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Abstract: With the development of nanotechnology, many
novel nanomaterials with unique properties such as mag-
netic, electronics, and photonics are increasingly being ex-
ploited. Gold nanorods, which are rod-shaped nanomate-
rials, show powerful potential in biological/biomedical
fields, especially photothermal therapy, biosensing, imag-
ing, and gene delivery for the treatment of cancer. Many
scientific groups have shown strong interests in gold nano-
rods and have attempted to push them towards possible

clinical applications. However, owing to the quantum-size
effects of nanomaterials, people have also raised some
concerns about the potential toxicity hazards. Therefore,
it is becoming urgent to study and exploit the biological
effects of gold nanorods for benefit in the near future.

Keywords: biosensors - gene delivery - gold nanorods -
molecular imaging - photothermal therapy
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1. Introduction

Gold nanords (GNRs), as one important member of the
noble-metal nanoparticles(Au, Ag, Cu),'! are attracting in-
tensive scientific interest for their unique properties and po-
tential applications such as photothermal therapy,*® bio-
sensing,’”! molecular imaging,'">'?! and gene delivery!>
for cancer treatment. Owing to surface plasmon reso-
nance,>!! gold nanorods show greatly enhanced absorption
and Rayleigh scattering of light. In a sense, GNRs are elon-
gated gold nanoparticles with unique optical properties de-
pending on their size and shape.['"®! However, unlike spher-
ical gold nanoparticles, GNRs possess two absorption bands
owing to the surface plasmon collective oscillation of free
electrons.'>?” One is called the transverse plasmon band, re-
lating to the absorption and scattering of light along the
short axis of rods, located in the visible region at about
520 nm; the other is called the longitudinal plasmon band,
relating to the absorption and scattering of light along the
long axis of the rods, located in the near-infrared (NIR)
region of the electromagnetic spectrum, which is tunable by
changing certain aspects of GNRs.”!! It has been thought
that biological tissues are relatively transparent in the
NIR™ region, where there are many exciting applications
for photodynamic®™ and photothermal therapy of
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cancer.”?! Based on this, GNRs are extremely attractive
candidates with essential properties as optical sensors for
biological and medical applications, for example, photother-
mal therapy,®*! optical imaging,”! and biosensing.””) More-
over, GNRs can greatly enhance the surface Raman scatter-
ing of adsorbed molecules,”! and therefore can act as the
substrate of Raman probe design.”® Although GNRs dis-
play promising prospects, there are still some concerns on
their synthesis,*>*" surface modifications,"® biocompatibility
and toxicity,"!! and so on. Herein, we review the main pro-
gresses made over the past few years in the synthesis, sur-
face modification, molecular assembly, and biological effects
of gold nanorods, exploring their application prospects in
photothermal therapy, biosensing, molecular imaging, and
gene delivery, with the aim of stimulating a broader atten-
tion to GNRs and improving the development of GNR-
based nanotechnology.

2. Synthesis and Optical Properties

There is wide interest in synthesizing different shapes of
gold nanomaterials.?? So far, gold nanomaterials such as
gold nanospheres,* gold nanobelts,* gold nanocages,**!
gold nanoprisms,®”! gold nanostars,**! and gold nanorods™”
have been successfully fabricated, and their formation mech-
anism and important physical and chemical properties are
being investigated.

Among these gold nanomaterials, GNRs have received
more attention, and a lot of references are associated with
them. In comparison with other shapes of gold nanomateri-
als, GNRs possess several advantages: different synthetic
methods can be chosen,!'® mild reaction conditions can be
used,™ high yields and narrow site distribution!**) can be
gained through judicious choice of experimental parameters.
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Furthermore, GNRs have a higher efficiency of light absorp-
tion at their longitudinal plasmon resonance site than any
other known nanomaterials, including gold nanoshells.***!

To date, the main methods to synthesize GNRs include
porous aluminum template methods,” electrochemical
methods,*! photochemical methods,*® and the seed-mediat-
ed growth method.” Of all these methods, the seed-mediat-
ed growth method has the longest history, which dates back
to the 1920s,"¥ and is especially appealing and widely adopt-
ed because it is very simple and flexible in fabricating differ-
ent aspect ratios of GNRs and keeping a relatively high
yield. Generally, the seed-mediated growth method includes
two steps: synthesis of seeds and the growth of seeds.*”! The
former is done by using a strong reducing agent to reduce a
metal salt solution in aqueous medium so as to get a certain
size of spherical gold nanoparticles, which are defined as
gold seeds. After the gold seeds are formed, the next step is
to add them into the surfactant, which acts as a soft tem-
plate to direct seed growth. During the growth, another
weak reducing agent is necessary to guarantee the reduction
of gold salt. To get a high yield of tailored GNRs by this
method, several parameters such as the seeds themselves!
(size and aging time), use of AgNO,,""*! use of cetyltrime-
thylammonium bromide (CTAB),*! pH,*! temperature,”
among others must be carefully considered before prepara-
tion because the formation mechanism of GNRs is very
complicated; a slight variation will affect the size and shape
of the GNRs. The Murphy group”*? performed some pio-
neering work on the seed-mediated growth of GNRs. The
formation mechanism of GNRs has so far still not been well
clarified,”"*">¥ though Perez-Juste et al.'®> provided an ex-
cellent overview to discuss this problem in detail.

Gold nanoparticles show a strong absorption band in the
visible region owing to the collective oscillations of metal
conduction band electrons in strong resonance with visible
frequencies of light, which is called surface plasmon reso-
nance (SPR).* There are several parameters to influence
the SPR frequency. For example, the size and shape of the
metal nanoparicles, surface charges, dielectric constant of
the surrounding medium, and so on.’>* Upon changing the
shape of gold nanoparticles from spheres to rods, the SPR
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spectrum exhibits two absorption bands: a weaker short-
wavelength in the visible region owing to the transverse
electronic oscillation and a stronger long-wavelength band
in the NIR region owing to the longitudinal oscillation of
electrons. The aspect ratio of GNRs can markedly affect
their absorption spectra.'”) In the same vein, increasing the
aspect ratio can lead to longitudinal SPR absorption band
red-shifts. This interesting phenomenon will benefit us enor-
mously in practical applications.

3. Surface Modifications

To obtain a high yield of GNRs, CTAB, an important cat-
ionic surfactant, is frequently used, which acts not only as
an inducing agent but also a capping agent.®! CTAB forms
the bilayer structure on the surface of GNRs, whereby the
trimethylammonium head groups of the first monolayer are
facing the surface of the GNRs, while the absorbed second
layer of CTAB extends outside the groups with positive
charges through van der Waals interactions between the sur-
factant tails.””) The CTAB molecule has a long alkyl chain,
which makes it difficult to further modify GNRs in the pres-
ence of abundant CTAB.P® Furthermore, removing excess
CTAB will cause GNRs to undergo irreversible aggrega-
tion.® Therefore, it is imperative to implement surface
modifications before further biological applications. For ex-
ploring applications, there are three kinds of molecules
mainly used for the surface modifications of GNRs: small-
molecule compounds, polymers, and inorganic silica.
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Yamada et al.’) demonstrated an extraction technique
using phosphatidylcholine (PC) to modify GNRs, in which
CTAB was successfully extracted into a chloroform phase
while PC adsorbed onto the GNRs. Zeta potential indicated
that some CTAB molecules were still retained on the face
of the GNRs, but the cytotoxicity was reduced to a negligi-
ble degree. For further biological applications, both long-
term stability and facile modification methods are essential.
Instead of partial modification, Irudayaraj et al.”® reported
a chemical method to replace CTAB on the surface of
GNRs. They synthesized two types of biocompatible small
organothiols, one positively charged and the other negative-
ly charged. Both compounds have SH groups, which show a
strong affinity for gold atoms. In this approach, they empha-
sized that a series of factors are pivotal to the successful ac-
tivation of GNRs. It seems that CTAB is prone to bind
tightly onto the Au surface so that small-molecule com-
pounds cannot easily replace them. In comparison to poly-
mer modifications, small linker molecules are more available
for biosensing applications. Since the plasmonic electromag-
netic field around GNRs decays exponentially from the sur-
face, polymer coating creates a thicker layer which is less
sensitive to surface-binding events than small-molecule
counterparts.

Polymers are very efficient and widely used mediums for
surface modifications. Murphy and co-workers®? first sug-
gested a layer-by-layer (LbL) approach to modify the entire
surface of GNRs by electrostatic self-assembly, in which the
positively charged CTAB facilitated absorption of an anion
polyelectrolyte, poly(sodium-4-styrenesulfonate) (PSS). Sub-
sequently, a cationic polyelectrolyte, poly(diallyldimethylam-
monium chloride) (PDADMAC) was further utilized. The
process could alternately be repeated to deposit polyelectro-
lyte multilayers. Boyes and co-workers®®! provided another
technique called reversible addition-fragmentation chain
transfer (RAFT) to modify GNRs with different polymers.
RAFT is a versatile controlled “living” free-radical polymer-
ization technique which has played a key role in polymers
synthesis. In comparison to the LbL method, several advan-
tages are evident: stronger binding to the substrate surface,
control over the thickness, and more than just polyelectro-
lyte materials. Using this technique, they modified the sur-
face of GNRs with both hydrophilic polymers poly(2-(dime-
thylamino)ethyl methacrylate) (PDMAEMA), poly(acrylic
acid) (PAA), and the hydrophobic polymer polystyrene
(PS). The thickness of polymers attached to the surface of
GNRs was tunable from 3 nm to 14 nm. The maximum
shifts of both PDMAEMA and PS corresponded well with
the TEM results. But, for PAA, it caused aggregation. Ni-
idome et al.””) added MPEG-SH into the GNR solution sta-
bilized by CTAB to achieve PEG modification. PEG-modi-
fied GNRs reduced cytotoxicity significantly and showed a
stealth character invivo. PEG-modified GNRs were as-
sumed to be well suited for biomedical applications. In addi-
tion, some groups also utilized PVP® lipids® copoly-
mer,®! bovine serum albumin (BSA), and polyethlenimine
(PED*! to modify the surface of GNRs.
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Since great efforts were made on silica-coated works by
the Mulvaney,”®” Philipse,”® and Iler™™ groups in the past
decades, recently the inorganic silica-coating method has
become of increasing interest for the surface modification of
nanomaterials, for example, of Au," Fe,0,"! Ag™ and
quantum dots.™® There are several main reasons for this.
Firstly, silica surface chemistry has been well established;
one can easily covalently introduce functional groups to the
silica surface. Secondly, coating a shell of pure transparent
silica has little influence on the physical properties of nano-
materials including optical, magnetic, and catalytic perform-
ances. More importantly, silica coating enhanced the colloi-
dal stability. Murphy et al.” successfully reported the use of
v-methacryloxypropyltrimethoxysilane(MPS) to coat the
high-aspect-ratio GNRs (aspect ratio 13). However, their
method was not available specifically for short-aspect-ratio
GNRs which often exhibited poor reproducibility and parti-
cle aggregation. Later, Perez-Juste et al.*! brought forward
a new silica-coating profile to overcome this defect using a
combination of the LbL technique and hydrolysis and con-
densation of tetraethoxy silane (TEOS), leading to a homo-
geneous coating (Figure 1).

