepared, although partial
cleavage of Si-O-Si linkages occurred during the synthesis.
The tuning of the structure and properties of the xerogels
was accomplished by varying the number of alkoxy groups.
Furthermore, we have succeeded in the synthesis of meso-
structured hybrid films by using a triblock copolymer surfac-
tant as a structure-directing agent. These results provide im-
portant insight into the precise design of hybrid materials at
scales of various orders of magnitude.

Experimental Section

Synthesis of Precursors (1, 2, and 3)

The synthesis of the cagelike trimers from BTESM was performed ac-
cording to our previous report.” Starting from a mixture with a
BTESM/ethanol/H,O/TMAOH molar ratio of 1:20:20:3, the cagelike
trimer shown in Scheme 1 was formed almost quantitatively. Mono-, di-,
and triethoxychlorosilanes  ((EtO)Me,SiCl, (EtO),MeSiCl, and
(EtO);SiCl) containing Me,Si(OEt), (~10%), MeSi(OEt); (~30%),
and Si(OEt), (~50%), respectively,'*! were used as the silylating agents.
Typically, 5 mL of the mixture containing the cagelike trimers was added
to a mixture of an excess of the silylating agent (0.61 mol), THF (100-
150 mL), and pyridine (32 mL). After stirring for 30 min, volatile compo-
nents were removed in vacuo to yield white solids containing the silylated
derivatives, TMACI, and pyridine hydrochloride. Extraction with hexane
(50 mL) followed by removal of the solvent in vacuo afforded a viscous
liquid. The alkoxysilylated derivatives (1, 2, and 3) were finally isolated
by gel-permeation chromatography (GPC) as clear, colorless liquids
(yields: ~45 % based on BTESM).

1: 'H NMR (500 MHz, CDCIL,): 0.04, 0.11, 0.14, 0.24, 0.27, 1.21, 3.76 ppm
(some signals may have overlapped with the large signal of methyl pro-
tons); "CNMR (125.7 MHz, CDCL,): 6=-1.2, —1.0, 0.2, 0.7, 1.0, 18.4,

Chem. Asian J. 2008, 3, 600 -606

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

58.0ppm; PSiNMR (99.3MHz, CDCl): -11.0, -11.3, —61.9,
—65.7 ppm; MS (FAB): m/z caled for C,;H;,,0.Si;,: 1020.1 [M+H]*;
found: 1021.0.

2: '"HNMR (500 MHz, CDCl;): §=-0.14, —0.01, 0.11, 0.16, 0.19, 1.07,
3.67 ppm (some signals may have overlapped with the large signal of
methyl protons); "CNMR (125.7 MHz, CDCl;): d=-5.6, —0.9, 18.2,
583 ppm; PSiNMR (993 MHz, CDCL): -503, -50.3, -62.2,
—65.7 ppm; MS (FAB): m/z caled for Cy;3HgO,,Sip,: 12002 [M+H]*;
found: 1201.2.

3: 'THNMR (500 MHz, CDClL): 6=-0.25, 0.21, 0.23, 1.24, 3.84 ppm;
C NMR (125.7 MHz, CDCLy): 6=-1.0, —0.2, 18.1, 59.3 ppm; *Si NMR
(99.3 MHz, CDCl): 6 =-61.9, —65.7, —88.7, —88.8 ppm; MS (FAB): m/z
caled for CyHys04Siy,: 1380.3 [M +H]*; found: 1381.2.

Synthesis of Hybrid Xerogels

Hybrid xerogels 1G, 2G, and 3G were prepared by hydrolysis and poly-
condensation of 1, 2, and 3, respectively, in mixtures of THF, H,O, and
HCI. The molar ratios were 1/ethanol/H,O/HCl=1:36:6:0.06, 2/ethanol/
H,0/HC1=1:36:12:0.06, and 3/ethanol/H,0/HCl=1:36:18:0.06; the H,O/
OEt ratios were adjusted to 1. The mixtures were stirred at room temper-
ature for 1 h and then allowed to stand for 1 day, during which gelation
occurred in the closed vessels. The solvents were evaporated under re-
duced pressure to produce xerogels, which were pulverized before char-
acterization.

Synthesis of Mesostructured Hybrid Films

Mesostructured thin films 1F, 2F, and 3F were prepared from 1, 2, and 3,
respectively, by reaction in the presence of amphiphilic triblock copoly-
mer surfactant EO,,PO,,EO,, (Sigma—-Aldrich). The oligomers were pre-
hydrolyzed by stirring in a mixture of ethanol, H,O, and HCI at room
temperature for 2 h, and then a solution of P123 in ethanol was added.
The final molar ratio of the mixture was 1 (or 2 or 3)/ethanol/H,O/HCl/
P123=1.0:456:99.6:0.50:0.12. These precursor solutions were spin-coated
on glass substrates and air-dried at room temperature for 2 days. The
films 2F and 3F were further calcined in air at 593 K for 4 h (heating
rate 2 Kmin™') to remove the surfactant.

Characterization

Liquid-state *’Si NMR spectra were obtained on a JEOL Lambda-500
spectrometer with resonance frequencies of 99.25 MHz. The sample solu-
tions were put in 5-mm glass tubes, tetramethylsilane (TMS) was added
as an internal reference, and CDCl; or [Dglethanol was used to obtain
lock signals. A small amount of Cr(acac); (acac=acetylacetonate) was
also added as a relaxation agent for *Si nuclei. XRD patterns were re-
corded on a Mac Science MO3XHF22 diffractometer with Mn-filtered
Fey, radiation. TEM images were obtained on a JEOL JEM-2010 micro-
scope operating at 200 kV. To prepare the TEM samples, the xerogels or
mesostructured films scraped off from the substrate were ground with a
mortar and pestle and dispersed in ethanol. A carbon-coated TEM grid
was dipped in the dispersion and, after withdrawal, was dried in air.
Solid-state Si MAS NMR spectroscopy was performed on a JEOL
JNM-CMX-400 spectrometer at a resonance frequency of 79.42 MHz,
with a pulse width of 45° and a recycle delay of 100 s. Positive FAB mass
spectra were obtained by using a JEOL JMS-SX-102A mass spectrome-
ter. FTIR spectra of the products in KBr pellets were obtained on a
Perkin—Elmer Spectrum One spectrometer with a nominal resolution of
0.5 cm ™. Nitrogen-adsorption measurements were performed by an Au-
tosorb-1 instrument (Quantachrome Instruments, Inc.) at 77 K. Samples
were preheated at 120°C for 3 h under about 1.3 Pa pressure. TG-DTA
was carried out with a RIGAKU TG8120 instrument under a dry air

flow at a heating rate of 10 Kmin~'.
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Abstract:  The  sulfurization  of
DmpGeH; (Dmp =2,6-dimesitylphen-
yl) afforded the trinuclear germanium
sulfide [DmpGe(p-S)],(p-S),Ge(SH)-
Dmp and a series of polythiadigerma-
bicyclo[x.1.1]alkanes (x=3, 4, 5). The
reduction of the S—S bonds of these
germabicycloalkanes by NaBH, at 0°C
afforded the dinuclear mercaptoger-
mane syn-[DmpGe(SH)(p-S),Ge(SH)-
Dmp] (5) in good yield. The reaction
of [Pd(dppe)Cl,] (dppe=1,2-bis(di-
phenylphosphanyl)ethane) and the di-

Ge,PdS,

gave  another

sulfides -

Introduction

Metal chalcogenides have been investigated owing to their
diverse structures,!! their versatile reactivities in relation to
metalloenzymes,” and their properties, which are applicable
to contemporary electronic devices.’! Whereas transition-
metal sulfides are ubiquitous, those of heavy Group 14 ele-
ments such as Si, Ge, and Sn are less common.’! We have
been interested in germanium polysulfides owing to their
applicability as precursors of novel heteropolynuclear sul-
fide complexes composed of germanium and various transi-
tion metals. An important aspect of these complexes is the
cooperation of Ge and Ru toward the reactions of sulfide
bridges, as indicated in our recent study on a series of S/S-
and S/O-bridged heterodinuclear Ge-Ru complexes.'”! The
germanium sources for these dinuclear complexes were

lithium salt of § prepared in situ by the
addition of nBuLi (2 equiv) gave the
[DmpGe(p-S)L[(n-
S),Pd(dppe)], in which the dithiadiger-
metanedithiolate is bound to the Pd
atom at the two thiolato sulfur atoms.
The same reaction with [Pd(PPhs;),Cl,]

cluster
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[DmpGe(u-S)L,[(1-S),Pd(PPhs)],  but
with the dithiadigermetanedithiolate
and the Pd center conjoined through a
u-S atom between the two germanium
atoms in addition to the two thiolato
sulfur atoms to form a highly distorted
cluster core. The formation of two dif-

Ge,PdS, cluster, ferent types of Ge,PdS, clusters repre-
sents the usefulness of 5 in the synthe-
metal sis of various polynuclear complexes

composed of germanium and transition
metals.

Dmp(Dep)Ge(SH), and Dmp(Dep)Ge(SH)(OH), respec-
tively; both were derived from the germapolysulfides Dmp-
(Dep)GeS, (x=4, 6; Dmp=2,6-dimesitylphenyl, Dep=2,6-
diethylphenyl) in a few steps.'®"! As an extension of our
studies, we turned to polythiadigermabicyclo[k.l.m]alkanes
as possible precursors of mercaptogermanes. Ando and co-
workers reported that the sulfurization of Tsi-substituted tri-
hydrogermanes and trihydrosilanes (Tsi=C(SiMe;);) gave a
series of polythiadigermabicycloalkanes and the silicon ana-
logues, respectively.! Tin analogues bearing bulky m-ter-
phenyl ligands were also reported by Saito et al.”’}

Herein we report the synthesis of 2,4-dimercapto-1,3,2,4-
dithiadigermetane syn-[DmpGe(SH)(u-S),Ge(SH)Dmp] as
a new entry to mercaptogermanes, as well as its application
to the synthesis of heteronuclear Ge,PdS, clusters.'”! The
precursors of the mercaptogermane are a series of
polythiadigermabicyclo[x.1.1]alkanes (x=3-5), which were
obtained by sulfurization of the trihydrogermane
DmpGeH;. The Ge,PdS, clusters obtained from the reac-
tions of the mercaptogermane and [Pd(dppe)Cl,] or [Pd-
(PPh;),CL,] (dppe =1,2-bis(diphenylphosphanyl)ethane) dis-
play various binding modes.
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Results and Discussion

Sulfurization of DmpGeHj;: Synthesis of
Polythiadigermabicyclo[ k.. m]alkanes

The Dmp-substituted trichlorogermane DmpGeCl; was pre-
pared by the reaction of GeCl, and DmpLi." Addition of
HMPA (hexamethylphosphoramide) was required to obtain
DmpGeCl; in sufficient yield. Subsequent reduction of
DmpGeCl; by LiAlIH, proceeded readily in THF to afford
the trihydrogermane DmpGeH; in 89 % yield.

According to the reported sulfurization method of hydro-
germanes, DmpGeH; was sulfurized in melted elemental
sulfur at 200°C (Scheme 1).**! Complete consumption of

Dmp
Gle Sx
STUNS / \
Sg (excess) | SH + GerauG
PP 007G 1 n o PRSI0 Dmg g’ Dm
' Dmp \s \Dmp P S P
2: x=3(15%)
Drp= Q 7 1(9%) 3 x = 4 (33%)
® 4:x=5(11%)

Scheme 1. Sulfurization reaction of DmpGeHs.

the trihydrogermane within 1 h was confirmed by thin-layer
chromatographic analysis. After removal of excess elemental
sulfur, separation on gel-permeated chromatography (GPC)
gave two fractions. One, which shows a shorter GPC reten-
tion time, was identified as [DmpGe(p-S)],(u-
S),Ge(SH)Dmp (1) by X-ray structural analysis (Figure 1).
The GPC fraction with the longer retention time was further
separated carefully on silica-gel column chromatography to
isolate  three  digermapolysulfides, Dmp,Ge,Ss (2),
Dmp,Ge,Ss (3), and Dmp,Ge,S; (4), in 11, 33, and 15%
yield, respectively.””! These were formulated on the basis of
elemental analysis and according to the GPC retention time.
X-ray crystallographic analysis elucidated the molecular
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Figure 1. Molecular structure of 1 with thermal ellipsoids shown at the
40 % probability level. All hydrogen atoms are excluded for clarity.

structures of 2 and 3 as 2,34,6,7-pentathia-1,5-
digermabicyclo[3.1.1]heptane and 2,3,4,5,7,8-hexathia-1,6-
digermabicyclo[4.1.1]octane, respectively (Figures?2 and 3).
Unfortunately, single crystals of 4 were not obtained due to
the gradual degradation of 4 into 2, 3, and elemental sulfur
during crystallization. Although several structures for 4 are
possible on the basis of the formula Dmp,Ge,S,, the facile
degradation of 4 into 2 and 3 suggests that 4, like 2 and 3,
contains a Ge(p-S),Ge portion, because in the case of Tsi-
substituted polythiadigermabicyclo[k.l.m]alkanes, conversion
from the p-S, compound into the p-S requires UV irradia-
tion in the presence of PPh,."! Thus, the structure of 4 is ten-
tatively attributed as 2,3,4,5,6,8,9-heptathia-1,7-
digermabicyclo[5.1.1]nonane, DmpGe(p-S),(p-Ss)GeDmp.

Molecular Structures of 1, 2, and 3

Single crystals of 1, 2, and 3 suitable for X-ray structural
analysis were grown from chloroform/ethanol (Table 1). The
trinuclear germanium compound 1 crystallized in the mono-
clinic P2,/n space group. The cluster core is composed of
three DmpGe portions and four p-sulfides, each of which
connects the two germanium atoms. The Ge(SH)(Dmp) por-
tion is disordered over two positions in a 0.85:0.15 ratio.
Only the main component is shown in Figure 1. The
Ge(1)S(1)Ge(2)S(2) quadrangle is folded with a dihedral
angle of 143.4° along the S—S axis. A notable feature of 1 is
the terminal hydrosulfide bonded to Ge(3). The bulky Dmp
groups surround the hydrosulfide to prevent further sulfide-
bridge formation.

The molecular structure of 2,3,4,6,7-pentathia-1,5-
digermabicyclo[3.1.1]heptane (2) is shown in Figure 2. It has
one trisulfide and two monosulfide bridges between the two
DmpGe portions. It crystallizes in the C2/c space group, and
a crystallographic twofold axis passes through the midpoint

Chem. Asian J. 2008, 3, 607 -613
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Table 1. Crystallographic data and structure-refinement parameters for 1, 2, 3, 5, 6, and 7.
Compound 1-CHCl, 2-CHCl, 3 5 6 7
Formula C,;H,ClGesSs C,H5,Cl,Ge,S C,sHs5,Ge,S¢ C,Hs,Ge,S, C,,H,,Ge,P,PdS CyHysGe,PPdS,
M, 1437.83 1052.79 964.46 902.36 1405.17 1269.03
Crystal system monoclinic monoclinic orthorhombic monoclinic monoclinic monoclinic
Space group P2,/n (#14) C2/c (#15) Pna2, (#33) P2,/n (#14) P2,/n (#14) P2,/n (#14)
a[A] 14.328(3) 19.088(4) 17.619(6) 13.1862(13) 14.2902(18) 12.9346(3)
b [A] 20.651(4) 13.326(2) 14.447(7) 14.4540(14) 21.400(3) 33.9563(9)
c[A] 24.153(5) 19.549(4) 18.593(6) 24.586(3) 22.008(3) 14.0377(5)
A 1°] 106.963(2) 96.013(3) 102.0119(14) 95.351(3) 107.1848(14)
Vv [AY] 6935(2) 4945.2(16) 4733(2) 4583.3(8) 6701.1(15) 5890.3(3)
V4 4 4 4 4 4 4
Deyeq [gem ™) 1.377 1.414 1.354 1.308 1.393 1.431
u [em™] 15.980 16.208 15.658 15.241 13.705 15.247
Foy 2964 2164 1992 1872 2888 2600
20max [°] 55.0 54.9 55.0 55.0 55.0 55.0
Collected reflections 52906 28441 51486 35528 75323 39906
Independent reflections (R;,) 15482 (0.032) 5639 (0.021) 10672 (0.126) 10287 (0.021) 15343 (0.106) 12693 (0.022)

No. of parameters 803 333
R1E 0.0796 0.0421
wR2M! 0.1801 0.0952
GOF on F 0.951 1.056

556 537 822 732
0.0640 0.0342 0.0507 0.0923
0.1764 0.0693 0.1447 0.2405
0.906 1.018 0.848 1.147

[a] RL=S||Fy| | F.||/S| Fy| (I>20(1)). [b] wR2=[(Sw(|Fy|—|F)/SwF)]" (all data). [c] GOF = [Sw(|Fy|—|F.)(N,—N,)]" (N, =number of observa-

tions, N,=number of variables).

Figure 2. Molecular structure of 2 with thermal ellipsoids shown at the
30% probability level. All hydrogen atoms are excluded for clarity.

of Ge(1)—Ge(1)*. Whereas the Dmp groups and the germa-
nium atoms bonded to them are tidily packed in the crystal,
the three sulfide bridges are disordered over two positions
in a 1:1 ratio, respectively, one of which is depicted in
Figure 2. The structures of 2 and the tin analogue reported
by Saito etal. are very much alike.”) The six-membered
rings defined by Ge(1)—S(1)—Ge(1)*—S(4)—S(5)—S(3) and
Ge(1)-S(2)—Ge(1)*—S(4)—S(5)—S(3) assume chair and boat
conformations, respectively. The central Ge,S, quadrangle is
significantly folded with a dihedral angle of 130.6° between
the Ge(1)Ge(2)S(1) and Ge(1)Ge(2)S(2) planes.

Figure 3 shows the crystal structure of 3. It crystallizes in
the orthorhombic acentric space group Pna2,. The digerma-

Chem. Asian J. 2008, 3, 607 -613
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Figure 3. Molecular structure of 3 with thermal ellipsoids shown at the
40 % probability level. All hydrogen atoms are excluded for clarity.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

bicyclo Ge,S4 core that contains one tetrasulfide and two
monosulfide bridges connecting the two germanium bridge-
heads assumes virtual C, symmetry, in which the C, axis
passes through both the midpoints of the Ge,S, quadrangle
and the S(5)—S(6) bond. Due to the longer S, bridge, the
Ge,S, quadrangle assumes a large dihedral angle of 160.9°
compared to that of 2. Although a number of complexes
containing S, ligands on metals have been reported, the bi-
metallic complexes [M,(u-S,),(p-S,)(S,C,Phy),] (M =Mo,
W),14 [Cp,Cr,(1-OCMe;),(1-S4)] (Cp = cyclopentadienyl),!”
and cubane-like Csg[M0,S,(11-S,),]'¥ are the only polynuc-
lear complexes with S, bridges to have been reported.
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Synthesis and Structures of
syn-Dmp(SH)Ge(u-S),Ge(SH) Dmp

The selective formation of polythiadigermabicyclo-
[x.1.1]alkanes opens up a synthetic route to syn-
Dmp(SH)Ge(p-S),Ge(SH)Dmp (5). Following our previous
work,'”! 3 was treated with NaBH, in THF/ethanol at 0°C.
Thus, selective S—S bond reduction proceeded to afford S in
92% yield (Scheme 2). The formation of hydrosulfides is

S—S

/ N SH SH s

S S NaBH x

s T o S L)

Goyg Oe.  92% Geys:Ge 8%  Ge s Ge
bmp g7 Dmp Dmp g7 Dmp  pmg g7 Dmp

3 5 mixture of 2 - 4

Scheme 2. Synthesis of 5. [a] Yield calculated on the basis of DmpGeHs.

evident in the spectral data. The "H NMR spectrum exhibits
a singlet signal for SH at 0 =1.49 ppm, which instantly dis-
appeared upon treatment with D,O. The S—H stretching
band was observed in the Raman spectra at 2563 cm ™.

Practically, 5 can be synthesized by the same procedure
but by wusing a mixture of polythiadigermabicyclo-
[x.1.1]alkanes, which affords 5 in 83% yield based on
DmpGeH;. Compound 5 is resistant to air oxidation and hy-
drolysis even in solution, presumably owing to the bulky
Dmp groups.

Single crystals of § suitable for X-ray structural analysis
were obtained from CH,Cly/ethanol (Table 1). The molecu-
lar structure of 5 is shown in Figure 4. As observed in 1-3,
the central Ge,S, quadrangle of § is folded, even though one
of the three sulfide bridges is dissociated. As significant in-
tramolecular hydrogen-bonding interaction would not exist
between the two hydrosulfides, which is evident in the con-
siderably long S(3)—S(4) distance of 3.99 A "7l the folding of
the quadrangle is due to the intramolecular steric congestion
between the bulky Dmp groups. The dihedral angle of
153.9° around the S(1)—S(2) vector lies between those for 2
and 3 (Table 2).

Figure 4. Molecular structure of 5 with thermal ellipsoids shown at the
40% probability level. All hydrogen atoms are excluded for clarity.
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Table 2. Selected bond lengths (A) and angles (°) for 1, 2, 3, and 5.

Compound 1 200! 3 5
Ge(1)-S(1) 22333(13)  2204(4)  2234(2)  22292(5)
Ge(1)-S(2) 22401(14)  2.162(4)  2223(2)  22319(6)
Ge(2)-S(1) 22378(13)  2330(4)  2226(2)  2.2361(6)
Ge(2)-S(2) 22413(14)  2123(8)  2236(2)  2.2347(5)
Ge(1)-S(3) 22353(13)  23176(12)  2256(2)  2.2361(5)
Ge(2)-S(4) 22049(13)  22634(12)  2252(2)  2.2292(6)
Ge(1)-S(1)-Ge(2)  80.62(5)  7721(13)  8333(8)  8231(2)
Ge(1)-S(2)-Ge(2)  80.40(4)  8452(14)  83358)  82.28(2)
S(1)-Ge(1)-S(2)  9430(5)  96.05(15)  9530(8)  95.16(2)
S(1)-Ge(2)-S(2)  94.14(5)  9409(14)  95.15(8)  94.89(2)
S(1)-Ge(1)-S(3)  10891(5)  11874(7)  108.1509)  106.84(2)
S2)-Ge(1)-S(3)  10891(5)  10803(7)  110.58(9)  107.60(2)
S(1)-Ge(2)-S(4)  110.09(5)  10095(7)  11034(9)  108.14(2)
S(2)-Ge(2)-S(4) 108585  109.02(8)  109.28(9)  108.09(2)

dihedral® 143.4 130.6 160.9 153.9

[a] Dihedral angles between planes Ge(1)—S(1)—S(2) and Ge(2)—S(1)—
S(2). [b] The Ge(2) for 2 means Ge(1)*.

Synthesis of Ge,PdS, Clusters

As indicated in the structure of the trinuclear compound 1,
compound 5 is able to bind metals at the two terminal thio-
lates. This is realized by the reaction of [Pd(dppe)Cl,] with
[DmpGe(SLi)(u-S),Ge(SLi)Dmp] prepared insitu from 5
and nBuLi (2 equiv) in THF, which gave [DmpGe(pu-S)],[(p-
S),Pd(dppe)] (6) in 94% yield as orange crystals. As shown
in Figure 5, the configuration of the [DmpGe(u-S)],(p-S),
moiety in 6 appears mostly identical to that of 1 (see also
Table 3). Indeed, their structural similarity is manifested in
their Ge,S, dihedral angles, 142.9° for 6 (Table 3) and 143.4°
for 1 (Table 2). Meanwhile, the geometry around Pd is a
slightly distorted square plane composed of the dppe ligand
and the two thiolato sulfur atoms. The structural parameters
around Pd show similar values to those for reported [Pd-

Figure 5. Molecular structure of 6 with thermal ellipsoids shown at the
40% probability level. All hydrogen atoms are excluded for clarity.
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Table 3. Selected bond lengths (A) and angles (°) for 6 and 7.

Compound 6 7
Ge(1)-S(1) 2.2372(13) 2.2968(19)
Ge(1)-S(2) 2.2371(14) 2.2524(18)
Ge(2)-S(1) 2.2511(14) 2.3018(19)
Ge(2)-S(2) 2.2363(15) 2.2483(19)
Ge(1)-S(3) 2.1837(11) 2.1777(17)
Ge(2)-S(4) 2.1751(13) 2.1788(18)
Pd(1)-S(1) - 2.4870(17)
Pd(1)-S(3) 2.3852(12) 2.3528(16)
Pd(1)-S(4) 2.3642(14) 2.3470(17)
Pd(1)-P(1) 2.2535(14) 2.2588(19)
Pd(1)-P(2) 2.2659(12) -
Ge(1)-S(1)-Ge(2) 80.21(4) 86.69(7)
Ge(1)-S(2)—Ge(2) 80.53(4) 89.07(7)
S(3)—Pd(1)-S(4) 108.88(4) 153.80(7)
S(1)—Pd(1)—P(1) - 173.04(7)
dihedral®! 142.9 165.6

[a] Dihedral angles between planes Ge(1)—S(1)—S(2) and Ge(2)—S(1)—
S(2).