Figure 1. TEM images of GNRs with controlled silica shell thickness.
From (a) to (d), the shell thickness gradually increases. Reprinted with
permission from reference [63].

A silica shell not only can control the dipolar interactions
between GNRs, but also can enhance the versatility of the
particles. Ma and co-workers™ prepared the Au,,,/SiO,
composites through an improved Stober method. The uni-
form shell thickness was about 9 nm. To avoid the nuclea-
tion of free silica in solution, they adopted vortex mixing
rather than mechanical mixing and magnetic stirring. This is
because vortex mixing can afford more homogeneous
mixing. Here, it must be pointed out that obtaining a de-
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fined homogeneous layer of silica is not as easy as described
in most papers; one must be cautious about operation and
dosage during the process of coating.

4. Molecular Assembly

Assembling one or more molecular entities may produce
novel physical properties which are very useful in nanoscale
electron device fabrication. GNRs with unique optical prop-
erties play an important role in nanomaterial assembly and
are attracting more and more attention. Electrostatic, hydro-
philic-hydrophobic, and specific interactions (antigen-anti-
body, oligonucleotides, biotin-streptavidin, aptamer—pro-
tein) are often involved in the GNR assembly.["®

El-Sayed et al.”! showed that simple solvent evaporation
results in the organization of 1D, 2D, and 3D structures of
GNRs. Zubarev and co-workers™ described a simple

method to spontaneously assemble hybrid gold—polymer
core-shell nanorods into ringlike arrays (Figure 2).

Figure 2. a-d) TEM images of rings formed by GNR-(PS), from a solu-
tion of CH,Cl, (1 mgmL™"). Reprinted with permission from refer-
ence [78].

The mechanism of developing ringlike structure is as fol-
lows: Polystyrene (PS) chains are covalently attached to
GNRs, then the hybrid core-shell materials are dissolved
into CH,Cl, solvent. When highly volatile CH,Cl, is evapo-
rated quickly and cooled so that its surface is below the dew
point, the numerous water droplets of air start to condense
and drop onto the substrate and are surrounded by the
CH,(I, solution of GNRs/PS. The increasing water droplets
gather to develop a template. Since GNRs/PS are highly
soluble in CH,Cl,, they remain in the solution until the last
portion of CH,Cl, is concentrated around the impervious
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walls of the water droplets. After being dried at the lower
temperature, the sample starts to return to room tempera-
ture, thus causing evaporation of the water templates and
development of ringlike arrays of the GNRs.

Some research groups have utilized the well-known
biotin—streptavidin specific recognition mechanism to assem-
ble GNRs. Murphy and co-workers™ reported that short-
aspect-ratio GNRs treated with biotin were assembled pref-
erentially in an end-to-end fashion when mixed with strepta-
vidin (Figure 3). This is because biotin disulfide failed to re-

Figure 3. TEM imagines of GNRs, surface-derivatized with either biotin
disulfide, after addition of streptavidin. Scale bars from (a) to (d):
100 nm, 20 nm, 100 nm, and 500 nm, respectively. Reprinted with permis-
sion from reference [79].

place all CTAB, and thus biotin preferentially binds to the
faces at the ends of the rods.”” Then, they examined the
effect of biotin-streptavidin on the long gold nanorods."®!
Firstly, GNRs were uniformly biotinylated. Subsequently,
streptavidin was added into the biotinylated GNRs, leading
to nanorod aggregation. This phenomenon revealed that the
GNRs preferentially underwent side-to-side assembly when
forming 3D aggregates. Otherwise, through oligonucleotide
matching and antigen—antibody recognition, The Tan
group!” and our group®! discovered that GNRs preferen-
tially assembled themselves in an end-to-end fashion in the
presence of CTAB (Figure 4). These assembled GNRs can
reach as long as the micrometer scale through control of the
concentrations.

Several investigators®™*! also showed that cysteine and/or
glutathione as molecular bridges possessed the same capa-
bility to assemble GNRs in preferential end-to-end fashion.

Chem. Asian J. 2008, 3,2010-2022
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Figure 4. TEM images of a) di-, b) tri-, c) tetragold nanorods assembly.
The antimouse IgG provides an anchoring site at the end surface of
nanorod and interacts with mouse IgG for assembly. d) GNRs were as-
sembled into successive chains by stepwise increasing concentration of
mouse IgG. Reprinted with permission from reference [76].

Electrostatic interaction®™®! is in general a facile method to
carry out nanomaterial assembly. Liz-Marzan et al.*
aligned GNRs along multiwalled carbon nanotubes to devel-
op stringlike structures through static interactions. Murphy
et al.® immobilized GNRs onto 2D surfaces through elec-
trostatic interaction between the positively charged CTAB
and negatively charged SAMs (self-assembled monolayers
of 16-mercaptohexadecanoic acid). Using the same princi-
ple, our group® carried out formation of DNA-templated
ordered arrays of GNRs in one and two dimensions. Before
this, Mann et al.”"! reported that GNRs organized into ani-
sotropic 3D aggregates under the drive of DNA hybridiza-
tion. More recently, Kumacheva and co-workers”™ reported
the assembly of GNRs end-terminated with multiple poly-
mer arms (pom-poms). Interestingly, they showed that
through changing two anticorrelating parameters, the molec-
ular weight of the polymer tethered to GNR end and the
fraction of water in the system, shape transitions can be con-
trolled (Figure 5).

In summary, 1D, 2D, and 3D assembly of GNRs can pro-
duce some interesting structures which are useful in the
design of nanodevices. Exploration on the mechanism of as-
sembly of GNRs will enhance the understanding of mole-
cule assembly.

5. Biological Effects

As-prepared GNRs contain a large amount of free CTAB
molecules in the solution, which exhibit high cytotoxici-
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Figure 5. Top: a) Schematic illustrations of the relative location of PS
molecules with varying molecular weight (left), and illustrations of the
self-assembled structures of triblocks (right). b-d) SEM images of the
self-assembled structures of triblocks carrying different molecular
weights. Scale bars: 100 nm. Bottom: a) Schematic illustrations of the rel-
ative location of PS molecules with varying water content (left), and illus-
trations of the self-assembled structures of triblocks with 50 K PS (right).
b-d) SEM images of corresponding assembled structures of triblocks
with 50 K PS in different water/DMF mixture. Scale bars: 100 nm. Re-
printed with permission from reference [92].

ty.%2%1 As mentioned previously, CTAB molecules develop
bilayers on GNRs and are dynamic. That is to say, the solu-
tion always contains free CTAB from rod surfaces even if
one can remove all of unbound CTAB from the original so-
lution.® Furthermore, repeated centrifugation results in ir-
reversible aggregation of the GNRs. It is now considered
that CTAB-bound GNRs are nontoxic; the cytotoxicity is at-
tributed to free CTAB.” Therefore, the existence of CTAB
and following surface modification raise big concerns. Wyatt
and co-workers”™ studied the uptake and acute toxicity to
human leukemia cells of several different diameters of
spherical gold nanoparticles with a variety of surface modifi-
ers. Their results show that nanoparticles themselves are not
necessarily detrimental to cellular function. However, more
and more evidence shows that the uptake and toxicity of
nanomaterials depend on size, shape, and surface modifica-
tions (charges, functional species).”” Yamadal®! et al. used
PC-passivated GNRs to suppress the desorption of CTAB
and showed lower cytotoxicity than the twice-centrifuged
CTAB-capped GNRs. Nevertheless, PC-modified GNRs are
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unstable and do not facilitate further biofunctionalization.
Chan et al.” investigated the uptake of transferrin-coated
gold nanoparticles of different sizes and shapes in fibroblast
cells, ovarian cancer cells, and brain tumor cells. The results
showed that transferrin-coated gold nanopartilces were
taken up by a clathrin-mediated endocytosis pathway, while
GNRs had a lower uptake than spherical gold nanoparticles.
With increasing aspect ratio, the rates of uptake were
slower. The fraction of rod-shaped nanoparticle exocytosis
was higher than that of spherical-shape nanoparticles. Re-
cently, this group has systemically assessed PE-coated GNR
uptake, toxicity, and gene expression.’'! Their results show
that a series of factors (surface functional groups, charge,
and PEs) may affect the uptake of GNRs. Gene expression
analysis confirms that indicators of cell stress are not signifi-
cantly up- or down-regulated even if large quantities of
GNR uptake occur. Among 10000 genes assessed, only 35
appeared down-regulated as shown!! (see the list of genes
in Table 1). Therefore, GNRs are suited for biological appli-
cations.

D.-P. Yang and D.-X. Cui

With the help of real-time TPL microscopy, they found that
photothermolysis of KB cells was particularly effective
when folate-GNRs were localized on the cell membrane fol-
lowing fs-pulsed excitation (Figure 7). Folate-GNR-mediat-
ed cavitation disrupted membrane integrity, leading to cell
death. Their results are quite distinct from traditional as-
sumptions of nanoparticle-mediated hyperthermia which are
only based on systemic temperature changes. Besides aiming
at cancer cells with photothermal effects of targeted GNRs,
two groups also found some interesting applications in fight-
ing against pathogenic bacteria® and parasites.'""! GNR
photothermal therapy may also open a new avenue to treat-
ing infections diseases.

6.2. Molecular Imaging

In modern medicine, multimodal imaging!"™ is increasingly
pursued so that doctors can predict and diagnose diseases
more accurately. No single molecule can play this role.

Table 1. Names of genes exhibiting significant change following treatment with GNRs. Reproduced with per-

mission from reference [31].