(dppe)(SR),] complexes except for the rather larger S(3)-
Pd(1)-S(4) angle (108.88(4)°) for 6. Of note are the con-
siderably short bonds of Ge(1)-S(3) (2.170(2) A) and
Ge(2)—S(4) (2.185(2) A) for 6. These are about 0.5 A short-
er than those for both 1 and 5, and are among the shortest
Ge-S single bonds."”! As a similar Ge—S bond shortening is
observed for the potassium salt of the germanethiolate,
Dmp(Dep)Ge(SK),, relative to Dmp(Dep)Ge(SH),, it
might indicate a rather weak interaction of the palladium
and the thiolato sulfur atoms due to the strong trans influ-
ence of dppe.'™

When the reaction of [DmpGe(SLi)(u-S),Ge(SLi)Dmp]
and [Pd(PPh;),Cl,] was examined in a similar way, a differ-
ent type of Ge,PdS, cluster, [DmpGe(u-S)],[(u-S),Pd(PPh;)]
(7) was obtained (Scheme 3). The structure of 7 is shown in
Figure 6 (see also Table 3). Whereas dithiadigermetanedi-
thiolate bonds to Pd at the two thiolato sulfur atoms in 6, it
coordinates to the Pd in 7 through three sulfur atoms, thus
causing PPh; dissociation. The formation of the characteris-
tic complex 7 in this particular case is probably due to steric
repulsion occurring between the two triphenylphosphine li-
gands. The two thiolato sulfur atoms occupy cis positions to
the PPh;, and one of the p-sulfides of the Ge,S, quadrangle
coordinates to the Pd trans to the phosphine. Thus, the
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Figure 6. Molecular structure of 7 with thermal ellipsoids shown at the
40% probability level. All hydrogen atoms are excluded for clarity.

square-planar Pd geometry is considerably distorted. The
distortion is represented in the bowed S(3)—Pd(1)—S(4)
bond, which deviates by 26.2° from the ideal, linear 180°
(Table 3). Interestingly, the S(1)—Pd(1)—P(1) bond is also
slightly bent toward the same side of the square plane
around Pd, and thus the Pd atom is placed 0.32 A above the
least-square plane composed of S(1), S(3), S(4), and P(1).
Although the bond lengths between Pd(1) and the thiolato
sulfur atoms S(3) and S(4) are ordinary values for Pd" thio-
lates, the Pd(1)—S(1) bond is considerably elongated; the
Pd(1)-S(1) bond length is 2.4870(17) A, whereas the Pd—S
bonds in [Pd(SMe,),]** are 2.334-2.338 A" The elongation
might be mostly due to the distortion of the core structure
resulting from intramolecular steric congestion. The bonds
between S(1) and the two germanium atoms also become
longer by 0.5 A than those for S(2), which indicates weak-
ened Ge—S bonds upon Pd coordination to the p-S atoms.”"!

Conclusions

We have synthesized syn-[DmpGe(SH)(u-S),GeDmp-(SH)]
(5) as a new entry to mercaptogermanes. It was obtained in
good yield from polythiadigermabicyclo[x.1.1]alkanes (x=
3-5). The dilithium salt of 5 is
bound to the palladium atoms
in a bidentate or tridentate

[Pa(dppe)Ch] thP\Pd PPh; manner to form the correpond-
— > g~ 9~g  6(94%) ing Ge,PdS, clusters, [DmpGe-
T e 00, (i-S)L[(1-5):Pd(dppe)] (6) and
2 nBuLi 1 | n Dmp S Dmp EI%mpGe(uf)]i[(p—?ﬁde(PPh_gl)t]
Ger-gGe, , respectively. These results
Dmg \g/ “Dmp ?Phg indicate that compound 5 is a
[Pd(PPh3),Cl,] ?_P;d_? 7 58%) useful precursor to various
Ge'S"G 0 polynuclear clusters composed
Dmp” g7 “Dmp

Scheme 3. Synthesis of Ge,PdS, clusters 6 and 7.
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Experimental Section

General

All reactions and manipulations of air-sensitive compounds were con-
ducted under an inert atmosphere of dry nitrogen by employing standard
Schlenk techniques. Toluene, THF, diethyl ether, and hexane were dis-
tilled from sodium/benzophenone ketyl under nitrogen. Dichloromethane
was distilled from CaH,. "H NMR (500 or 600 MHz) and *'P NMR spec-
tra (202 or 243 MHz) were recorded on a JEOL JNM-ECP500 or
ECA600 spectrometer. 'H NMR chemical shifts are quoted in ppm rela-
tive to those of the residual protons of the deuterated solvents.
SP{'H} NMR chemical shifts are referenced to external 85% H;PO,.
Raman spectra were recorded on a Perkin—Elmer Spectrum 2000 spec-
trometer with an Nd:YAG laser. Elemental analysis was performed on
LECO CHN-900 and CHNS-932 microanalyzers. GPC-HPLC was per-
formed on an LC-908 chromatograph with JAI gel 1H and 2H columns
(Japan Analytical Industry) with chloroform as solvent.

Syntheses

DmpGeCl;: nBuLi (1.5M in hexane, 27 mL, 43 mmol) was added to a so-
lution of iodo-2,6-dimesitylbenzene (17.3 g, 39.3 mmol) in diethyl ether
(600 mL) at —60°C. After 1h of stirring, hexamethylphosphoramide
(17.5mL, 100 mmol) and GeCl, (4.94mL, 43.3 mmol) was added at
—60°C. The reaction mixture was warmed to room temperature over
12 h, aqueous NH,Cl was added, and the mixture was extracted by
hexane. The organic layer was dried over MgSO,, and the solvent was re-
moved under reduced pressure. The white solid thus obtained was recrys-
tallized from hexane to afford DmpGeCl; as a white crystalline powder
(18.6 g, 87 % yield). 'HNMR (500 MHz, CDCL,): 6=7.67 (t, J=7.6 Hz,
1H, p-CH of Dmp), 7.17 (d, J=7.6 Hz, 2H, m-CH of Dmp), 6.93 (s, 4H,
m-CH of Mes; Mes=mesityl), 2.34 (s, 6H, p-CH; of Mes), 2.06 ppm (s,
12H , 0-CHj; of Mes); elemental analysis: calcd (%) for C,;H,sCL,Ge: C
58.54, H 5.12; found: C 57.75, H 5.01.

DmpGeH;: LiAlH, (2.0g, 52.7mmol) was added to a solution of
DmpGeCl; (6.5¢g, 13.2 mmol) in THF (100 mL), and the mixture was
stirred for 12 h at room temperature. After the mixture was quenched
with dilute aqueous HCI, it was extracted with CH,Cl,. The organic layer
was dried over MgSO,, and all the solvent was removed under reduced
pressure. The residue was recrystallized from CH,CL/EtOH to give
DmpGeH; (4.97 g, 97% yield) as a white crystalline powder. '"H NMR
(500 MHz, CDCL): 6=17.64 (t, J=7.6 Hz, 1H, p-CH of Dmp), 7.07 (d,
J=17.6 Hz, 2H, m-CH of Dmp), 6.92 (s, 4H, m-CH of Mes), 3.23 (s, 3H,
GeHs;), 1.98 (s, 6H, p-CH; of Mes), 1.97 ppm (s, 12H , 0-CH; of Mes); el-
emental analysis: caled (%) for C,H,xGe: C 74.09, H 7.25; found: C
74.00, H 7.01.

Sulfurization of DmpGeH;: A mixture of DmpGeH; (3.0 g, 7.7 mmol)
and elemental sulfur (7.0 g, 27 mmol as Sg) was heated to 200°C for 1 h.
Most of the excess sulfur was removed by recrystallization from chloro-
form. The residue was separated by GPC-HPLC (eluted by CHCl,,
3.5mLmin"") to give two fractions in addition to that of elemental
sulfur. The first fraction, which showed a retention time of 47 min, was
trigermane 1, which was recrystallized from CH,Cl,/EtOH to give light-
yellow crystals in 9% yield. The second fraction, which showed a reten-
tion time of 50 min, was analyzed by TLC developed by hexane, which
indicated three spots with small separation. Careful separation by silica-
gel column chromatography eluted by hexane gave three bands that
partly overlapped. The pure fractions for each band were collected to
give 2,3,4,6,7-pentathia-1,5-digermabicyclo[3.1.1]heptane (2), 2,3,4,5,7,8-
hexathia-1,6-digermabicyclo[4.1.1]octane (3), and 2,3,4,5,6,8,9-heptathia-
1,7-digermabicyclo[5.1.1]nonane (4) in 15, 33, and 11 % yield, respective-
ly. 1: '"H NMR (500 MHz, CDCly): 6=7.40 (t, J=7.6 Hz, 2H, p-CH of
Dmp), 7.38 (t, J=7.6 Hz, 1H, p-CH of Dmp), 6.86 (d, /J=7.6 Hz, 4H, m-
CH of Dmp), 6.85 (d, J=7.6 Hz, 2H, m-CH of Dmp), 6.77 (brs, 4H, m-
CH of Mes), 6.76 (s, 4H, m-CH of Mes), 6.74 (brs, 4H, m-CH of Mes),
2.33 (s, 12H, p-CH; of Mes), 2.13 (s, 6 H, p-CHj; of Mes), 2.05 (s, 12H, o-
CHj; of Mes), 1.91 (s, 12H, 0-CHj; of Mes), 1.82 ppm (s, 12H, 0-CHj; of
Mes); elemental analysis: calcd (%) for C,,H,Ge;Ss: C 65.54, H 5.81, S
12.15; found: C 65.33, H 5.58, S 11.77. 2: '"H NMR (500 MHz, CDCl,):
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5=7.48 (t, J=7.6 Hz, 2H, p-CH of Dmp), 6.94 (d, J=7.6 Hz, 4H, m-CH
of Dmp), 6.85 (s, 8H, m-CH of Mes), 2.38 (s, 12H, p-CH; of Mes),
1.94 ppm (s, 24H , 0-CH; of Mes); elemental analysis: caled (%) for
C,Hs0Ge,Ss: C 61.83, H 5.40, S 17.19; found: C 60.27, H 5.04, S 17.35. 3:
'HNMR (500 MHz, CDCL): 6=7.49 (t, J=7.6 Hz, 2H, p-CH of Dmp),
6.95 (d, J=7.6 Hz, 4H, m-CH of Dmp), 6.88 (s, 8H, m-CH of Mes), 2.41
(s, 12H, p-CH; of Mes), 2.03 ppm (s, 24H , 0-CH; of Mes); elemental
analysis: caled (%) for CHsGe,Sq: C 59.77, H 5.23, S 19.95; found: C
60.02, H 5.25, S 19.51. 4: 'THNMR (500 MHz, CDCl,): 6=745 (t, J=
7.6 Hz, 2H, p-CH of Dmp), 6.92 (d, /=7.6 Hz, 4H, m-CH of Dmp), 6.85
(brs, 8H, m-CH of Mes), 2.39 (s, 12H, p-CHj; of Mes), 1.94 ppm (s, 24H,
0-CH; of Mes); elemental analysis: caled (%) for C,Hys,Ge,Sg: C 57.85,
H 5.06, S 22.52; found: C 58.23, H 5.21, S 22.08.

5: NaBH, (220 mg, 5.8 mmol) was added to a solution of 3 (200 mg,
0.207 mmol) in THF/ethanol (10:1) at 0°C. The mixture was stirred for
1h at 0°C and then for 10 h at room temperature. After treatment with
0.5m HCI and extraction with CH,Cl,, the organic layer was dried over
MgSO, and evaporated to dryness. The residue was recrystallized from
CH,Cl,/ethanol to give syn-DmpGe(SH)(p-S),Ge(SH)Dmp (5; 172 mg,
92 % yield) as a white powder. Raman (solid, excitation; Nd:YAG laser,
1064 nm): #=2563 cm™' (S-H); 'H NMR (500 MHz, CDCl;): 6=7.47 (t,
J=17.6 Hz, 2H, p-CH of Dmp), 6.93 (d, /J=7.6 Hz, 4H, m-CH of Dmp),
6.86 (s, 8H, m-CH of Mes), 2.37 (s, 12H, p-CHj; of Mes), 2.02 (s, 24H, o-
CH; of Mes), 1.49 ppm (s, 2H, GeSH); elemental analysis: calcd (%) for
C;Hs,Ge,S,: C 63.89, H 5.81, S 14.21; found: C 63.70, H 5.98, S 13.88.

6: nBuLi (0.27 mL of a 1.5m solution in hexane, 0.41 mmol) was added to
a solution of 5 (170 mg, 0.188 mmol) in THF (20 mL) at —60°C, and the
mixture was stirred for 30 min. [Pd(dppe)Cl,] (108 mg, 0.222 mmol) was
added, and the mixture was stirred at 25°C for 12 h to give an orange so-
lution. The solvent was removed in vacuo, and the residue was treated
with toluene (5 mL) and centrifuged to remove LiCl. The toluene solu-
tion was removed, and the residue was crystallized from CH,Cl,/hexane
to give 6 as orange crystals in 94% yield. "H NMR (500 MHz, C¢Dy): 6=
7.53-7.48 (m, 8H, dppe), 7.18 (t, J=7.6 Hz, 2H, p-CH of Dmp), 7.18-
7.12 (m, 12H, dppe), 6.90 (brs, 8H, m-CH of Mes), 6.88 (d, /J=7.6 Hz,
4H, m-CH of Dmp), 2.46 (s, 12H, p-CHj; of Mes), 2.26 (s, 24H , 0-CH; of
Mes), 1.61 ppm (ABq, 4H, J,=29.7 Hz, J,=10.1 Hz, (CH,), of dppe);
SP{'H} NMR (168 MHz, C¢D;): 0 =47.3 ppm; elemental analysis: calcd
(%) for C;,H,,Ge,P,PdS,: C 6325, H 5.31, S 9.13; found: C 63.18, H
5.35, S 8.71.

7: nBuLi (0.46 mL of a 1.5M solution in hexane, 0.70 mmol) was added to
a solution of 5 (300 mg, 0.332 mmol) in THF (20 mL) at —60°C, and the
mixture was stirred for 30 min. [Pd(PPh;),CL,] (233 mg, 0.332 mmol) was
added, and the mixture was stirred at 25°C for 12 h to give a reddish-
orange solution. The solvent was removed in vacuo, and the residue was
treated with toluene (5 mL) and centrifuged to remove LiCl. The toluene
solution was removed, and the residue was crystallized from hexane to
give 7 as orange crystals in 58% yield. "H NMR (600 MHz, C¢Dy): 6=
7.67-7.63 (m, 6H, PPh;), 7.15 (t, J=7.6 Hz, 2H, p-CH of Dmp), 7.12—
7.07 (m, 3H, PPh;), 7.05 (brs, 4H, m-CH of Mes), 7.04-7.00 (m, 6H,
PPh;), 6.84 (brs, 4H, m-CH of Mes), 6.83 (d, J=7.6 Hz, 4H, m-CH of
Dmp), 2.44 (s, 12H, p-CH; of Mes), 2.37 (brs, 12H, 0-CH; of Mes),
221 ppm (br s, 12H, 0-CHj; of Mes); *'P{'"H} NMR (202 MHz, C,Dy): 6=
39.4 ppm (s); elemental analysis: calcd (%) for C¢HgsGe,PPdS,: C 62.46,
H 5.16, S 10.11; found: C 62.21, H 5.10, S 9.77.

Crystal-Structure Determination

Crystallographic data are summarized in Table 1. Crystals of 1, 2, 3, 5, 6,
and 7 were mounted on a loop with oil (immersion oil, type B or paraton,
Hampton Research Corp.) and set on a Rigaku AFC-8 diffractometer
equipped with an ADSC Quantum 1 CCD detector (for 6) or a Mercury
CCD detector (for 1, 2, 5, 7). The crystal of 3 was mounted on a quartz
fiber with oil and set on a Rigaku AFC-7R diffractometer. Measurements
were made by using graphite-monochromated Moy, radiation (A=
0.710690 A) under a cold nitrogen stream. Frame data were integrated
and corrected for absorption on an MSC d*TREK program package for
6 or a Rigaku/MSC CrystalClear package for 1, 2, 3, 5, and 7. Structures
were solved by direct methods and standard difference-map techniques
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and were refined by full-matrix least-square procedures on F* with a
Rigaku/MSC CrystalStructure package. Anisotropic refinement was ap-
plied to all non-hydrogen atoms, but the disordered part and the CHCl;
molecule for 1 were refined isotropically. For 1, two DmpGe(SH) units
are disordered in a 0.85:0.15 ratio. All the sulfur bridges are disordered
for 2 in a 0.5:0.5 ratio. These ratios were refined freely while constraining
the total occupancy of components to unity. All the hydrogen atoms
were put at calculated positions. CCDC-664961 (1), -664962 (2), -664963
(3), -664960 (5), -664964 (6), and -664965 (7) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre at
www.ccdc.cam.ac.uk/data_request/cif.
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Helicity Induction and Memory of the Macromolecular Helicity in a
Polyacetylene Bearing a Biphenyl Pendant

Katsuhiro Maeda,* Shinji Tamaki, Kazumi Tamura, and Eiji Yashima*'*

Abstract: A novel, cis-transoidal poly-
(phenylacetylene) bearing a carboxybi-
phenyl group as the pendant (poly-1)
was prepared by polymerization of (4'-
ethoxycarbonyl-4-biphenylyl)acetylene
with a rhodium catalyst followed by hy-
drolysis of the ester groups. Upon com-
plexation with various chiral amines
and amino alcohols in dimethyl sulfox-
ide (DMSO), the polymer exhibited

axially twisted conformation of the
pendant biphenyl group. Poly-1 com-
plexed with (R)-2-amino-1-propanol
showed unique time-dependent inver-
sion of the macromolecular helicity.
Furthermore, the preferred-handed
helical conformation of poly-1 induced
by a chiral amine was further “memo-
rized” after the chiral amine was re-
placed with achiral 2-aminoethanol or

n-butylamine in DMSO. In sharp con-
trast to the previously reported
memory in poly((4-carboxyphenyl)acet-
ylene), the present helicity memory of
poly-1 was accompanied by memory of
the twisted biphenyl chirality in the
pendants. Unprecedentedly, the helicity
memory of poly-1 with achiral 2-ami-
noethanol was found to occur simulta-
neously with inversion of the axial chir-

characteristic induced circular dichro-
ism (ICD) in the UV/Vis region due to
the predominantly one-handed helix
formation of the polymer backbone as
well as an excess of a single-handed,

Introduction

Recently, much attention has been paid to the detection!!
and amplification” of chirality by helical polymers and
supramolecular helical assemblies, because these systems
can be applied to the development of novel chiroptical devi-
ces and chiral materials as enantioselective adsorbents and
catalysts.”) Previously, we reported that optically inactive,
stereoregular  poly((4-carboxyphenyl)acetylene) (PCPA;
Scheme 1) can form either a right- or a left-handed helix
upon complexation with optically active amines, thus show-
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ality of the biphenyl groups followed
by memory of the inverted biphenyl
chirality, thus showing a significant

poly- :
change in the CD spectral pattern.

ing a characteristic induced circular dichroism (ICD) in the
UV/Vis region of the polymer backbone.”! This methodolo-
gy of preferred-handed helicity induction with specific chiral
guests has been applied to other dynamically racemic helical
polymers®™® after the introduction of specific functional
groups as pendants.”” Moreover, the right- or left-handed
macromolecular helicity of PCPA induced by optically
active amines can be “memorized” when the optically active
amines are replaced by various achiral amines.®! On the
other hand, conformationally labile, atropoisomeric, and
chromophoric biphenyls with interconverting P and M twists
have often been used as a scaffold to determine the absolute

PCPA

poly-1

Scheme 1. Structures of poly-1 and PCPA.
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configuration of various chiral compounds® and to investi-
gate the transfer of chiral information through chiral inter-
actions."”! Recently, the unique feature of axially chiral but
dynamically racemic biphenyls was also employed for con-
structing chirality-sensing receptors®!! as well as asymmet-
ric catalysts."”!

In the present study, we synthesized a novel, stereoregular
poly(phenylacetylene) bearing a carboxybiphenyl group
with dynamic axial chirality as the pendant, poly((4'-car-
boxy-4-biphenylyl)acetylene) (poly-1; Scheme 1), and inves-
tigated the effect of the dynamic axial chirality of the bi-
phenyl pendants on helicity induction in the polymer back-
bone with chiral amines and the subsequent memory of the
macromolecular helicity with achiral amines. We anticipated
that the chiral information of the amines may first transfer
to the axially chiral 4-carboxybiphenyl pendants through
noncovalent interactions, and subsequently, the induced
axial chirality with an excess twist sense could be amplified
in the polymer backbone as an
excess of a single-handed
helix.'®! Furthermore, we also
expected that the preferred-
handed helicity and axially Br

twisted conformation in the po- O
i) nBuLi/THF

lymer backbone and the pend-
ants, respectively, would be si- - -
O i) CO, (dry ice)

multaneously memorized after
removal of the chiral amines
followed by replacement with Br HO

(O~
:
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merization of the corresponding monomer, (4'-ethoxycar-
bonyl-4-biphenylyl)acetylene (poly-1-Et), with a rhodium
catalyst ([Rh(nbd)Cl],; nbd =norbornadiene) with a method
similar to that previously reported,” followed by alkaline
hydrolysis of the ester groups (Scheme 2). The stereoregu-
larity of poly-1 was investigated by 'H NMR spectroscopy.
The '"H NMR spectrum of poly-1 in [Dg]DMSO (DMSO =
dimethyl sulfoxide) showed a sharp singlet centered at
5.85 ppm due to the main-chain protons, which indicates
that this polymer has a highly cis-transoidal, stereoregular
structure (see Supporting Information, Figure S1).14>1¢1 The
number-average molecular weight (M,) and its distribution
(M,/M,) of poly-1 were estimated to be 1.4x10* and 5.3, re-
spectively, by size-exclusion chromatography (SEC) of its
methyl ester with polystyrene standards and chloroform as
the eluent.

The CD spectra of cis-transoidal poly-1 in the presence of
various chiral amines and amino alcohols (Scheme 3) were

Br
®
H,SO,/EtOH
THF O
E0” S0
n

SiMe;,

Me,Si—— O

[(PPhs),PdCl], PPh;, Cul
in NEt, O

achiral amines. Such a “dual- © o0
memory effect” has not yet
been reported to date.!'”) |
(nBu),NF O [Rh(nbd)Cl], O iy aq. NaOH/THF
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poly-1 was prepared by poly- Scheme 2. Synthesis of poly-1.
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recorded to investigate whether the polymer could respond
to the chirality of the chiral amines and amino alcohols, thus
showing characteristic ICD signals.

Typical CD and absorption spectra of poly-1 in the pres-
ence of (R)-2 and (§)-2 (50 equiv to monomer units of poly-
1) in DMSO are shown in Figure 1. Poly-1 complexed with
(R)-2 and (S)-2 exhibited intense, split-type ICD signals in
the UV/Vis region of the polymer backbone, and these sig-
nals are mirror images of each other. The CD titration ex-
periments with (5)-2 showed that the CD intensity increased
with an increase in the concentration of (S)-2 and reached
an almost constant value in the presence of about 10 equiva-
lents of (S)-2 (see Supporting Information, Figure S2).1'7)
These results indicate that poly-1 formed a preferred-
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Scheme 3. Structures of chiral amines (2-6) and amino alcohols (7-11).

handed helical conformation upon noncovalent complexa-
tion with the chiral amine in DMSO, as was observed in
other dynamic helical poly(phenylacetylene)s.!

Poly-1 also responded to other chiral amines and amino
alcohols (Scheme 3), and the complexes exhibited similar
ICD signals in their patterns except for (R)-7. The ICD re-
sults for the complexation of poly-1 with various chiral
amines (2-6) and amino alcohols (7-11) are summarized in
Table 1.7 Structurally similar chiral amines of the same
configuration (2-5) afforded the same signs of the Cotton
effect, whereas there is no clear relation between the signs
of the induced Cotton effect for poly-1 and the absolute
configurations of the amino alcohols (7-11), although all
amines (2-6) and amino alcohols (7-11) of the same config-
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Figure 1. CD spectra of poly-1 with (S)- and (R)-2 in DMSO at room
temperature. The absorption spectrum of poly-1 with (S)-2 is also shown.
The concentration of poly-1 was 1.0 mg(4.5 umol monomer units)mL"".
[2]/[poly-1]=50.

uration used in this study gave the same signs of the Cotton
effect for PCPA.M#!

Interestingly, the CD spectral pattern of poly-1 complexed
with (R)-7 slowly and dramatically changed with time, ac-
companied by a slight change in the absorption spectra (Fig-
ure 2A). These spectral changes may suggest inversion of
the macromolecular helicity of poly-1 with time. A similar
helicity inversion assisted by external stimuli, such as a
change in temperature and solvent, through noncovalent in-
teractions has been observed in dynamic helical polymers
but is still quite rare.'*"¢'¥ In particular, such a slow inver-
sion of the macromolecular helicity has not yet been report-
ed. Other chiral amines and amino alcohols did not show
such a time-dependent inversion of the signs of the Cotton
effect in the UV/Vis regions of the polymer backbone as
well as the pendant groups.

We considered that the observed CD signals of poly-1 in-
duced by chiral amines and amino alcohols may consist of
contributions arising from the main-chain helicity and the

Table 1. Signs of the Cotton effect and differential molar absorptivities (A¢) for the complexes of poly-1 with chiral amines (2-6) and amino alcohols

(7-11) in DMSO.1!