6. Biological Application

Gene name

Prospects Accession uGh! Fold
P number change
6.1. Photothermal Effects R80235 Hs.567303 533
GNRs are a novel photother-  Aag65265 — Hs437060 2.40
mal agent that can absorb NIR  R32833 Hs.487510 8.18
light efficiently to transfer into N20989 Hs.165859 477
heat to destroy biological tis- R06452 Hs.642603 1.7
7] Theref th ffi R25583 Hs.533262  2.60
sues. crefore, they are €= Aa421819  Hs171054 1.77
cient exogenous agents to the H94063 Hs.44235  4.55
therapy of cancer.”’) In particu- CD300603 Hs.501149 1.87
lar, targeted GNRs® are man- AA931818 Hs.602357 3.66
datory so as to avoid the photo- 2028927 Hs460109 1.5
y : PROLO 170481 Hs260041 1.72
thermal ablation to health tis- A A4562909  Hs444558 1.48
sues resulting from an unspecif- AA031420 Hs.244139 1.40
ic uptake. El-Sayed etal’ AA001870  Hs598312 151
conjugated GNRs to anti- ngégg gs'igggf; i‘ég
. . S.: .

EGFR monoclonal antibodies
(many solid tumors overexpress R99627 Hs.486084 2.11
EGFR) and incubated them in N64604 Hs.97997 1.58
a nonmalignant epithelial cell 95348 Hs.159437 231
hne.and two mghgnant oral epy H10192 Hs.594542 2.06
thelial cell lines. The anti- T79127 Hs.486228 3.07
EGFR/GNRs themselves were — AA938900 Hs.403857 2.03
not cytotoxic and destroyed the —Al122680 Hs.314263 7.25
tumor cells without harming AAG83077 Hs431850 2.04
health IIs af licht irradi AA018457 Hs.420036 5.20
ealthy cells after ight wrradia-— spp76134  pe2s49 226
tion (Figure 6). AA922903  Hs466910 4.11
The important finding is that BG698959 Hs.489051 1.57
the threshold energy of killing 35’7919:5906 g&iﬁggg ;gi

. S.: B

cancer cells is l(?wer than.other NS0729 Hs597002 2.13
core-shell particles. Wei and 74161 Hs29189  2.96
co-workers®™! investigated pho- AA621535  Hs.522895 2.67
tothermal effects of folate-con- AA427621  Hs.632728 1.69

Mdm?2, transformed 3T3 cell double minute 2, p53 binding protein
(mouse)

Cytochrome ¢, somatic

Carbohydrate (N-acetylglucosamine 6-O) sulfotransferase 6
Anthrax toxin receptor 1

Vasodilator-stimulated phosphoprotein

Anaphase-promoting complex subunit 2

Cadherin 6, type 2, K-cadherin (fetal kidney)

Chromosome 13 open reading frame 1

PDZ domain containing 8

Transcribed locus

Myosin, heavy polypeptide 11, smooth muscle

CASI1 domain containing 1

KH domain containing, RNA binding, signal transduction associated 3
Fas (TNF receptor superfamily, member 6)

Phosphoglucomutase 3

Mitogen-activated protein kinase-activated protein kinase 3
FERM, RhoGEF (ARHGEF), and pleckstrin domain protein 1 (chon-
drocyte-derived)

Chromosome 6 open reading frame 203

Ribonuclease III, nuclear

Transcribed locus, strongly similar to NP 002754.2 prospero-related ho-
meobox 1 (Homo sapiens)

Transcribed locus

Hypothetical protein LOC643749

Lymphocyte antigen 9

Bromodomain adjacent to zinc finger domain, 2A
Mitogen-activated protein kinase 1

Glutamate decarboxylase 1 (brain, 67 kDa)

Adrenergic, beta-3 receptor

Cytidine deaminase

Six transmembrane epithelial antigen of the prostate 2

Exosome component 1

RADS1 homologue C (Saccharamyces cerevisiae)

Transcribed locus

ATPase, Class VI, type 11A

Ras association (RaIGDS/AF-6) domain family 4
Transmembrane protein 19

jugated GNRs to KB cells. [a] Unigene (UG) cluster.
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Figure 6. Selective photothermal therapy of cancer cells with anti-EGFR/GNRs incubated. The circles show
the laser spots on the samples. The HSC and HOC malignant cells are obviously injured while the HaCat
normal cells are not affected at 80 mW (10 Wem™2). The HaCat normal cells start to be injured at 120 mW
(15 Wem™2) and are obviously injured at 160 mW (20 W cm™2). Reprinted with permission from reference [26].

Figure 7. Site-dependent photothermolysis mediated by folate-GNRs (red). A,B) Cells with membrane-bound
folate-GNRs exposed to cw NIR laser irradiation experienced membrane perforation and blebbing at 6 mW.
The loss of membrane integrity was indicated by EB staining (yellow). C,D) At 60 mW. E,F) Folate-GNRs in-
ternalized in KB cells labeled by folate-bodipy (green) were exposed to laser irradiation at 60 mW, resulting in
both membrane blebbing and melting of the folate-GNRs. G,H) NIH-3T3 cells did not suffer photoinduced
damage upon 60 mW laser irradiation. I,J) Cells with membrane-bound folate-NRs exposed to fs-pulsed laser
irradiation produced membrane blebbing. K,L) Cells with internalized folate-GNRs remained viable after fs-
pulsed irradiation.Reprinted with permission from reference [99].
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Nanomaterals may represent
the chance to realize this goal.
GNRs have several marked ad-
vantages such as enhanced scat-
tering signal, no occurrence of
photobleaching, and tunable
longitudinal plasmon absorp-
tion, which can be used in mul-
timodal contrast agents. GNRs
exhibit highly efficient single-
and two-photon-induced lumi-
nescence,'” which attribute to
their ability to keep resonating
surface plasmons with minimal
damping.'™ Owing to the
strong scattering of light from
GNRs, El-Sayed et al.'" used a
laboratory dark-field micro-
scope to clearly visualize and
distinguish the malignant cells
from the nonmalignant cells.
GNRs can aslo simultaneously
serve as multimodal contrast
agents for optical and electron
microscopic imaging. Prasad
etal."™ combined dark-field
imaging as well as electron mi-
croscopy imaging to study the
uptake and orientation of tar-
geted GNRs in vitro HeLa cell
lines (Figure 8).

Cheng et al.'%/ first reported
the two-photon luminescence
imaging of single GNRs. They
found that TPL intensities from
single GNRs are many times
brighter than the TPL intensi-
ties from a single rhodamine
molecule and demonstrated a
cos’ dependence on excitation
polarization. They monitored
the flow of single GNRs using
TPL through mouse ear blood
vessels in vivo (Figure 9).

Ben-Yakar and co-workers!'”!
explored deep-tissue imaging
utilizing TPL of GNRs. In con-
trast, the TPL intensity from
GNR-labeled cancer cells is
three orders of magnitude
brighter than the two-photon
autofluorescence emission in-
tensity from unlabeled cancer
cells.
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Figure 8. Top: Dark-field images of HeLa cells following a) no treatment,
b) treatment with non-Tf-conjugated GNRs, and c) treatment with Tf-
conjugated GNRs. The orange/red scattering corresponding to the GNRs,
as seen in (c), originates from the strong longitudinal surface plasmon os-
cillation of the GNRs. Bottom: a) TEM image of HeLa cells with Tf-
AuMLPs NRs (the circle points out GNRs). b) The circle in part (a) is
magnified, showing the individual GNRs inside the cell cytoplasm. Re-
printed with permission from reference [102].
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Figure 9. Imaging of single GNRs in mouse ear blood vessels in vivo.
a) Transmission image with the two blood vessels indicated. Dotted con-
tour lines are provided to guide the eye. b) TPL image of GNRs (red
dots) flowing through the blood vessels. The bright signal beneath the
lower blood vessel is the autofluorescence from a hair root. The streaking
is due to sample drift during imaging. c) Overlay of the transmission
image (light blue) and a single-frame TPL image. Two single nanorods
(red spots) are superimposed by a linescan (white). d) TPL intensity pro-
file from the linescan in (c). The background is due to autofluorescence
from the blood vessel and the surrounding tissue. The similar intensities
of the red spots indicate the detection of single GNRs. Reprinted with
permission from reference [103].

6.3. Biosensing

Utilizing GNRs for biosensing has been reported. GNRs are
sensitive to the dielectric constant of the surrounding
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medium owing to surface plasmon resonance. Therefore, a
slight change of the local refractive index around GNRs will
result in an observable shift of plasmon resonance frequen-
cy. Yu and Irudayarajl” fabricated GNRs of different aspect
ratios with targeted antibodies to detect three targets (goat
antihuman IgG1 Fab, rabbit antimouse IgG1 Fab, rabbit an-
tisheep IgG (H+L)). In this study, they showed that GNRs
can be used for a multiplexing detection device of various
targets. Then, they designed and fabricated multiplex GNRs
probes to identify up to three cell surface markers simulta-
neously with the aid of dark-field microscopy integrated
with a special image system. In another study, they exam-
ined the quantification of the plasmonic binding events and
estimation of ligand-binding kinetics for ligands tethered to
GNRs by building up a mathematical method.!'"® The
GNR-based sensors were found to be highly specific and
sensitive with the dynamic response in the range 10~° to
10°m. For higher-target affinity pairs, one can expect to
reach the femtomolar levels of detection, which is promising
for developing sensitive and precise sensors for biological
molecular interactions. Chilkoti and co-workers miniatur-
ized'"”! the biosensors to the dimensions of a single gold
nanorod. Based on the proof-of-concept experiment of
streptavidin and biotin, they tracked the wavelength shift
using a dark-field microspectroscopy system. GNRs bound
with 1 nMm streptavidin could cause a 0.59 nm mean wave-
length shift. Furthermore, they also indicated that the opti-
cal setup could reliably measure wavelength shifts as small
as 0.3 nm. Using the fluorescence properties of long-aspect-
ratio GNRs (aspect ratio>13), Luong et al.l% exploited
GNRs as a novel sensitive probe for DNA hybridization. In-
terestingly, recently Frasch and co-workers have set single-
molecule DNA detection in spin by linking F;-ATPase
motors and GNRs (Figure 10).