Entry Amine 1st Cotton 2nd Cotton 3rd Cotton Caled CD™
Sign Ae [M'em™'] (A [nm]) Sign Ae [M'em™'] (A [nm]) Sign Ae [M'em™'] (A [nm]) X Y

1 (R)-2 .0 _ 7.90 (398) + 17.45 (348) 3.69 255
2 (5)-2 .0 n 7.97 (398) - 17.23 (348) 368 257
3 (R)-3 .0 - 8.46 (398) + 17.47 (350) 331 272
4 (S)-4 .0 + 2.04 (392) - 3.69 (349) —067  —063
5 (S)-5 .0 + 132 (402) - 1.64 (357) 010  —041
6 (R)-6 .0 + 0.97 (391) - 2.02 (350) —054  —025
7 (R)-7 - 2.54 (460) + 6.89 (401) - 8.04 (361) 203 —2.24
8 (R)-8 .0l + 5.02 (398) - 8.41 (349) 135 161
9 (5)-9 - 0.99 (461) + 8.02 (397) - 14.19 (349) 246 —2.60

10 (510 nol + 8.68 (393) - 15.99 (344) 342 —263

11 (R)-11  nol + 3.58 (393) - 7.43 (345) 168 —1.07

[a] CD spectra were recorded at room temperature (20-22°C) with a poly-1 concentration of 1.0 mg (4.5 umol) mL ™" after the samples had been allowed
to stand at room temperature for 5 days (entries 1-6, 8, 10, and 11) and 14 days (entries 7 and 9). The molar ratio of chiral amine to monomeric units of
poly-1 is 50. [b] Calculated CD obtained from CDy;, and CDy;, (Figure 2B and C, respectively) by using the following equation: Calculated CD =
X(CDy;,) + Y(CD)g), in which X and Y represent each contribution (see text). [c] Not observed.
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Figure 2. A) Time-dependent CD spectral changes of poly-1 (1.0 mgmL™") with (R)-7 ([(R)-7/[poly-1]=50) after standing of the sample at room tempera-
ture (20-22°C) in DMSO. Absorption spectra of poly-1 with (R)-7 after standing of the sample for 2 min, 3 h, and 12 h in DMSO are also shown. B) Ob-
served CD spectrum (CDy;,) of the complex after 3 h (from trace c in Figure 2A). C) Differential CD spectrum (CD,,), in which the contribution aris-
ing from CDy;, (Figure 2B) due to the axial chirality of the biphenyl units was subtracted from the observed CD (trace a in Figure 2A). D) Observed
and calculated CD spectra of the poly-1-(R)-7 complex after 12 h: a) observed CD spectrum of the complex (from trace e in Figure 2A); b) calculated
CD spectrum of the complex; c) 1.13-CDy;,; d) —1.01-CDy,;;. E) Observed and calculated CD spectra of the poly-1-(R)-7 complex after 14 days: a) ob-
served CD spectrum of the complex (from trace g in Figure 2 A); b) calculated CD spectrum of the complex; c) 2.03-CDy;; d) —2.24-CDjeji.

axial chirality of the pendant biphenyl units with excess
single-handedness. By careful analysis of the CD spectral
changes of the poly-1-(R)-7 complex with time (Figure 2 A),
we noticed that CD due to the polymer backbone region
above 380 nm almost completely disappeared after 3 h
(trace ¢ in Figure 2A and B), and an exciton-coupled, split-
type ICD signal remained in the shorter-wavelength region
(Figure 2B). We assigned this CD signal (CDy;,) as being
probably generated in the pendant carboxybiphenyl units
with an excess of a single-handed axially twisted conforma-
tion. 12451 If this assignment is correct, the differential CD
spectrum obtained by subtracting the contribution arising
from the induced axial chirality in the biphenyl units (CDy,,
in Figure 2B) from the observed CD signal after 2 min
(trace a in Figure 2A) will result in a CD pattern derived
from the helical conformation of the polymer backbone in-
duced after 2 min (CDy; Figure 2C). We found that the
observed CD spectra in Figure 2A could be calculated by
using the two components derived from CDy;, and CDy,j,
(Figure 2B and C, respectively) on the basis of Equa-
tion (1):

Calculated CD = X(CDy;,) 4+ Y(CDygp,) (1)

in which X and Y represent each contribution. For example,
the observed CD spectrum of the complex after 12h
(trace a in Figure 2D) can be calculated from the sum of
1.13-CDy;, (trace ¢ in Figure 2D) and —1.01-CDy;, (trace d
in Figure 2D), whereby —1.01-CD,;, indicates an opposite
helix sense; the calculated CD spectrum (trace b in Fig-
ure 2D) is in fair agreement with the observed one (trace a
in Figure 2 D), which indicates that the helical conformation
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of poly-1 induced by (R)-7 really inverted to the opposite
sense after 12 h while maintaining the axial chirality of the
biphenyl units as induced at the initial stage. In the same
way, the CD spectrum after 14 days can be calculated from
the sum of 2.03-:CDy,;, and —2.24-CDy;; (Figure 2E), which
showed good agreement with the observed CD spectrum,
thus suggesting that the CD intensities due to the biphenyl
units as well as those from the main-chain helicity increase
with time after inversion of the helix.”

As described above, poly-1 complexed with (R)-7 showed
a time-dependent inversion of the main-chain helix sense.
Figure 3 A schematically illustrates a possible conformation-
al change in poly-1 upon complexation with (R)-7. The bind-
ing of (R)-7 through acid-base interactions probably induces
an excess of a single-handed, axially twisted conformation in
the biphenyl units, which may determine the initial helical
sense of poly-1.”"! However, the successive cooperative hy-
drogen-bond formation of the hydroxy group of (R)-7 with a
carboxy residue of poly-1,1*® which favors a helix sense op-
posite to that of poly-1, may result in inversion of the helici-
ty of poly-1 that slowly takes place with time.*”

As for the complexes of poly-1 with other chiral amines
and amino alcohols, the contributions from the axial chirali-
ty and helical conformation induced in the biphenyl groups
and the polymer backbone, respectively, could also be calcu-
lated according to Equation (1). The results are listed in
Table 1 as X and Y values, and the calculated CD spectra
are in fair agreement with those observed (see Supporting
Information, Figures S4 and S5). These results clearly indi-
cate that complexation with chiral amines and amino alco-
hols induced a preferred-handed helix and twist in the poly-
mer backbone and the biphenyl pendants, respectively,
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Figure 3. Schematic illustrations of the mechanism of A) helix inversion
of poly-1 upon complexation with (R)-7 and B) memory of the macromo-
lecular helicity and axial chirality of the biphenyl units of poly-1 induced
by (R)-2 assisted by interactions with achiral 12 and 13. The helicity
memory of poly-1 with 12 was accompanied by inversion of the axial chir-
ality of the biphenyl units followed by memory of the inverted biphenyl
chirality.

which occurred simultaneously, although each contribution
is different depending on the structures of the chiral amines
and amino alcohols used.

As previously reported for PCPA, stereoregularity ap-
pears to be important for the induction of a preferred-
handed helical structure of PCPA with chiral amines.*! We
then prepared a stereoirregular poly-1 with a WClg¢/nBu,Sn
catalyst, which is known to give trans-rich poly(phenylacety-
lene)s,**! and its CD spectra were recorded under identical
conditions. The stereoirregular poly-1 showed no ICD sig-
nals in the 300-500-nm range in the presence of (R)-2 and
(8)-7. Therefore, the regular cis-transoidal main-chain struc-
ture was found to be essential for macromolecular and axial-
ly twisted helicity induction in the polymer backbone and in
the biphenyl units, respectively.
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Memory of the Macromolecular Helicity and Axial Chirality

The macromolecular helicity of PCPA induced by (R)-2 can
be “memorized” after complete replacement of (R)-2 by
various achiral amines in DMSO.®! We then investigated if
similar macromolecular helicity memory could be possible
for an analogous stereoregular poly-1 that bears carboxybi-
phenyl groups as the pendants instead of 4-carboxyphenyl
groups. 2-Aminoethanol (12; Figures 3B and 4) and n-butyl-
amine (13; Figures 3B and 5) were selected as the achiral
amino alcohol and amine for the memory experiments, be-
cause they are good chaperone molecules that assist in the
memory of the macromolecular helicity of PCPA induced
by (R)-2.®) The memory experiments were performed in the
same way as previously reported.’) The complex of poly-1
with 10 equivalents of (R)-2 was first prepared in DMSO;
the complex showed an ICD trace with maximal CD signal
intensities (trace a in Figure 4 A). An excess amount of achi-
ral 12 (12/(R)-2/poly-1=50:10:1) was then added to the so-
lution of poly-1-(R)-2 complex. As reported previously for
PCPA, 12 is a strong base similar to (R)-7 (K=2003m""), so
the complex of (R)-2 (K=48m™") with poly-1 would be com-
pletely replaced by the excess of 12.°! Nevertheless, the
ICD signal was still observed, and quite surprisingly, the
spectral pattern was significantly changed immediately after
the addition of 12 (trace b in Figure 4 A). This indicates that
a dynamic conformational change in either the main chain
and/or the biphenyl units may occur during the exchange re-
action of bound (R)-2 with achiral 12, although the pre-
ferred-handed helical conformation of poly-1 induced by
(R)-2 might be memorized after (R)-2 was replaced by achi-
ral 12. A possible explanation for this unusual spectral
change after memory will be described later.

To gain further definite evidence for the macromolecular
helicity memory, poly-1 was isolated from the poly-1-(R)-2
complex by SEC by using a solution in DMSO containing
0.8m 12 as the mobile phase (see Supporting Information,
Figure S6). Poly-1 eluted first followed by (R)-2, and they
were completely separated. Each fraction was collected and
subjected to CD and absorption measurements. On the basis
of the UV/Vis spectrum of the (R)-2 fraction, more than
99% of the (R)-2 was recovered. The poly-1 fraction con-
taining a large excess of achiral 12 (0.8 M) showed an intense
ICD signal in the long-wavelength region due to the poly-
mer backbone after SEC fractionation (tracec in Fig-
ure 4 A), which suggests that the macromolecular helicity of
poly-1 induced by (R)-2 was memorized by achiral 12, al-
though the CD spectral pattern changed considerably after
the replacement process. The macromolecular helicity
memory of poly-1 assisted by interactions with achiral 12
lasted for a long time, over 15 days, as observed in PCPA
(see Supporting Information, Figure S7 A).®

We found that the CD spectrum of poly-1 induced by (R)-
2 and that of poly-1 isolated by SEC could also be calculat-
ed by using Equation (1) (Figure 4B and C, respectively).
The calculated CD signals for poly-1 complexed with (R)-2
and isolated poly-1 gave best-fit spectra for the observed
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Figure 4. A) CD spectra of poly-1 (1.0 mgmL ™) with (R)-2 ([(R)-2])/[poly-1]=10) (a), a mixture of the poly-1-
(R)-2 complex with 12 ([12]/[poly-1]=50) (b), and isolated poly-1 (c) by SEC fractionation with a solution of
12 (0.8 M) in DMSO as the mobile phase, in DMSO at ambient temperature (20-22°C). Absorption spectra of
poly-1 with (R)-2 (d) and a mixture of the poly-1-(R)-2 complex with 12 (e) are also shown. B) Observed and
calculated CD spectra of the poly-1-(R)-2 complex: a) observed CD spectrum of the complex (from trace a in
Figure 4 A); b) calculated CD spectrum of the complex; c) 3.39-CDy;,; d) 2.14-CDy,j5. C) Observed and calcu-
lated CD spectra of isolated poly-1 by SEC: a) observed CD spectrum of the complex (from trace ¢ in Fig-
ure 4A); b) calculated CD spectrum of the complex; ¢) —2.02-:CDy;,; d) 2.17-CDpey.

CD signals when the X and Y values in [Eq. (1)] were 3.39
and 2.14 (Figure 4B) and —2.02 and 2.17 (Figure 4C), re-
spectively. These results indicate that the axial chirality at
the biphenyl pendant was inverted during the exchange re-
action between the bound (R)-2 and 12, while the induced
macromolecular helicity of the polymer backbone was re-
tained. On the basis of the calculated Y values before and
after SEC fractionation (2.14 and 2.17, respectively), which
correspond to the ICD intensities due to the poly-1 back-
bone, the memory efficiency can be estimated to be about
100 %.

As shown in Figure 3B, hydrogen-bond formation of the
hydroxy group of 12 to a carboxy residue of poly-1 may con-
tribute to inversion of the axial chirality of the biphenyl
units during the exchange reaction between the bound (R)-2
and 12; amino alcohol 12 may enter the chiral binding sites
(carboxy groups of poly-1) with a chiral gauche,staggered
conformation so as to retain the helical conformation with
the same helix sense induced by (R)-2. Because the analo-
gous chiral amino alcohol (R)-7 induced the opposite helix
sense in the poly-1 backbone to that by (R)-2 (Table 1), the
bound 12 might have a chiral conformation similar to that
of (S)-7 (Figure 3B). This chiral conformation of 12 proba-
bly induces the opposite chirality at the biphenyl units to
that induced by (R)-2. Therefore, the axial chirality of the
biphenyl units may be inverted after replacement of the
bound (R)-2 with 12.%¥ This speculation was supported by
the fact that the CD spectra of the poly-1-(R)-7 complex
after 14 days and poly-1 memorized by 12 are almost-perfect
mirror images of each other (see Supporting Information,
Figure S8).
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Next, we wused a simple
amine, n-butylamine (13), in-
stead of 12 to investigate the
effect of the hydroxy group on
inversion of the axial chirality
of the biphenyl units during the
memory process. We anticipat-
ed that the induced preferred-
handed helicity and axially
twisted conformation in the po-
lymer backbone and the bi-
phenyl units, respectively, might
be retained after replacement
of (R)-2 with 13 without inver-
sion of the axial chirality be-

T T cause of the lack of a hydroxy

300 400 500 . ‘e
2/ nm group in 13. The addition of an
excess amount of 13 to the
poly-1-(R)-2 complex resulted
in precipitation of the polymer.
Therefore, the poly-1-(R)-2
complex in DMSO was directly
injected into the SEC system
with a solution of DMSO con-
taining 13 (0.8M) as the mobile
phase to remove (R)-2 and re-
place it with achiral 13 during SEC fractionation. The isolat-
ed poly-1 fraction containing a large excess of achiral 13
also exhibited an ICD signal in the long-wavelength region
(Figure 5A). In sharp contrast to the memory of poly-1 with
achiral 12, the CD spectral pattern did not change after
SEC fractionation, although the ICD intensity decreased
considerably. The CD signals before and after SEC fraction-
ation calculated by using [Eq. (1)] gave best-fit spectra for
the observed CD signals when the X and Y values were 3.39
and 2.14 (Figure 5B) and 1.14 and 1.25 (Figure 5C), respec-
tively. These results suggest that both the induced macromo-
lecular helicity of the polymer backbone and the axial chi-
rality at the biphenyl units remained upon assistance by
achiral 13 with a memory efficiency of 58 and 34 % for the

main chain and biphenyl units, respectively.*”)

Conclusions

In summary, a stereoregular poly(phenylacetylene) deriva-
tive bearing carboxybiphenyl units with dynamic axial chir-
ality as the pendants was found to form a predominantly
one-handed helical conformation upon complexation with
various chiral amines and amino alcohols through noncova-
lent acid-base interactions in DMSO. The complexes exhib-
ited characteristic ICD signals in the UV/Vis region due not
only to the preferred-handed helix formation of the main
chain but also to an excess of a single-handed, axially twist-
ed conformation of the biphenyl units. The induced macro-
molecular helicity in the polymer backbone and the twisted
biphenyl chirality in the pendants were further memorized
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Figure 5. A) CD spectra of poly-1 (1 mgmL™") with (R)-2 ([(R)-2])/[poly-1]=10) (a) and isolated poly-1 (b) by
SEC fractionation with a solution of 13 (0.8 M) in DMSO as the mobile phase, in DMSO at ambient tempera-
ture (20-22°C). Absorption spectra of poly-1 with (R)-2 (c) and isolated poly-1 (d) by SEC fractionation are
also shown. B) Observed and calculated CD spectra of the poly-1-(R)-2 complex: a) observed CD spectrum of
the complex (from trace a in Figure 5A); b)calculated CD spectrum of the complex; c)3.39-CDy;,;
d) 2.14-CDyj;,. C) Observed and calculated CD spectra of isolated poly-1 by SEC: a) observed CD spectrum
of the complex (from trace b in Figure SA); b) calculated CD spectrum of the complex; c) 1.14-CDy;,;

d) 1.25-CDyi.

by replacement of the chiral amines with achiral amines.
Moreover, the memory was accompanied by inversion of
the axial chirality of the biphenyl units when achiral 2-etha-
nolamine (12) was used as the chaperone molecule. Conse-
quently, the diastereomeric helices of poly-1 with opposite
axial chirality at the biphenyl units could be successfully
memorized by different amines. We believe that such helical
polymers with macromolecular helicity memory together
with memory of the twisted biphenyl chirality can be used
in asymmetric catalysis for enantioselective reactions after
modification of the biphenyl units with designer functional
groups such as phosphoric acid residues.” Work along
these lines is now in progress in our laboratory.

Experimental Section
Materials

DMSO was dried over calcium hydride and distilled under reduced pres-
sure. Ethanol was dried over magnesium turnings and iodine and distilled
onto 4-A molecular sieves (Nacalai Tesque, Japan). THF was dried over
sodium benzophenone ketyl and distilled onto LiAlH, under nitrogen.
Triethylamine (NEt;) was dried over KOH pellets and distilled onto
KOH under nitrogen. These solvents were stored under nitrogen. THF
and NEt; were redistilled under high vacuum just before polymerization.
4,4'-Dibromobiphenyl was purchased from Tokyo Kasei (TCI, Tokyo,
Japan). Bis(triphenylphosphanyl)palladium dichloride and tetra-n-butyl-
ammonium fluoride (1M in THF) were obtained from Wako (Osaka,
Japan). (R)-(+)- and (S)-(—)-1-(1-naphthyl)ethylamine ((R)-2 and (S)-2)
and (R)-(+)-1-phenylethylamine ((R)-3) were kindly supplied by Yama-
kawa Chemical (Tokyo, Japan), distilled under reduced pressure, and
stored under nitrogen. Other optically active amines (4-11) were avail-
able from Aldrich, TCI, or Wako. 2-Aminoethanol (12; Kishida, Osaka,
Japan) was dried over calcium oxide under nitrogen and distilled under
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reduced pressure. n-Butylamine (13;
Kishida) was dried over calcium hy-
dride and distilled under nitrogen.
These amines were stored under nitro-
gen.  (Trimethylsilyl)acetylene  was
kindly supplied by Shinetsu Chemical
(Tokyo, Japan). Triphenylphosphine
and copper(I) iodide (Cul) were ob-
tained from Kishida. r-Butyllithium
(1.6m in hexane) was purchased from
Kanto Kagaku (Tokyo, Japan). [Rh-
(nbd)Cl], was obtained from Aldrich.
Trimethylsilyldiazomethane (10%
hexane solution) was from Nacalai
Tesque. WCl, was purchased from
Mitsuwa Chemical (Osaka, Japan) and
used as received.

Instruments

T T
300 400 500

Melting points were measured on a
Alnm ——

Yanako melting-point apparatus and
are uncorrected. NMR spectra were
taken on a Varian Mercury 300
(300 MHz for 'H, 75 MHz for C) or a
Varian VXR-500S (500 MHz for 'H)
spectrometer in CDCl; or [D¢]DMSO
with tetramethylsilane (TMS; for
CDCl;, 'H and "C) or a residual sol-
vent peak (for [Dg]DMSO, 'H and
BC) as the internal standard. SEC
measurements were performed with a
JASCO PU-980 liquid chromatograph
equipped with a UV/Vis (JASCO UV-970) detector at 40°C. The temper-
ature was controlled with a JASCO CO-965 column oven. A Tosoh
TSKgel MultiporeHy;-M SEC column (30 cm) was connected, and
chloroform was used as the eluent at a flow rate of 1.0 mLmin'. The
molecular-weight calibration curve was obtained with polystyrene stand-
ards (Tosoh). IR spectra were recorded with a JASCO Fourier transform
IR-7000 spectrophotometer. Laser Raman spectra were recorded on a
JASCO NRS-1000 spectrophotometer. Absorption and CD spectra were
recorded in a 0.1-, 1.0-, or 4.0-mm quartz cell on a JASCO V-570 or
Ubest-55 spectrophotometer and a JASCO J-725 spectropolarimeter, re-
spectively. The concentration of poly-1 was calculated on the basis of the
monomer units and was corrected by using the & (molar absorptivity)
value of the polymer (g4, =3636M'cm™' in DMSO).

Synthesis and Polymerization

1-Et: (4'-Ethoxycarbonyl-4-biphenylyl)acetylene: Prepared according to
Scheme 2. nBuLi (1.6M in n-hexane, 27 mL, 42 mmol) was added drop-
wise to a solution of 4,4'-dibromobiphenyl (18.7 g, 60.0 mmol) in THF
(280 mL) at —78°C. After the mixture was stirred at —78°C for 5 min, an
excess of CO, (dry ice) was added to the solution. After being stirred at
—78°C for 20 min, the reaction mixture was allowed to warm to room
temperature and was further stirred at room temperature for 1h. After
acidification with 1~ HCI, the precipitated solid was extracted with THF
(500 mL). The organic layer was washed with brine and then dried over
MgSO,. After filtration, the filtrate was evaporated under reduced pres-
sure. The resulting crude 4-bromo-4'-carboxybiphenyl, which contained a
small amount of 4,4'-dicarboxybiphenyl (12.5 mol%), was suspended in
THF (100 mL) and ethanol (200 mL). Concentrated H,SO, (20 drops)
was added to this suspension, and the mixture was heated under reflux
for 5 days. After evaporation of the solvent, the residue was diluted with
ethyl acetate. The organic layer was washed with saturated aqueous
Na,CO; and water and dried over Na,SO,. After filtration, the solvent
was removed by evaporation to yield crude 4-bromo-4'-ethoxycarbonylbi-
phenyl. This was used for the next reaction without further purification.
Bis(triphenylphosphanyl)palladium dichloride (1.2 g, 1.7 mmol), triphen-
ylphosphine (0.25 g, 1.0 mmol), and copper(I) iodide (0.25 g, 1.3 mmol)
were added to a solution of 4-bromo-4'-ethoxycarbonylbiphenyl (6.1 g,
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20 mmol) in Et;N (125 mL), and the reaction mixture was stirred under
nitrogen at room temperature for 1h. (Trimethylsilyl)acetylene (15 mL,
105 mmol) was then added, and the reaction mixture was stirred under
reflux at 90°C. After 48 h, the reaction mixture was filtered to remove
the catalyst, and the filtrate was evaporated under reduced pressure. The
residue was dissolved in ethyl acetate (50 mL), and the solution was
washed with water. After the solvent was removed under reduced pres-
sure, the resulting (4'-ethoxycarbonyl-4-biphenylyl)trimethylsilylacetylene
was dissolved in THF (50 mL), and a solution of tetrabutylammonium
fluoride in THF (99 mL, 99 mmol) was added to this solution. The result-
ing solution was stirred under nitrogen at room temperature for 25 min
before evaporation of the solvent. The crude product was diluted with di-
ethyl ether, the solution was washed with 1% aqueous HCl and water,
and then the ether layer was dried over MgSO,. After evaporation of the
solvent, the residue was subjected to chromatography on silica gel with
hexane/ethyl acetate (20:1 v/v). After evaporation of the solvent, the resi-
due was further purified by recrystallization from hexane to give 1-Et as
a light-yellow powder (1.7 g, 31%). M.p.: 96.5-97.5°C; IR (nujol): 7=
3240 (=C-H), 1700 cm™' (C=0); 'H NMR (300 MHz, CDCl,, room tem-
perature): 6=1.42 (t, J=7.0 Hz, 3H; CHj;), 3.16 (s, 1H; =CH), 4.40 (q,
J=17.0Hz, 2H; CH,), 7.59 (s, 4H; aromatic), 7.61 (d, /=7.0 Hz, 2H; aro-
matic), 8.12ppm (d, J=7.0Hz, 2H; aromatic); “C NMR (75 MHz,
CDCl;, room temperature): 0 =14.5, 61.2, 79.4, 83.4, 122.0, 126.5, 127.8,
129.8, 130.3, 132.8, 140.5, 144.6, 166.5 ppm; elemental analysis: calcd (%)
for C;H,,0, (250.3): C 81.58, H 5.64; found: C 81.48, H 5.50.

Poly-1-Et: The polymerization was carried out according to Scheme 2 in
a dry glass ampoule under dry nitrogen atmosphere with [Rh(nbd)Cl], as
a catalyst. A typical polymerization procedure is described below.*!
Monomer 1-Et (1.13 g, 4.53 mmol) was placed in a dry ampoule, which
was then evacuated on a vacuum line and flushed with dry nitrogen.
After this evacuation—flush procedure was repeated three times, a three-
way stopcock was attached to the ampoule, and dry THF (3.0 mL) and
Et;N (9.0 mL) was added with a syringe. A solution of [Rh(nbd)Cl],
(0.05m) in THF was added to this mixture at 30°C. The concentrations of
the monomer and the rhodium catalyst were 0.35 and 0.0035M, respec-
tively. The solution immediately gelated within 1 min. After 3 min, the
resulting polymer was precipitated in a large amount of methanol. The
precipitated polymer was collected by centrifugation, washed with metha-
nol, and dried invacuo at 50°C for 2h (1.10 g, 97%). Poly-1-Et was
partly soluble in DMSO but insoluble in chloroform, dioxane, N,N-di-
methylformamide (DMF), acetonitrile, and toluene. IR (nujol): 7=
1717 cm™' (C=0); elemental analysis: calcd (%) for (C,;;H,0,),: C 81.58,
H 5.64; found: C 81.57, H 5.67.