The biosensing nanodevice overcomes the defects inher-
ent to polymerase chain reaction (PCR) or ligase chain reac-
tion (LCR), is faster, and reaches zeptomole concentrations
(600 DNA molecules), which is greatly superior to tradition-
al fluorescence-based DNA detection systems which have
detection limits of only about 5 picomolar. At present, nano-
particle-based surface-enhanced Raman tags have gained
much attention as a valuable tool for ultrasensitive detection
for biological cells."® ") GNRs are thought to be attractive
candidates for SERS.'"'Yl El-Sayed et al.'%! found that can-
cers cells assembled and aligned anti-EGFR/GNRs homoge-
neously owing to the overexpression of EGFR on the
cancer cell surface. Molecules near the GNRs on the cancer
cells give a greatly enhanced, sharp, and polarized Raman
spectrum and can be used as diagnostic signatures for
cancer cells. Ma and co-workers® prepared a composite
material which is composed of GNR-embedded silica parti-
cles and organic Raman molecules as Raman label. In an
immunoassay, the novel Raman label showed potential use
for multiplex and ultrasensitive detection of biomolecules.
Additionally, some groups also utilized functionalized
GNRs as chemical sensors to detect Hg",""? Fe' '] and
other ions.
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Figure 10. Self-assembly of the single-molecule biosensing device.
a) Components of the nanodevice include: F;-ATPase biomolecular
motor modified to contain a 6xHis tag on each a subunit for immobiliza-
tion to a Ni-NTA-coated slide; a biotinylated ¢ subunit bound to avidin;
the target-dependent 3',5'-dibiotinylated DNA bridge; and an avidin-
coated 80 x30 nm gold nanorod. b) Sequential steps in nanodevice assem-
bly: i) Binding of 3',5'-dibiotinylated-DNA bridges to immobilized avidi-
nated F;-ATPase; ii) avidin-coated gold nanorod binding to immobilized
DNA bridges; iii) Mg**-ATP-dependent rotation of nanorods for positive
identification of the presence of target DNA. Reprinted with permission
from reference [108].

6.4. Gene Delivery

The use of nanomaterials such as dendrimers, liposomes,
magnetic nanoparticles, and carbon nanotubes for gene de-
livery has been of great interest."'"*''7 GNRs, an emerging
nanomaterial with anisotropic and rod-shaped characteris-
tics, are attracting much attention in the field of gene deliv-
ery. Leong and co-workers!"” fabricated bifunctional Au/Ni
nanorods through a template synthesis. Plasmids are bound
to the Ni rod part while transferrin is bound to the Au rod
part (Figure 11).

Although their transfection experiments in vitro and
in vivo provided promising applications in genetic vaccina-
tion, the synthesis method is subtle and the yield is low. It is
interesting that a pulsed NIR laser can induce the shape
change of GNRs from rod to spherical and enhance the lo-
calized gene expression efficiency greatly. Yamada and co-
workers!""®! have examined the controlled release of plasma
DNA from PC-capped GNRs. When a pulsed NIR laser ir-
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Figure 11. Schematic illustrations of multifunctional Au—Ni nanorods for
gene delivery. Plasmids are bound by electrostatic interactions to the sur-
face of the nickel segment. Rhodamine-conjugated transferrin is selec-
tively bound to the gold segment of the nanorods. Reprinted with permis-
sion from reference [13].

radiated the PC-GNR-DNA complexes, morphological
change™! occurred from rod into spherical. During this pro-
cess, binding plasma DNA was released. Since PC-capped
GNRs are not well-dispersed, recently the group has adopt-
ed a layer-by-layer technique to study GNR gene delivery.®!
The surface of the GNRs was modified with bovine serum
(BSA)," which enhanced stabilization, and polyethyleni-
mine (PEI), which strengthened transfection -efficiency.
However, the transfection efficiency was lower than that of
PEI/DNA complexes. Future work should be directed
toward obtaining a “fine-tuned” surface for successful gene
delivery.

Chen and co-workers!"¥ systematically examined near-in-
frared light-triggered release of DNA bonded to GNRs.
They attached GNRs to the gene of enhanced green fluores-
cence protein (EGFP) for remote control of gene expression
in living cells (Figure 12). DNA-SH was linked to the sur-
face of GNRs through Au—S bonds. The resulting conjugates
showed very good water solubility without precipitation or
aggregation. When the conjugates were exposed to femto-
second NIR irradiation, the group also observed the same
phenomenon, which was in agreement with Yamanda’s ob-
servation""®! that GNRs changed their shapes and sizes(Fig-
ure 13). They proposed thermal and electron heating as two
possible kinetic mechanisms to explain the Au—S bond
cleavage. Owing to their IR-controllable character, GNRs
have also some potential in exploring intelligent capsu-
les'2*121 which can be triggered by exposure of light irradia-
tion to open and release their contents.

Figure 12. TEM images of the PC-GNRs before laser irradiation (rod; a)
and the PC-NR-DNA complexes after laser irradiation with 1064 nm
light (spherical; b). Reprinted with permission from reference [14].
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Figure 13. Schematic illustration of cells containing EGFP-GNR conjugates within a spot (3.5 mm in diameter)
when irradiated by an NIR laser (left). After laser irradiation, EGFP-GNR conjugates undergo shape transfor-
mation that result in the release of EGFP-DNA (right). Reprinted with permission from reference [14].

7. Conclusions

GNRs have shown numerous desirable physical, chemical,
electronic, and optical properties. Aside from other possible
applications, currently, their biological applications are
being widely and deeply pursued,'” especially in photother-
mal therapy, molecular imaging, biosensing, and gene deliv-
ery. Compared with another important nanomaterial, CNTs
(carbon nanotubes),'”12l GNRs have raised less debate
and concerns regarding their toxic nature. But this does not
mean that this material is safe to human health and the en-
vironment in the long term. There are still extensive issues
remaining to be addressed, for example, how to optimize
the surface of GNRs elegantly to reduce CTAB negative ef-
fects, how to scale up GNRs to industrial production, and
how to clearly elucidate the interaction mechanisms be-
tween GNRs and biological molecules, cells, and tissues as
well as organs. So far, no groups have undertaken efforts to
examine a detailed preclinical evaluation process referring
to absorption, distribution, metabolism, excretion, and toxic-
ity (ADMET) profiling. Future work needs to proceed
along these lines before this material can be widely accepted
in the public so that real biomedical application will be ach-
ieved as soon as possible.
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Abstract:  Tetrakis(bithienyl)methane
and tetrakis(terthienyl)methane have
been synthesized from tetrakis(2-thi-
enyl)methane by use of Suzuki-
Miyaura coupling as a key reaction.
Their trimethylsilyl (TMS) derivatives
are also synthesized. X-ray analysis re-
veals that each oligothiophene moiety
tends to adopt anti-conformations and
show relatively small torsion angles be-

Introduction

Arising from their prominent optoelectronic properties, oli-
gothiophenes are some of the most thoroughly studied m-
conjugated oligomers."! In addition to the extraordinarily
long oligothiophenes,” a number of hybrid systems with
fullerene,” metal complex,”” triarylamine,”! heterocycle,®
and polycyclic aromatic hydrocarbon!” moieties have been
studied with respect to a potential application in photovolta-
ic cells, light-emitting diodes, field effect transistors, and
other optoelectronic devices. Furthermore, more complicat-
ed and well-defined oligothiophenes,® featuring macrocy-
clic” interlocked," helical (cross-conjugated),’! or
fused!'” systems, have been synthesized successfully in
recent years. Considering the application of these extended
oligothiophenes to various electronic devices, an efficient in-
termolecular interaction would be needed in the solid state
in addition to an intramolecular interaction. From this view-
point, 3D conjugated systems™® (star-shaped"* and dendrit-
ic™ oligothiophenes) have been intensively studied in the
last decade. We recently reported the synthesis of tetrakis(2-
thienyl)methane (1a)!'®' and some of its derivatives. 1a
would be a useful core unit for tetrahedrally extended oligo-
thiophenes. These tetrahedral oligothiophenes would be ex-
pected to exhibit a number of useful characteristics. Firstly,
they would have a solubility higher than those of the corre-
sponding linear oligothiophenes because of the low planarity
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tween the adjacent thiophene rings.
While the longest absorption maxima
of these tetrakis(oligothienyl)methanes
exhibit only a slight bathochromic shift

Keywords: fluorescence spectrosco-
py - density functional calculations -
Suzuki-Miyaura coupling -+ UV/Vis
spectroscopy - X-ray diffraction
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compared to the corresponding linear
oligothiophene derivative, tetrakis(bi-
thienyl)methane and its TMS deriva-
tive exhibit an appreciable red-shift in
their fluorescence spectra. The intra-
molecular interaction between thienyl
groups of tetrakis(2-thienyl)methane is
supported by DFT calculation.

of the molecule. This is advantageous for their purification,
crystallization for X-ray crystallographic analysis, further
functionalization on terminal thienyl groups, and process-
ability for application in optoelectronic devices. Secondly,
an intramolecular interaction would be expected to exist be-
tween oligothiophene moieties through the central carbon
atom, since X-ray analysis of tetrakis(5-bromo-2-thienyl)me-
thane reveals that the average distance between ipso-car-
bons (ca. 2.47 A)!'% is much shorter than the van der Waals
distance between sp® carbons. Thirdly, besides the intramo-
lecular interaction, the efficient intermolecular interaction is
also expected when the oligothiophene moieties become
longer since more molecules can contact each other by inter-
calation. These structural features of tetrahedral oligothio-
phenes would improve the performance of the optoelectron-
ic devices. In the course of our studies on tetrakis(heteroar-
yl)methanes,'” we now report the synthesis, X-ray crystallo-
graphic analysis, and optoelectronic properties of tetrakis(o-
ligothienyl)methanes 1a-3a, and their trimethylsilyl (TMS)
derivatives 1b-3b.

Results and Discussion

We first examined functionalization of 1a for the construc-
tion of tetrahedrally extended m-electron systems based on
1a. Particularly, tetra-metallation and tetra-halogenation of
1a will open the way to a number of derivatives of 1a.
Scheme 1 shows the tetra-lithiation and tetra-bromination of
1a. It was found that tetralithiation of 1a could be carried
out by the treatment with 8 equiv of nBuLi at 0°C. Quench-
ing with trimethylsilyl chloride (TMSCIl) or N,N-dimethyl-
formamide (DMF) afforded tetrakis(trimethylsilyl) deriva-
tive 1b or tetraaldehyde 1e, respectively. Tetrabromide 1d
was synthesized by the bromination of 1a with 5 equivalents
of N-bromosuccinimide (NBS) in chloroform.
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3a (R=H)
3b (R = TMS)

i) nBuLi
</ \ THF,0°C N
S 4C Li s C

1a
ii) TMSCI (for 1b)
ii) DMF (for 1¢) ( )
———— (R Ng7TC
4
1b (R = TMS), 79%
1c (R = CHO), 74%

f\\ NBS,CHCI, < ﬂ}
S 4C > Br S 4C

1a 1d, 70%

Scheme 1. Lithiation and bromination of 1a.

The synthesis of tetrakis(oligothienyl)methanes is illus-
trated in Scheme 2. Compounds 2a and 3a were synthesized
by Suzuki-Miyaura coupling as a key reaction. The reaction
of 1d with 2-thienylboronic acid™ in the presence of [Pd-
(PPh;),] gave 2a in 51% yield as colorless needles. 2a ex-
hibited the prominent clathrate property for CH,Cl,;
CH,Cl, molecules are included in the crystals of 2a obtained
both by crystallization from CH,Cl,—hexane and by concen-
tration of a solution in CH,Cl,~hexane. The ratio of 2a and
CH,CI, was 2:1. This suggested that the size and shape of
the CH,Cl, molecule matched well with the vacant space of
the crystal of 2a. Although it was expected that 3a could be

Abstract in Japanese:
FETXRASQ-FFEZN)2FEZINAS Y BLUT TR AGS(5-(2-
FEZN)QLFEINNDFEZINAS L EZRL O LY A FN T Y N EY
HEGRL £ A Y T F AT = 2R T R <L B
FTHFAT = VERQT YFREE LA AR N, WILANT P Vs
AU R R AR T 64 ) T F 4 7 = YFEAK L HIGL ChF LR
WRYZ I 200Ths s, BMIKRERT M T % A(5-Q2-F = = 1)2-
FEENA S oL TRRKEERERY 7 FARS AL,
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o
§” ~B(OH),

[Pd(PPh;),]
7\ Na,CO;4 R S 7\
Br s cC— > \ /) s C
4 51% 4

1d
2a (R = H)
1) nBuLi
2) TMSCI
0,
88% 2b (R = TMS)

1) nBuLi
2) (MeO);B
< ((HO)B () C}
4 S 4
1e

7\ 3) HOI
s JC— >

4
1a

[ > ]
S 87
[Pd(PPh,),], Na,CO,,
DME-H,0, reflux, 24 h 7\ s 7\
30% (2 steps) S N/ s f

1) LDA R=H (3a)
2) TMSCI
33% R = TMS (3b)

Scheme 2. Synthesis of tetrakis(oligothienyl)methanes 2 and 3.

synthesized from 1d and 2,2'-bithiophene-5-boronic acid, we
could not synthesize this boronic acid despite several at-
tempts. Hence, we decided to synthesize 3a by the coupling
of tetrakis(boronic acid) 1e and 5-bromo-2,2-bithienyl."!
le was obtained by tetra-lithiation of 1a followed by the
treatment with trimethyl borate. Suzuki-Miyaura coupling
of 1e and 5-bromo-2,2"-bithienyl afforded 3a in 30 % yield.
Although partial coupling products were also produced,
pure crystals of 3a appeared from the fractions during
column chromatography on silica gel. 2a and 3a show satis-
factory solubility in CH,Cl,, CHCl;, and THF. This solubility
helps further transformation of 2a and 3a. As is the case of
1a, tetra-lithiation of 2a could be also achieved with
8 equivalents of nBuLi, and 2b was obtained in 88 % yield
by quenching with TMSCI. However, the tetra-lithiation of
3a did not proceed effectively under similar conditions, and
only resulted in the partially substituted products. Therefore,
tetra-lithiation of 3a had to be carried out under more
severe conditions. Thus, a treatment of 3a with 20 equiva-
lents of lithium diisopropylamide (LDA) followed by the ad-
dition of TMSCI afforded 3b in 33% yield with a small
amount of partially TMS substituted compounds.

X-ray crystallographic analysis is the most powerful
method to obtain the characteristics of the molecular struc-
ture and molecular packing in the solid state.” The single
crystals of 1a—3a and 1b-3b were obtained from CH,Cl, or
CHCI; solution by the technique of slow vapor diffusion
with n-pentane. Their crystallographic parameters are listed
in Table 1.%Y In these tetrahedral oligothiophenes, the oligo-
thiophene moieties take-up an anti conformation except in
the case of unsubstituted terminal thiophene rings of 1a-3a,
which show the rotational disorder of syn and anti confor-
mations. Since oligothiophenes often adopt a syn conforma-
tion in the solid state, the tendency to adopt an anti confor-
mation may arise from the demand for effective molecular

Chem. Asian J. 2008, 3, 2024 -2032
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Table 1. Crystallographic data and some characteristic structural features of tetrahedral oligothiophenes.

1a 1b 2a-0.5CH,Cl, 2b 3a-1.5CHCl, 3b
Formula C;Hy,S,y CyoHy,S,Siy Ci3.5H21S5Cl CisHs,S4Si, Cs05H205512Clys CeiHeoS1251,
M, [gmol '] 344.52 633.25 715.47 961.73 1180.55 1290.21
Color colorless colorless yellow yellow yellow yellow
Habit prism prism plate block plate needle
Crystal size [mm] 0.3x0.2x0.2 0.5x0.3x0.3 0.5%0.3x0.1 0.4x0.2x0.2 0.5%x0.3x0.1 0.3x0.2x0.2
T [K] 200 200 200 200 200 200
Crystal system monoclinic tetragonal monoclinic monoclinic monoclinic tetragonal
Space group P2,/n (No. 14) I-4 (No. 82) P2,/c (No. 14) P2/n (No. 13) P2,/a (No. 14) P-4 (No. 81)
a[A] 9.8227(7) 22.895(7) 10.596(3) 18.126(7) 26.012(5) 23.578(7)
b [A] 16.103(2) 22.895(7) 13.611(4) 7.739(3) 14.685(3) 23.578(7)
c[A] 10.3426(9) 6.990(4) 21.802(6) 18.171(7) 26.610(6) 6.489(2)
o] 90 90 90 90 90 90
B[] 106.041(2) 90 91.66(1) 91.91(2) 94.134(9) 90
v[°] 90 90 90 90 90 90
V[AY 1572.2(2) 3664(2) 3143(5) 2547(5) 10137(11) 3607(6)
V4 4 4 4 2 8 2
Peatea [g€m 7] 1.455 2.247 1.512 1.254 1.547 1.188
p[mm™ 0.593 8.703 0.678 0.474 0.791 0.463
Reflections measured 3572 13393 30470 23508 94133 32159
Ry 0.077 0.023 0.045 0.079 0.225 0.069
Reflections in refinement for R1 3000 3260 6214 3606 9188 5501
Parameters 190 167 388 258 1147 347
R1 0.056 0.033 0.051 0.078 0.144 0.068
wR2M 0.177 0.096 0.157 0.240 0.422 0.223
S 0.95 1.03 1.07 1.04 1.13 0.96
d(Cl-ipsoC) [A]“ 1.53(0 1.52 1.53(0 1.5410 1.5311 1.53!0
d(C1--C1) [A]“ 6.24 7.36 6.88 7.74 7.40 6.49
¢(Th—Th) [°]*! - - 18.0 13.6 13.8 16.1

[a] For data of I>20(I). [b] For all data. [c] Bond length of the central carbon atom. [d] Short atom distance between the central carbon atoms. [e] Aver-

aged torsion angle between the adjacent thiophene rings. [f] Averaged value.

packing. The bond lengths of the central carbon atom,
d(Cl—ipso-C), are not affected by the extension with thio-
phene units. The short atom distance between the central
atoms (d(C1--C1)), which would allow the possibility of in-
termolecular interaction between oligothiophene moieties, is
lengthened by the bulky TMS groups which prevent the
molecules from close contact with each other (1b and 2b).
However, d(C1--+C1) of 3b is considerably short in spite of
the terminal bulky TMS groups, suggesting an effective in-
termolecular interaction between oligothiophenes. The in-
clusion of the solvent molecules also prevents the close con-
tact of molecules (2a and 3a). The averaged torsion angles
between the adjacent thiophene rings, ¢(Th—Th), are rela-
tively small (around 15°).

The crystal structure of 3b exhibits the highest symmetry
and most interesting features which should be characteristic
of tetrakis(oligothienyl)methanes. The crystal of 3b shows a
tetragonal crystal system reflecting the high symmetry of the
molecule. Figure 1 shows the asymmetric unit of 3b. Al-
though there are two crystallographically independent mole-
cules of 3b (represented as conformer A and B in Figure 1),
both conformers have §4 symmetry. The terthienyl moieties
of the conformer A show high coplanarity; each thiophene
ring is almost planar and the torsion angles between adja-
cent thiophene rings are less than 10° (ring a—ring b 8.7°,
ring b—ring ¢ 8.7°). On the other hand, the torsion angles be-
tween the corresponding thiophene rings in conformer B are
larger than those of the conformer A (ring d—ring e 20.7°,

Chem. Asian J. 2008, 3, 2024 -2032
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Figure 1. ORTEP drawing of the asymmetric unit of 3b (50 % probabili-
ty). The atomic numbering, ring, and molecular representations are also
given.

ring e—ring f 26.0°). The intramolecular atomic distances be-
tween the ipso-carbon atoms (C2--C2’, or C18--C18') are in
the range of 2.44-2.52 A, indicating the close contact be-
tween the oligothiophene moieties. The expected orbital
overlap between the oligothiophenes is supported by UV/
Vis spectroscopy, cyclic voltammetry, and DFT calculation
(see below). Figure 2 shows the crystal structure of 3b along
the ¢ axis. The central carbon atoms of 3b are located both
at the vertices, and at the center of the ab plane in the unit
cell. Conformer A and B are stacked separately along the ¢
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o"sqo < °
: 2 3‘,;’;’;:":‘\*"*;{}5@\\5\ 3,
z4 w2 *
R 4
2% e

Figure 2. Crystal structure viewed along the ¢ axis with conformer repre-
sentations. Selected atom distances (A): C3--C4" 3.471(7), C3--C3"
3.568(8), C3--C3? 3.568(8), C19--C20° 3.554(8), C23--C279 3.512(9),
C23--C27" 3.513(9), C24--C28" 3.415(9). Symmetry operations: 1) —y42,
X, —z+1;2) y, —x+2, —z+1;3)y, —x+1, —z+1,4) x, y, z—1.

axis to form two kinds of columnar structures; [~—A—A—
A—-] and [-—B—B—B—-]. The atom distances between the
central carbon atoms in both columns are 6.49 A. In these
columnar structures, there are several intermolecular atom
distances which are nearly twice the van der Waals radius of
carbon. In addition, each molecule contacts the four neigh-
boring molecules in the face-to-edge fashion (Figure 1). This
face-to-edge contact between the neighboring molecules is
often observed in crystals of oligothiophenes or their deriva-
tives to form the herringbone arrangement.””’ There are no
appreciable S-S contacts and the shortest S-S distance is
4.49 A (S3--S5). The shortest atom distance in the face-to-
edge contact of 3b is 3.55 A (C8--C27), which is also nearly
twice the van der Waals radius of carbon. Pentacene, one of
the most applicable molecules to organic field-effect transis-
tors (OFETs),” also forms a herringbone structure as a
crystal. The shortest intermolecular C---C distance of penta-
cene is in the range of 3.58-3.69 A.”*! Therefore, 3b is ex-
pected to be a promising compound of electro-conductive
material because of the relatively close packing of the her-
ringbone structure and intramolecular interaction because
of the short d,dj,, distances.