Poly-1: Poly-1-Et was converted into poly-1 by hydrolysis of the ester
groups in THF/aqueous NaOH (10N) (13:1 v/v) at room temperature for
24 h. The hydrolyzed polymer was collected by centrifugation and
washed with methanol. The same hydrolysis procedure was repeated two
times. The hydrolyzed polymer was suspended in methanol/aqueous HCI
(10%) (7.5:1 v/v), and the suspension was stirred at room temperature
for 2h. The acidified polymer was collected by centrifugation, washed
with water, and dried in vacuo at 50°C for 2 h. The '"H NMR spectrum of
the obtained poly-1 showed that it contained about 3% of the ethyl ester
group. Poly-1 is soluble in DMSO. IR (nujol): #=1692 cm™' (C=0);
"H NMR (500 MHz, [D¢]DMSO, 80°C): 6=5.85 (s, 1 H; =CH), 6.84 (sin-
gletlike, 2H; aromatic), 7.32 (singletlike, 2H; aromatic), 7.86 (singletlike,
2H; aromatic), 7.91 ppm (singletlike, 2H; aromatic); elemental analysis:
caled (%) for (0.97C;sH,,0,-0.03C,,H,,0,),: C 81.08, H 4.57; found: C
81.08, H 4.60. The 'H NMR spectrum of poly-1 in [Dg]DMSO showed a
singlet centered at 5.85 ppm due to the main-chain protons, which indi-
cates that the polymer has a highly cis-transoidal, stereoregular structure
(see Supporting Information, Figure $1)."! The Raman spectrum of poly-
1 exhibited intense peaks at 1548, 1344, and 970 cm™', which are charac-
teristic peaks due to the cis polyacetylenes and can be assigned to the C=
C, C-C, and C—H vibrations, respectively. On the other hand, peaks of
the trans polyacetylenes were hardly observed (see Supporting Informa-
tion, Figure S$9).””) This result also supports the hypothesis that poly-1
has a highly cis-transoidal structure.
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Poly-1 methyl ester: Conversion of poly-1 into the methyl ester was car-
ried out with trimethylsilyldiazomethane according to the method report-
ed previously.”™ The obtained methyl ester was soluble in chloroform
containing a small amount of trifluoroacetic acid (2 vol %). The number-
average molecular weight (M,) and its distribution (M,/M,) of poly-1
were estimated in the form of its methyl ester to be 1.4x10* and 5.3, re-
spectively, by SEC with polystyrene standards and chloroform as the
eluent.

Poly-1-Et: Poly[(4'-ethoxycarbonyl-4-biphenylyl)acetylene] (poly-1’-Et)
with a different stereostructure was prepared by a different route.l*"!
Compound 1-Et (0.2 ¢ in toluene, 0.5M) was polymerized with WCly/
nBu,Sn (1:1 mol/mol, [1]/[WCl]=100) in dry toluene at 60°C. The re-
sulting polymer was precipitated in a large amount of methanol, collected
by centrifugation, and dried in vacuo at 50°C for 2 h. The obtained poly-
mer was found to contain a small amount of oligomers by '"H NMR spec-
troscopy. To remove the oligomers, the crude polymer was dissolved in
THF (5 mL), and the solution was poured into toluene/hexane (1:3 v/v).
The resulting dark-brown precipitate of poly-1"-Et was collected by cen-
trifugation and dried in vacuo at 50°C for 2 h (0.15 g, 74 %). The M, and
M, /M, values of poly-1'-Et were 4.0x10* and 2.4, respectively, as deter-
mined by SEC with polystyrene standards and THF as the eluent. IR
(nujol): #=1720cm™"' (C=0); 'HNMR (500 MHz, [D¢]DMSO, 60°C):
0=5.2-82 ppm (br, 8H; =CH and aromatic); elemental analysis: calcd
(%) for (C;H,,0,),: C 81.58, H 5.64; found: C 81.78, H 5.49.

Poly-1": Poly-1'-Et was converted into poly[(4'-carboxy-4-biphenylyl)acet-
ylene] (poly-1’) by hydrolysis of the ester groups in a similar way to that
described above. The "H NMR spectrum of the obtained poly-1’ showed
that it contained about 4% of the ethyl group. The "H NMR spectrum of
poly-1’ showed very broad resonances at 5.2-8.8 ppm, which indicates
that the polymer prepared by the WCl¢/nBu,Sn catalyst may not be ste-
reoregular in the main-chain configuration and conformation.***! The
Raman spectrum of poly-1' exhibited intense peaks at 1520 and
1232 cm ™!, which are characteristic peaks due to the trans polyacetylenes
and can be assigned to the C=C and C—C vibrations, respectively (see
Supporting Information, Figure S9). This indicates that poly-1' has a
trans-tich  structure.”’! IR (nujol): #=1693cm™' (C=0); 'HNMR
(500 MHz, [D¢]DMSO, 60°C): 0=5.2-8.8 ppm (br, 8H; =CH and aro-
matic).

CD Measurements

Anhydrous DMSO was used throughout for all measurements. A typical
experimental procedure is described below. The concentration of poly-1
was calculated based on the monomer units and was 1 mgmL™"' (4.5 mm
monomer units) unless otherwise stated. A stock solution of poly-1
(1 mgmL™") in DMSO was prepared in a 10-mL flask equipped with a
stopcock. A 1-mL aliquot of the solution of poly-1 was transferred to a
vessel equipped with a screwcap by using a Hamilton microsyringe. An
appropriate amount of R or S amine was added to the vessel. The solu-
tion was immediately mixed with a vibrator (Iuchi, Japan), and absorp-
tion and CD spectra were recorded. For CD titration experiments, stock
solutions of poly-1 (20 mg/10 mL) and (S5)-2 (100 pL/1 mL) in DMSO
were prepared. A 500-pL aliquot of the solution of poly-1 was transferred
to five 1-mL flasks equipped with stopcocks by using a Hamilton micro-
syringe. An appropriate amount of the stock solution of (§)-2 was added
to the flasks. The solutions were immediately mixed with a vibrator and
finally diluted with DMSO to keep the poly-1 concentration at
1 mgmL~". Then, absorption and CD spectra were taken for each flask to
give the titration curve (see Supporting Information, Figure S2).

Memory of Macromolecular Helicity and Pendant Axial Chirality

SEC fractionation of induced helical poly-1: Experiments on the memory
of the macromolecular helicity and the pendant axial chirality were car-
ried out according to the reported methods.®! A stock solution of (R)-2
(100 pLmL™") in DMSO was prepared. A solution of poly-1 in DMSO
(5 mg/~4 mL) was prepared in a 5-mL flask equipped with a stopcock.
The stock solution of (R)-2 (366 pL) was added to this solution by using
a Hamilton microsyringe, and the resulting solution was diluted with
DMSO to keep the poly-1 concentration at 1 mgmL™" (4.5 mm) ([(R)-2]/
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[poly-1]=10 mol/mol). The initial CD and absorption spectra were re-
corded in a 0.1-mm quartz cell. The solution of the poly-1-(R)-2 complex
(500 puL) was transferred to a vessel with a screw cap by using a transfer
pipette. Compound 12 (6.9 puL; [12])/[poly-1] =50) was directly added to
this solution by using a Hamilton microsyringe, and then the CD and ab-
sorption spectra were recorded in a 0.1-mm quartz cell. SEC fractiona-
tion was performed by using a JASCO PU-980 liquid chromatograph
equipped with a UV (300 nm; JASCO UV-970) detector. A Shodex KF-
806L SEC column (30 cm) was connected, and 0.8M of 12 in DMSO was
used as the mobile phase at a flow rate of 1.0 mLmin~'. The solution
(100 uL) of poly-1 with (R)-2 and 12 was injected into the SEC system,
and the poly-1 and (R)-2 fractions were collected separately. The recov-
ery of (R)-2 was estimated to be more than 99 % on the basis of the UV/
Vis spectrum of the (R)-2 fraction (¢ value of (R)-2: &,54=06150, &300=
2520m 'em™"). The CD and absorption spectra of the fractionated poly-1
were recorded in a 4.0-mm quartz cell.
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Abstract: A solid-state fluorescent host
system was created by self-assembly of
a 2;-helical columnar organic fluoro-
phore composed of (1R,2S)-2-amino-
1,2-diphenylethanol and fluorescent 1-
pyrenecarboxylic acid. This host system
has a characteristic 2,-helical columnar
hydrogen- and ionic-bonded network.
Channel-like cavities are formed by

ous guest molecules can be included by
tuning the packing of this column.
Moreover, the solid-state fluorescence
of this host system can change accord-

Keywords: crystal engineering -
fluorescence - helical structures -
host—guest systems - supramolecular
chemistry

ing to the included guest molecules.
This occurs because of the change in
the relative arrangement of the pyrene
rings as they adjust to the tuning of the
packing of the shared 2;-helical
column, according to the size of the in-
cluded guest molecules. Therefore, this
host system can recognize slight differ-
ences in molecular size and shape.

self-assembly of this column, and vari-

Introduction

In the field of host-guest chemistry, the development of a
functional host system is an important issue. Recently, solid-
state organic fluorescence host systems have attracted much
attention because the solid-state optical properties of organ-
ic compounds are different from their solution-state proper-
ties.l!
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In particular, from the viewpoint of synthesis and func-
tionality, supramolecular organic fluorescence host systems
composed of two or more organic molecules are increasingly
desirable.’! That is, the resultant supramolecular organic
fluorophore exhibits effective fluorescence properties owing
to the synergistic effects of the packing style and the optical
properties of the component molecules in the supramolec-
ular complex. Recently, we developed chiral supramolecular
organic fluorophores that exhibit circularly polarized lumi-
nescence (CPL) properties in the crystalline state by com-
bining two types of organic molecules, that is, fluorescent 2-
anthracenecarboxylic acid and chiral (1R,2R)-1,2-diphenyl-
ethylenediamine molecules.”) Moreover, a solid-state fluo-
rescence host system composed of 2-anthracenecarboxylic
acid and (1R,25)-2-amino-1,2-diphenylethanol ((1R,2S5)-1)
was also developed. In this host system, the solid-state fluo-
rescence of the complex changes according to the presence
of included guest molecules.™ Thus, the structural, physical,
and chemical properties of these supramolecular host sys-
tems can be controlled easily by simply changing the compo-
nent molecules without the need for further synthesis. How-
ever, it is not so easy to predict these properties of supra-
molecular complexes when new component molecules are
used.

Herein we report a solid-state host system that consists of
two organic molecules. This host system can include a varie-
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ty of guest molecules and exhibits fluorescence properties.
The first molecule is the fluorescent 1-pyrenecarboxylic acid
(2), which is sterically larger than 2-anthracenecarboxylic

O COOH
H,N OH

(1R2S)1 2

acid. The second molecule, (1R,25)-1, was used because of
the high possibility of forming columnar structures when
using chiral acid/amine salts.*”) That is, if the cavities are
formed by the self-assembly of columns, the size and shape
of the cavities may be tuned by changing the packing of
these columns, and a variety of guest molecules may be in-
cluded. For the guest molecules, four n-alkyl alcohols of dif-
fering chain lengths (MeOH, EtOH, nPrOH, and nBuOH)
were used to study the influence of the size of the included
guest molecule on this system.

Results and Discussion

The formation of supramolecular fluorescent organic host
systems was attempted by crystallization from the four guest
alcohol solutions. A mixture of (1R,2S)-1 and 2 was dis-
solved in each of the guest alcohols and left to stand at
room temperature. After a few days, colorless crystals of I-
IV were obtained from the solutions in MeOH, EtOH,
nPrOH, and nBuOH, respectively. These crystals were con-
structed from (1R,25)-1 and 2, and included the alcohol as
guest molecules.

The crystal forms and the solid-state fluorescence data of
these complexes and of the component fluorescent molecule
2 are listed in Table1 and their spectra are shown in
Figure 1. Although many organic fluorophores lose this

Abstract in Japanese:
AHFFETIE, XFEEESFT I/ 8 ) —VEHEE(IR2S)-
2-amino-1,2-diphenylethanol ((1R,25)-1) & % ¥ 40 F 1 -
pyrenecarboxylic acid (2)& # A EbHE D Z LIz LD, EIE
KRB B WTH A AR & B2 R T 5 %R
ARV ATLOMBEET >, (1R2S)-1 & 2 24 A}
MeOH, EtOH, #-PrOH, n-BuOH &i& 6 hFhfEsk &
HinE A, ST L5 A M FEFEEEIV)EZ G, =
LOBSTADERIRESE YA XY M ERHIELTEZ A, &
KA b, WAL A MSFIZIEC T, VSR
Dz, X BEREEMRITORER, T T oG, Wy
FTHDH1E2OANETUNEET I/ EICLD, EHEL
72 2-~U BB T LEEEL TR, 2 RSFITELE
T, Ny XU BEIIREREBVNR LN, HAEAALS
FALODEWT, ZOLI RNy X FEEOEVRE T

HH0EEZLND,

626 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. The crystal form and solid-state fluorescence spectral data of
I-1V and fluorescent molecule 2.