The crystal structure of 2b is similar to that of 3b. The
cell parameters of 2b are close to tetragonal with shorter a
and c values. The molecules of 2b are stacked along the b
axis (see Figure S10 of the Supporting Information). Howev-
er, the most important difference between the crystal struc-
ture of 2b and 3b is the distance between the adjacent mol-
ecules. The distance between the central carbon atoms in
adjacent molecules along the b axis is approximately 7.74 A
(vs 6.49 A for 3b). Consequently, the distance between the

2028 www.chemasianj.org
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molecules is longer and no close contact is observed (the
shortest atom distance is 3.71 A (C3--C8)). There is also no
short contact between the adjacent columns. As a conse-
quence of the shorter oligothiophene backbones compared
to 3b, the bulky terminal TMS groups observed prevent the
adjacent molecules coming into contact with each other in
the case of 2b. The torsion angles between the adjacent
thiophene rings are comparatively small (about 14°).

The corresponding a-unsubstituted derivatives 2a and 3a
are expected to have more effective intermolecular contacts
than 2b and 3b because of the lack of bulky TMS groups.
However, these compounds show the tendency for the inclu-
sion of solvent molecules in their crystal. The crystal of 2a
includes one CH,Cl, molecule for every two molecules of
2a. This high affinity of 2a for CH,Cl, was also observed in
the preparation and characterization of 2a (described
above). Short contacts between 2a and CH,Cl,, smaller than
the sum of the van der Waals radii, are observed (S2-Cl1
3.54 A, S8-Cll 3.46 A). The intermolecular contacts be-
tween oligothiophene moieties are also observed (see the
Supporting Information). The crystal of 3a includes three
CHCI; molecules for every two molecules of 3a. Contrary
to 2a, specific interaction between 3a and CHCI; is ob-
served.

Figure 3 shows the absorption and emission spectra of 2
and 4. Table 2 summarizes the optical properties of 1-3. The
data of the corresponding linear oligothiophenes (2,2'-bi-
thienyl (4a), 5,5-bis(trimethylsilyl)-2,2"-bithienyl (4b),

300 400 = 500 600
AlInmM ——

Figure 3. Absorption and fluorescence spectra of a) 2a (solid lines) and
2b (dashed lines); b) 4a (solid lines) and 4b (dashed lines). Both absorp-
tion and fluorescence intensities (/) are normalized.
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Table 2. Optical properties of 1-3 and those of the corresponding oligo-
thiophenes in CH,Cl,.

Compound A, [nm]® A, [nm]®  Stokes shift [nm]  E°* [V]id
(log €)

la 241 (4.44)  none - +1.77
1b 252 (4.61)  none - +1.73
2a 344 (4.59) 415 71 +1.13
2b 353 (4.70) 419 66 +1.08
3a 400 (4.81) 446 46 +0.93
3b 407 (4.89) 453 46 +0.88
4a 330 (3.88) 364 34 e
4b 343 (4.05) 382 39 +1.24
Sa 389 (4.00) 432 43 +1.05
5b 401 (4.17) 446 45 +0.98

[a] Only the longest absorption maxima are shown. [b] Excited at the
longer absorption maxima. [c] V vs Ag/Ag* in 0.1M nBu,NCIO, (Fc/Fc*
=+0.22 V), 100 mVsec™'. [d] peak potentials. [e] not observed as a peak
potential in 0+1.5 V.

2,2';5'2"-terthienyl ~ (5a), and 5,5"-bis(trimethylsilyl)-
2,2';5'2"-terthienyl (5b) are also listed in Table 2.

/A A/ R\ A\
R™>g s” R R™g S s” R
4a(R=H) 5a (R = H)

4b (R = TMS) 5b (R = TMS)

Similar to the series of linear oligothiophenes, bathochro-
mic shifts are observed by the extension with thienyl groups.
The difference of the longest absorption maximum (1,,) of
2 and 3 are compatible with that of the corresponding linear
oligothiophenes; 4 and 5 (about 60 nm). The longest absorp-
tion maxima of 2 and 3 exhibit an appreciable red-shift (6
14 nm) compared to their corresponding linear analogues 4
and 5, respectively, as a result of tetrahedral extension of
the oligothiophene moieties. These red-shifts of the absorp-
tion maxima should be attributable to the homoconjugation
between oligothiophene moieties through the central
carbon.®™ In order to elucidate the intramolecular interac-
tion between the oligothiophene moieties in these tetra-
kis(oligothienyl)methanes, a DFT study of 1a was carried out.
According to the DFT calculation at the RB3LYP/6-31G-
(d,p) level, LUMO of 1a is constructed by four LUMOs of
thiophene, among which there
are bonding through-space in-
teractions (Figure 4). On the
other hand, an anti-bonding
through-bond interaction is sug-
gested in the doubly degenerate
HOMOs of 1a. Compared with
thiophene, the stabilization
energy of the LUMO and de-
stabilization energy of the
HOMO are 0.261 and 0.258 eV,
respectively, which account for
the red-shift of the longest ab-
sorption maximum of these tet-
rakis(oligothienyl)methane de-

rivatives. (d,p) method).
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In the fluorescence spectra, the Stokes shifts of 2 (66—
71 nm) are larger than those of 4 (34-39 nm). The fluores-
cence spectra of 2 show only a broad band without the vi-
brational structure whereas those of 4 display vibrational
structure (Figure 3). These fluorescence properties in 2
might be attributable to the intramolecular interaction be-
tween the bithienyl moieties. On the other hand, the Stokes
shifts of 3 (46 nm) are similar to those of 5 (4345 nm). The
shape of the fluorescence spectra of 3, exhibiting vibrational
structure, are quite similar to those of 5 (see Figure S16 of
the Supporting Information). It is suggested that the behav-
ior of each terthiophene moiety is predominant over the in-
tramolecular interaction between terthiophenes.

Upon cyclic voltammetry (see Figure S17 of the Support-
ing Information), all oxidation potentials were observed as
irreversible waves, which indicated the oxidative oligomeri-
zation. The oxidation potentials of 2 and 3 were observed at
lower potentials than the corresponding linear oligothio-
phene derivatives 4 and 5, respectively (Table 1). This result
would be also attributable to the destabilization of the
HOMO in the tetrakis(2-thienyl)methane framework by in-
tramolecular interaction between the oligothiophene moiet-
ies.

Conclusions

In summary, we have synthesized a series of tetrakis(oligo-
thienyl)methanes 1a-3a and their TMS derivatives 1b-3b.
The crystal structure of 3b shows a well-regulated arrange-
ment of molecules, reflecting the highly symmetric molecu-
lar structure. Large Stokes shifts, attributable to the intra-
molecular interaction between the bithiophene moieties, are
observed in 2a and 2b. The intramolecular interaction be-
tween thiophenes in 1a is also suggested by DFT calcula-
tion. The tetrahedrally extended oligothiophene derivatives
described here show promise for application as organic sem-
iconductors because of both the intramolecular and intermo-
lecular interaction between the oligothiophene moieties.
Furthermore, rational structural modification can be done
easily through the lithiation and bromination of 1a. Synthe-

Figure 4. HOMO (left, one of the degenerate orbitals is shown) and LUMO (right) of 1a (RB3LYP/6-31G-
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sis of longer homologues and application to optoelectronic
devices are now under investigation.

Experimental Section

General

Melting points were obtained on a Yanako MP500D apparatus and are
uncorrected. 'H and “C NMR spectra were recorded on a JEOL EX-270
(270 MHz) or JEOL LA-500 (500 MHz) spectrometer. Chemical shifts
were recorded in units of per million downfield from tetramethylsilane as
an internal standard, and all coupling constants are reported in Hertz.
UV/Vis spectra were recorded in CH,Cl, on a JASCO J-720W spectro-
photometer. Fluorescence spectra were recorded in CH,Cl, on a JASCO
FP-6300 spectrofluorometer. Mass spectra were recorded using a Shimad-
zu GCMS-QP5050 spectrometer (by EI method) or a JEOL JMS-SX102
spectrometer (by FAB method). Cyclic voltammetry was performed in
THF on a BAS CV-50W voltammetric analyser using nBu,NCIO, as an
electrolyte. If necessary, the compound was purified by a recycle HPLC
(LC-9201, Japan Analytical Industry Co., Ltd) on GPC columns
(JAIGEL 1H and JAIGEL 2H) after purification by column chromatog-
raphy on silica gel. Elemental analysis was performed at the Elemental
Analysis Center at the Faculty of Science, Osaka University.

Materials

Diisopropylamine, methylene chloride, and dimethylformamide (DMF)
were distilled from calcium hydride and stocked under nitrogen with
dried molecular sieves (4 A). Tetrahydrofuran (THF) and 1,2-dimethoxy-
ethane (DME) were distilled from sodium benzophenone ketyl under ni-
trogen before use. Other commercially available reagents and solvents
were used without further purification. Synthetic procedure and spectro-
scopic data for 1a was already reported.!'” 2-Thienylboronic acid!"® and
5-bromo-2,2'-bithienyl™ were prepared according to literature proce-
dures.

Tetrakis(5-trimethylsilyl-2-thienyl)methane (1b): A 1.4M solution of
nBuLi in hexane (2.9 mL, 4.0 mmol) was added to a solution of 1la
(172 mg, 0.50 mmol) in THF (40 mL) over 3 min at —70°C under nitro-
gen atmosphere. The resulting red solution was stirred at 0°C for an
hour. The reaction mixture turned into an orange suspension. The reac-
tion mixture was cooled at —70°C again, then TMSCI (1.2 mL, 8.0 mmol)
was added over 5 min. The reaction mixture turned into a red solution
during the addition of TMSCI. The reaction mixture was stirred for
30 min at —70°C, then allowed to warm to room temperature. After stir-
ring for 2 h, water (50 mL) was added to the reaction mixture. The aque-
ous layer was extracted with hexane—ethyl acetate (3:1 v/v, 50 mL x3).
The combined organic layers were washed with water and brine, then
dried over anhydrous Na,SO,. After filtration and evaporation, the pale
yellow residue was purified by column chromatography on silica gel
(30 g) eluted with hexane. Recrystallization with hexane gave 250 mg
(79%) of 1b as colorless needles (m.p. 189-190°C, hexane); UV/Vis (in
CH,CL,) Apo/nm (log €) 252 (4.61); '"H NMR (500 MHz, CDCl,): §=7.09
(d, J=3.3 Hz, 4H), 7.07 (d, J=3.3 Hz, 4H), 0.28 ppm (s, 36 H); *C NMR
(125 MHz, CDCl;): 6=158.1, 139.7, 133.2, 129.1, 53.7, 0.0 ppm; MS (EI):
mlz (rel intensity) 632 [M™*, 58], 559 ([M—C;H,Si]*, 100), 477 ([M—
C,H,,SSi]t, 21), 322 ([IM—C,,H»S,Si,]*, 26); elemental analysis: calcd
(%) for C,H,,S,Si,: C 55.00, H 7.00; found C 54.95, H 7.03.

Tetrakis(5-formyl-2-thienyl)methane (1¢): A 1.4m solution of nBuLi in
hexane (5.8 mL, 4.0 mmol) was added to a solution of la (344 mg,
1.0 mmol) in THF (80 mL) over 5 min at —70°C under nitrogen atmos-
phere. The resulting red solution was stirred at 0°C for an hour followed
by the addition of DMF (0.62 mL, 8.0 mmol). The reaction mixture was
stirred at 0°C for an hour and then room temperature for an hour. Satu-
rated aqueous ammonium chloride solution (80 mL) was added, and the
solution was stirred for 30 min. The aqueous layer was extracted with
ethyl acetate (100 mLx3). The combined organic layers were washed
with water and brine, and then dried over anhydrous Na,SO,. After fil-
tration and evaporation, the yellow residue was purified by column chro-
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matography on silica gel (40 g) eluted with ethyl acetate—chloroform (1:5
v/v). The desired tetraaldehyde 1¢ (337 mg, 74 %) was obtained as pale
yellow crystals. M.p. 253-254°C; UV/Vis (in CH,Cl,) A,,./nm (log €) 296
(4.68), 274 sh (4.57); '"HNMR (270 MHz, CDCLy): 6=9.90 (s, 4H), 7.72
(d, J=4.1Hz, 4H), 722 ppm (d, J=4.1 Hz, 4H), "CNMR (125 MHz,
CDCly): 6=182.5, 157.9, 143.6, 135.4, 129.5, 55.0 ppm; MS (FAB) m/z
457.0 [M+H]*; elemental analysis: caled (%) for C,;H;,0,S,: C55.24,
H 2.65; found C 54.22, H 2.82.

Tetrakis(5-bromo-2-thienyl)methane (1d): NBS (0.22 g, 1.2 mmol) was
added to a solution of 1a (103 mg, 0.3 mmol) in 10 mL of chloroform in
the dark. The reaction mixture was stirred overnight at room tempera-
ture. After the addition of water (10 mL), the reaction mixture was ex-
tracted with chloroform (25 mL x2). The combined organic layers were
washed with water, and dried over anhydrous Na,SO,. After filtration
and evaporation, the yellow residue was purified by recrystallization with
chloroform. Tetrabromide 1d was obtained as colorless crystals (140 mg,
70%). M.p. 249.5-250.5°C; UV/Vis (in CH,ClL,) A,,/nm (log €) 277
(441); '"HNMR (270 MHz, CDCL): 6=694 (d, J=40Hz, 4H),
6.78 ppm (d, J=4.0 Hz, 4H); "C NMR (67.8 MHz, [D¢]THF): 6 =151.3,
129.9, 128.5, 112.8, 53.8 ppm; MS (EI) m/z (rel intensity) 662 [M*,
8Bry,Br, 34], 660 [M*, *Br,”Br,, 47], 658 [M™*, *Br"Br;, 25], 583
(IM—Br]*, *Br, 34), 581 ([M—Br]*, ®Br,”Br, 63), 579 ([M—Br]*,
81Br-Br,, 69), 577 ([M—Br1]*, Br,, 25), 502 ([M—2Br]*, *'Br,, 69), 500
([M—2Br]*, ¥Br-"Br, 100), 498 ((M—2Br]*, "Br,, 53), 421 ([M—3Br]*,
8Br, 53), 419 ([M—3Br]*, ”Br, 50), 340 ((M—4Br]*, 28); elemental analy-
sis: caled for C;HgS,Br,: C 30.93, H 1.22, found C 31.22, H 1.20.
Tetrakis(5-(2-thienyl)-2-thienyl)methane (2a): A mixture of 1d (400 mg,
0.60 mmol), 2-thienyl boronic acid (930 mg, 7.3 mmol), sodium carbonate
(1.54 g, 14.5 mmol), and (PPh;),Pd (280 mg, 0.24 mmol) in DME (30 mL)
and water (15 mL) was refluxed for 24 h under nitrogen atmosphere. The
resultant reddish brown solution was diluted with water (50 mL), then ex-
tracted with CH,Cl, (50 mLx3). The combined organic layers were
washed with water, and dried over anhydrous Na,SO,. After filtration
and evaporation, the brown solid residue was adsorbed on silica gel (3 g),
and purified by column chromatography on silica gel (25 g) eluted with
hexane-CH,Cl, (4:1 v/v, 500 mL), hexane-CH,Cl, (1:1 v/v, 300 mL), then
CH,Cl, (200 mL). Although the greater part of 2a was eluted with
hexane-CH,Cl, (4:1 v/v) or hexane-CH,Cl, (1:1 v/v), a part of 2a was
eluted only with CH,Cl,. The 2a in the fraction of CH,Cl, was purified
by column chromatography on silica gel again. Colorless crystals may
appear from fractions in hexane-CH,Cl, (4:1 v/v). According to elemen-
tal analysis and '"H NMR spectroscopy, this crystals contain one CH,Cl,
molecule per two molecules of 2a (2a (CH,Cl,),s) as observed by X-ray
crystallographic analysis.) Recrystallization with chloroform-hexane gave
2a (260 mg, 63 %) as colorless crystals. M.p. 143-144°C (CHCl;-hexane);
UV/Vis (in CH,ClL) A,./nm (log &) 344 sh (4.59), 323 (4.81), 249 (4.35),
228 (4.33); 'HNMR (270 MHz, CDCLy): 6=7.19 (dd, J=5.1, 1.1 Hz,
4H), 7.13 (dd, J=3.5, 1.1 Hz, 4H), 7.09 (d, J=3.8 Hz, 4H), 7.06 (d, /=
3.8 Hz, 4H), 6.97 ppm (dd, J=5.1, 3.5 Hz, 4H); "CNMR (67.8 MHz,
CDCl;): 6=149.9, 137.3, 136.9, 128.4, 127.5, 124.3, 123.7, 122.8, 53.5 ppm;
MS (EI) m/z (rel intensity) 672 [M*, 78], 507 ([M—CgHS,]*, 36), 342
([M—C,sH,4S4]*, 100), 336 (M**, 19); elemental analysis: calcd (%) for
C33H,0S¢-0.5CH,ClL,: C 56.23, H 2.96; found C 56.05, H 2.90.
Tetrakis(5-(5-trimethylsilyl-2-thienyl)-2-thienyl)methane (2b): A 1.4M so-
lution of nBuLi in hexane (0.86 mL, 1.2 mmol) was added to a solution
of 2a (100 mg, 0.15 mmol) in THF (20 mL) over 5 min at —70°C under
nitrogen atmosphere. The reaction mixture (dark green solution) was al-
lowed to warm up to 0°C, and then stirred for an hour. Dark green pre-
cipitates appeared in a pale yellow solution. The reaction mixture was
subsequently cooled to —70°C, and trimethylsilyl chloride (370 mg,
3.0 mmol) was added. The green precipitates immediately dissolved and
the reaction mixture turned into a yellow solution. The reaction mixture
was stirred at room temperature overnight. The resulting green solution
was diluted with water (20 mL) and extracted with CH,Cl, (30 mL x 3).
The combined organic layers were dried over anhydrous Na,SO,. After
filtration and evaporation, the green solid residue was purified with
column chromatography on silica gel (20 g) eluted with hexane—~CH,Cl,
(5:1 v/v). 2b (130 mg, 88 %) was obtained as pale yellow crystals. M.p.>
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260°C (dec.), (CH,Cl-hexane); UV/Vis (in CH,Cl,) A,./nm (log €)
353 sh (4.70), 332 (4.91), 254 (4.33), 228 (4.36); MS (FAB) m/z 961 [M +
H]*, 723 (IM—CyH;S;Sil"), 486 (IM—CypHaS,Si]™); 'HNMR
(500 MHz, CDCly): 6=7.18 (d, J=3.3 Hz, 4H), 7.09 (d, J=3.3 Hz, 4H),
7.08 (d, J=3.8Hz, 4H), 7.04 (d, J=3.8Hz, 4H), 0.31 ppm (s, 36H);
BCNMR (125 MHz, CDCly): 6=150.3, 142.2, 140.0, 137.6, 134.7, 128.7,
125.1, 1229, 53.6ppm, —0.1; elemental analysis: caled (%) for
C,sH;5,Ss8i,: € 56.20, H 5.45; found C 55.87, H 5.36.
Tetrakis(5-(5-(2-thienyl)-2-thienyl)-2-thienyl)methane (3a): 1.4Mm solution
of nBuLi in hexane (1.7 mL, 2.4 mmol) was added to a solution of 1a
(100 mg, 0.29 mmol) in THF (25 mL) over 3 min at —70°C under nitro-
gen atmosphere. The reaction mixture was stirred at —70°C for 10 min
and then at 0°C for an hour. The resultant orange suspension was subse-
quently cooled to —70°C, and then (MeO);B (380 mg, 3.6 mmol) was
added to the reaction mixture that turned into a yellow solution. The re-
action mixture was stirred at room temperature for two hours. 2m aque-
ous HCI (15 mL) was added at 0°C and the reaction mixture was stirred
at room temperature for 30 min, and extracted with ether (50 mL x3).
The organic layers were combined and concentrated to afford crude tet-
rakis(boronic acid) 1e as yellow solid which was used for the next reac-
tion without further purification. A mixture of crude 1e, 5-bromo-2,2"-bi-
thienyl (590 mg, 2.4 mmol), sodium carbonate (250 mg, 2.4 mmol), and
(PPh;),Pd (67 mg, 0.058 mmol) in DME (30 mL) and water (15 mL) was
refluxed for 24 h under nitrogen atmosphere. The reaction mixture was a
yellow solution with black tar. (A large amount of 3a was contained in
this tar). This precipitate was purified with column chromatography on
silica gel (40g) eluted with hexane-CH,Cl, (4:1 v/v, 500 mL) and
hexane—-CH,Cl, (3:1 v/v, 600 mL). 3a (80 mg, 27%) was obtained as
yellow needles. 3a (10 mg, 3%) was also obtained from a part of the
yellow solution by the ordinary workup. Yellow needles; m.p. 142-143°C
(CHCLy); UV/Vis (in CH,ClL,) A, /nm (log &) 400 sh (4.81), 374 (5.03),
253 (4.50), 228 (4.55); '"H NMR (270 MHz, CDCL;): =720 (dd, J=5.1,
1.1 Hz, 4H), 7.16 (dd, /J=3.8, 1.1 Hz, 4H), 7.10 (d, /=4.1 Hz, 4H), 7.07
(d, J=4.1Hz, 4H), 7.05 (s, 8H), 7.01 ppm (dd, /J=5.1, 3.8 Hz, 4H);
BCNMR (125 MHz, CDCly): 6=150.1, 137.4, 137.1, 136.5, 135.8, 128.8,
127.9, 124.54, 124.53, 124.3, 123.8, 123.0, 53.7 ppm; MS (FAB) m/z 1000
[M]*, 753 ([M—C,H;S;]*); elemental analysis caled (%) for CuHaS)o:
C58.76, H 2.82; found C 58.63, H 2.80.
Tetrakis(5-(5-(5-trimethylsilyl-2-thienyl)-2-thienyl)-2-thienyl)methane
(3b): A 1.4m solution of nBuLi (1.0 mL, 1.4 mmol) was added to a solu-
tion of diisopropylamine (0.2 mL, 1.4 mmol) in THF (10 mL) over 3 min
at —70°C under nitrogen atmosphere. After stirring at 0°C for 30 min, a
solution of 3a (70 mg, 0.070 mmol) in THF (15 mL) was added at —70°C
over 10 min. After stirring at 0°C for an hour, trimethylsilyl chloride
(0.51 mL, 3.5 mmol) was added to the resultant green fluorescent brown
suspension at —70°C. The reaction mixture was allowed to warm up to
room temperature and turned light yellow. After stirring at room temper-
ature overnight, the resultant green solution was diluted with water
(40 mL). The mixture was extracted with CH,Cl, (50 mLx3) and the
combined organic layers were dried over anhydrous Na,SO,. After filtra-
tion and evaporation, the green residue was purified by column chroma-
tography on silica gel (20 g) eluted with hexane-CH,Cl, (4:1 v/v) to
afford 3b (30 mg, 33%) as yellow needles. Yellow needles, m.p. 177—
178°C (CHCls-hexane); UV/Vis (in CH,Cl,) A,./nm (log &) 407 sh
(4.89), 381 (5.11), 256 (4.53), 228 (4.65); 'H NMR (270 MHz, CDCL,): =
7.20 (d, J=3.4Hz, 4H), 7.12 (d, J=3.4 Hz, 4H), 7.09 (d, /=3.8 Hz, 4H),
7.07 (d, J=3.8 Hz, 4H), 7.06 (d, J=3.8 Hz, 4H), 7.04 (d, J=3.8 Hz, 4H),
0.33 ppm (s, 36H); "C NMR (125 MHz, CDCl;): 6 =149.9, 141.9, 139.9,
137.3, 136.4, 135.7, 134.6, 128.6, 124.8, 124.4, 124.2, 122.7, 53.6, —0.1 ppm;
MS (FAB) m/z 1288 [M*], 969 (IM—CsH,;S;Si] %), 650 ([M—CsyH;3,S6Si,]
); elemental analysis calcd (%) for CqHgS,Si,: C 56.78, H 4.69; found
C56.65, H 4.69.
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The Synthesis of D-Trihydroxyllysine-Based Oligopeptides as a Hydrophilic
Scaffold and its Application to the Synthesis of Bifunctional Chelating Agents