Complex Color Shape Aem [nm]® o

I colorless plate 483 0.08
I colorless plate 451 0.17
I colorless plate 477 0.07
v colorless plate 461 0.18
2 yellow powder 526 0.01

[a] The excitation wavelength is 379 nm in all cases.

Complex IV

Complex II1

Intensity

Complex I1

Complex I

2

400 450 500 550 600 650 700
A/nm —>

Figure 1. Solid-state fluorescence spectra of complexes I-IV and fluores-
cent molecule 2. The excitation wavelength is 379 nm in all cases.

property in the solid state, complexes I-IV show fluores-
cence in the solid state. It is well known that oxygen mole-
cules affect the transition fluorescence emission of the
pyrene. Interestingly, although the absolute value of the
photoluminescence quantum yield in component fluorescent
molecule 2 is very small (@z=0.01), that of complexes I-IV
increased by 7-18 times relative to that of 2, even in the
presence of air. On comparison of these spectra with the
published data of pyrene, it is thought that these complexes
exhibit excimer emissions.[) Moreover, the solid-state fluo-
rescence spectra depend on the included guest alcohols. As
the alkyl-chain-length increases, the solid-state fluorescence
maximum changes to a shorter wavelength, with the excep-
tion of complex II. These results suggest that this system can
be used as a fluorescent host system for included guest mol-
ecules.

To study the guest-inclusion mechanism and fluorescence
propertiesy of this system, X-ray crystallographic analyses of
these complexes were attempted. The structure of complex I
including MeOH is shown in Figure 2. The stoichiometry of
complex I is (1R,25)-1/2/MeOH =1:1:1 and the space group
is C2. As expected, this crystal has a 2,-helical columnar
supramolecular hydrogen- and ionic-bonded network along

Chem. Asian J. 2008, 3, 625 -629





A Fluorescent Host System with a 2;-Helical Column

(a) /2

= IM

» ofﬁy -8/

A
‘-ﬂ%/
-

Figure 2. Crystal structures of complex L. a)2,-Helical columnar hydro-
gen-and ionic-bonded network parallel to the b axis. b) Packing structure
observed along the b axis.

the b axis (Figure 2a). This network is mainly formed by the
ammonium hydrogen atom of one protonated amine and
the carboxylate oxygen atom of a carboxylic acid anion.
Chiral channel-like cavities are formed by self-assembly of
this 2,-column (Figure 2b). In this cavity, MeOH (Figure 2,
space-filling molecules) is included one-dimensionally along
the direction of the cavity. Each MeOH molecule is connect-
ed to the 2,-column by two hydrogen bonds. One hydrogen
bond is between the hydroxy group of MeOH and the car-
boxylate ion derived from 2. The other is between the hy-
droxy group of MeOH and the hydroxy group of (1R,2S5)-1.

In a similar way, we examined good-quality colorless crys-
tals of III and IV, which were obtained from solutions in
nPrOH and nBuOH, respectively. X-ray crystallographic
analyses revealed that these inclusion crystals have the same
stoichiometry and space group, that is, (1R,2S5)-1/2/nPrOH
or nBuOH=1:1:1 and the space group is P2,. The crystal
structures of complex III are shown in Figure 3. Complex III
also shows a similar 2;-helical columnar hydrogen- and
ionic-bonded network, as in crystal I (Figure 3a). However,
the packing style of this 2;-column is different from that of
complex I (Figure 3b). In complex I, the channel-like cavity
is surrounded by two pyrene groups when observed along
the b axis, but in complex III, the channel-like cavity is sur-
rounded by four pyrene groups and the volume of the cavity
becomes larger than that of complex I. nPrOH (Figure 3,
space-filling molecules) is included as a guest in the cavities
by two hydrogen bonds between the hydroxy group of
nPrOH and the carboxylate ion derived from 2, and be-
tween the hydroxy group of nPrOH and the hydroxy group
of (1R.2S)-1. In this complex, the channel-like cavity is
maintained by benzene-pyrene edge-to-face interactions
(Figure 3b, arrows, 2.97 A).
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(a)

(1R25)-1

(b)

Figure 3. Crystal structures of complex III. a) 2,-Helical columnar hydro-
gen- and ionic-bonded network parallel to the b axis. b) Packing structure
observed along the b axis. Arrows show benzene—pyrene edge-to-face
interactions.

The crystals of complex IV also share a characteristic 2;-
helical column structure, as in crystals I and III (Figure 4a).
In addition, similar channel-like cavities are formed by the
self-assembly of a 2;-column along the b axis, as in crystal
III (Figure 4b).

In complexes III and IV, although the packing style of the
2,-column is almost the same, the size of the cavity changes
according to the guest molecule. That is, as the alkyl chain
of the n-alkyl alcohol becomes longer (from nPrOH to
nBuOH), the distance between the 2;-columns (B and C,

(2)

(1R.25)-1

Figure 4. Crystal structures of complex IV. a) 2;-Helical columnar hydro-
gen- and ionic-bonded network parallel to the b axis. b) Packing structure
observed along the b axis.
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Figures 3b and 4b) becomes greater (17.77 A to 17.96 A
and 13.55 A to 13.70 A, respectively).

As complex II obtained from EtOH formed only very
thin crystals, X-ray crystallographic analysis was unsatisfac-
tory. Therefore, X-ray powder diffraction analyses of all
these crystals were attempted (Figure 5).

)

BIET IR

()

. JMMMWL\
L

3 57 911131517192123252729313335
20/° —

Intensity

Figure 5. X-ray powder diffraction patterns of a) II, b) I, ¢) III, and d) IV.

The X-ray powder diffraction patterns of complexes I-IV
are similar, especially at low angles. The X-ray powder dif-
fraction patterns of complexes III and IV were almost iden-
tical, indicating that packing of the 2,-column is the same,
even if the included alcohol is different (Figures Sc and d).
Moreover, the "H NMR spectroscopic analysis of complex II
reveals that it has the same stoichiometry, that is, (1R,25)-1/
2/EtOH =1:1:1, as crystals I, III, and I'V. From these results,
it is assumed that complex II also shares a similar 2;-helical
columnar hydrogen- and ionic-bonded network as the other
complexes, but the packing of the 2,-column is different. In
other words, this host system includes guest molecules by
tuning the packing of the shared 2;-helical column.

In this host system, the photoluminescence quantum yield
increases upon supramolecular complexation. Unfortunately,
there is no crystal data for fluorescent component molecule
2 alone. However, it is reported that 1-naphthalenecarboxyl-
ic acid in its crystalline state exists as a dimer formed by hy-
drogen bonding of the carboxyl groups.” Therefore, it can
be inferred that 2 also exists as a similar dimer in the solid
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state. On the other hand, in these complexes, 2 is built into
a stronger helical columnar hydrogen- and ionic-bonded net-
work that suppresses the concomitant nonradiative process-
es. Although the packing structures of 2 and these com-
plexes cannot be compared directly, such a change in the
bonding style of 2 in each complex probably also increases
the photoluminescence quantum yield of complexes I-IV.
Furthermore, the solid-state fluorescence spectra of this host
system depend on the included guest molecules. From struc-
tural analyses, the relative arrangement of the pyrene rings
in complexes I, IL, and III (or IV) changes as they adjust to
the tuning of the packing of the shared 2,-helical column,
according to the size of the included alcohol. This tuning of
the pyrene rings causes a guest dependency of the solid-
state fluorescence spectra in complexes L, II, and III (or IV).
On the other hand, although the packing of the shared 2;-
helical column is similar in complexes III and IV, the solid-
state fluorescence spectra are clearly different. From struc-
tural analyses, when comparing complex III with complex
IV, the distance between the pyrene rings along the column
increases from 6.06 A to 6.15A (A, Figures3a and 4a).
Moreover, the intermolecular distance between the pyrene
rings of adjoining 2;-columns (D, Figures3b and 4b) in-
creases from 6.17 A to 6.33 A. These changes in intermolec-
ular distance between the adjoining pyrene rings cause the
changes in the fluorescence spectra of complexes III and IV.

Conclusions

A novel supramolecular fluorescence host system with
chiral channel-like cavities was successfully created by self-
assembly of a 2;-helical columnar hydrogen- and ionic-
bonded network composed of (1R2S5)-1 and 2. This host
system shares a similar 2;-helical column structure; channel-
like cavities are constructed by self-assembly of this 2;-
column and guest molecules are included one-dimensionally
along the cavity by tuning the packing of this column.
Supramolecular complexation allows an increase in the pho-
toluminescence quantum yield of the complexes relative to
that of the component fluorescent molecule. The solid-state
fluorescence spectra change according to the included guest
molecules owing to the slight variation in molecular size and
shape. This property further enriches the ability of the chiral
fluorescence host system and could be of potential use in
the design of novel solid-state fluorescence host systems for
molecular recognition.

Experimental Section

Formation of Supramolecular Fluorescence Complexes with Guest
Alcohol Molecules

(1R,25)-1 (10 mg, 0.047 mmol) and 2 (12 mg, 0.047 mmol) were dissolved
in the respective n-alkyl alcohol (2 mL). After a few days, colorless crys-
tals formed (I (10 mg) from MeOH, II (9 mg) from EtOH, III (8 mg)
from nPrOH, and IV (8 mg) from nBuOH) and were collected. (The
given weight is that of the total crop of crystals obtained in one batch.)
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Measurement of Solid-State Fluorescence Spectra

Solid-state fluorescence spectra and absolute photoluminescence quan-
tum yields were measured on an Absolute PL Quantum Yield Measure-
ment System (C9920-02, Hamamatsu Photonics K.K.) under air at room
temperature.

X-ray Crystallographic Study of 1

X-ray diffraction data for single crystals were collected on a Bruker
Apex. The crystal structures were solved by direct method and refined
by full-matrix least-squares by using SHELX97. The diagrams were pre-
pared with PLATON. Crystallographic data of I:
C4H;,NO-C;HyO,-CH,O, M =491.56, monoclinic, space group C2, a=
30.857(4), b=6.1523(7), c=13.6925(15)A, p=98788(2)°, V=
2568.9(5) A%, Z=4, Peyca=1.271 gem™, tiyroxe =0.083 mm™", 8030 reflec-
tions measured, 5266 unique, final R(F*)=0.0600 by using 4528 reflec-
tions with 7>2.00(I), R (all data)=0.0706, T=120(2) K, CCDC-654189.
Crystallographic data can be obtained free of charge at www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(4+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

X-ray Powder Diffraction Pattern of II

X-ray powder patterns were recorded on a Rigaku RINT2500 by using
graphite-monochromated CuKa radiation (40 kV, 80 mA). The spectra
were measured at room temperature between 3° and 35° in the 26 scan
mode with steps of 0.02° in 260 and 3°/min. Powder X-ray diffraction data
(A (I11))): 16.0 (1.00), 14.0 (0.35), 10.0 (0.34), 6.90 (0.49), 6.57 (0.92), 6.10
(0.37), 4.75 (0.52), 4.36 (0.37), 4.13 (0.28), 3.98 (0.62), 3.92 (0.29), 3.86
(0.67), 3.80 (0.89), 3.61 (0.30), 3.27 (0.21).

X-ray Crystallographic Study of IIT

Crystallographic data of III: C,,;H;(NO-C,;H,O,-C;H;O, M =519.61, mon-
oclinic, space group P2,, a=13.5541(13), b=6.0649(6), c=17.7744(16) A,
B=110.931(2)°, V=136472) A, Z=2, Peca=1.265gcm™>, piproxa=
0.082 mm ™, 8502 reflections measured, 5414 unique, final R(F*)=0.0579
by using 4224 reflections with 7>20(f), R (all data)=0.0800, 7=
100(2) K, CCDC-654190.
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X-ray Crystallographic Study of IV

Crystallographic data of I'V: C;H;(NO-C;H,0,-C;H;O, M =533.64, mon-
oclinic, space group P2,, a=13.699(3), b=6.1484(14), c=17.961(4) A,
B=110.921(4)°, V=1413.05) A%, Z=2, paa=1254gem™>, piyoxa=
0.081 mm™', 8704 reflections measured, 5920 unique, final R(F*)=0.0794
by using 2517 reflections with I>20(), R (all data)=0.1742, T=
120(2) K, CCDC-654191.

Measurement of '"H NMR Spectra

"H NMR spectra were recorded on a Varian Mercury M300 Spectrome-
ter.
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