for Use as Bone Tracers

Hiroshi Tanaka,*'*! Yoshio Ando,™ Tsutomu Abe,” and Takashi Takahashi**!

Abstract: An effective hydrophilic scaf-
fold composed of D-trihydroxyllysine-
based oligopeptides and its application
in the synthesis of the various "“!'In—
DTPA conjugates with mono- to penta-
bisphosphonate units for use as bone
tracers are described. The D-trihydrox-

nal protecting groups was conjugated
with functional devices at the v posi-
tion and allowed oligomerization based

Keywords: bisphosphonate - chem-
ical biology - indium - molecular
imaging - oligopeptides

on peptide chemistry. The radiophar-
maceutical complexes of ''In'™ with se-
lected chelators, 4 and 8, were suitable
for bone imaging. These results show
that p-trihydroxyllysine 2 was an effec-
tive building block for the synthesis of
multivalent ligands applicable to medi-

yllysine derivative with three orthogo-

Introduction

Molecular imaging is a powerful method not only for analy-
sis of biological phenomena but also for diagnosis.!! Bifunc-
tional chelating agents composed of metal-chelating, and
molecular recognition devices serve as effective platforms
for development of new and effective contrast agents. Com-
plexing various paramagnetic metals with the metal chelater
allows one to trace the bifunctional chelating agents in
vivo.”! Bakker et al. have reported on the synthesis of an
"MIn-DTPA-conjugated somatostatin derivative (DTPA =di-
ethylenetriamine-N,N,N',N" ,N"-pentaacetic ~acid) as a
cancer-contrast agent for single photon emission computed
tomography.”! Recently Fukase and co-workers developed
an effective method for the conjugation of proteins with
chelating agents through 6m-azaelectrocyclization.*! The re-
sulting protein-conjugated chelaters were used for positron
emission tomography imaging by chelating with Ga** ions.
Chitosan and its hydrolysates composed of (1,4)-linked
glucosamines have served as effective hydrophilic scaffolds
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cal use.

for the synthesis of biocompatible materials adaptable to
medicinal use.”! The amino groups at the C2 position are
amenable to conjugation with various functional devices.
Multiple hydroxy groups also contribute to their biocompat-
ibility.”! In addition, the glycosidic linkages are resistant to
metabolism in the human body. We have recently reported
the synthesis of MRI contrast agents composed of multiple
DTPA-Gd complexes on chitosan hydrolysates.”! The
number of DTPA monosaccharide units was critical for en-
hancing the relative signal intensity of water protons per Gd
atom. However, tuning the number of ligands and the struc-
ture of the oligosaccharide backbone requires laborious syn-
thetic processes involving protection/deprotection and ste-
reoselective glycosylation. Therefore, development of a chi-
tosan-like biocompatible multivalent scaffold whose number
of ligands is tunable by simple protocols would strongly
assist the synthesis of various multifunctional chelating
agents. Herein, we describe the development of p-trihydrox-
yllysine-based oligopeptides as effective platforms for the
synthesis of various bifunctional chelating agents and their
application to the synthesis of a series of bifunctional chelat-
ing agents with variable numbers of bisphosphonate units
for use as bone tracers.

Results and Discussion
The p-trihydroxyllysine-based oligopeptide 1 with multiple

ligands at the y position, in order to reduce non-specific in-
teractions, was designed as a multivalent platform for molec-
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ular imaging (Scheme 1). The multiple hydroxy groups
make it highly hydrophilic, which could thereby reduce the
undesired interactions of peptide 1 with abundant hydro-

g’ Haaésq/z/

OH NH O
NH HO
ﬁ&O\H\/
3%&/ o
~NH0 U

NBoc OH
Bg%é@i"omlw — H%é&,ori

FmocHN O NH;
2 3

Scheme 1. p-Trihydroxyllysine-based oligopeptide 1 as a multivalent plat-
form for contrast agents. Boc = fert-butyloxycarbonyl, Fmoc = 9-fluorenyl-
methoxycarbonyl.

philic biomolecules.”! In addition, the synthetic D-amino
acid based oligopeptide may be resistant to in vivo metabo-
lism.*®! The p-trihydroxyllysine unit 2, with three orthogo-
nal protecting groups on two amino groups and a carboxylic
acid group, was used as a building block to allow incorpora-
tion of various functional devices at the y position and oligo-
merization by means of the established peptide chemistry.”)
The p-trihydroxyllysine unit 2 can be prepared from p-glu-
cosamine (3).

The feasibility of the scaffold was demonstrated by the
synthesis of a series of DTPA derivatives 4-12 by varying
the number of bisphosphonate (BP) units as bifunctional
chelating agents for bone scintigraphy!'” (Scheme 2). DTPA
is widely used as an iron chelate in hydroponic solutions.
The DTPA unit can complex with various metals that are
detectable by clinical imaging modalities, such as Gd, Tc,

Abstract in Japanese:
AEFEE, PV EFRX YLD Y ¥ hbhb4Y X7 4 FifiEeHET 5

KEWET Y7L — b 2 FFILEBA A~V Y 7Hr 3T u—7T 08K
Z OFHEC > TR s, QIEMCRY S ERELEATREL Y EFRX
Yy v rEEEKEASKLE, KT I /B EHAC <, DIPAR o 2
FARF—PESEFETIEY VSIS I IA—FAPF I —T 2SR, &
BlE7e—7% Mn@)zFe <ERLF? PFOAA—v ¥ 7 g2k
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Scheme 2. DTPA derivates 4-12 with multi-bisphosphonate units.

and In, and reduces the toxicity of these metals."!! The BP
unit has a very high affinity for bone tissue, and is known to
be rapidly absorbed onto the bone surface. The metal che-
laters conjugated with the BP unit have been reported to
act as bone tracers.” The series of DTPA derivatives 4-12
with multiple BP units would be useful for elucidating the
effect of the number of BP units to the affinity of contrast
agents to bone."”! Bisphosphonate derivatives were prepared
from the p-amino acid of 13 with a bisphosphonate unit and
the DTPA unit of 14.

Preparation of the key intermediate 2 and the building
blocks 13 and 14 is outlined in Scheme 3. The B-silyl 2-azi-
doglycoside 15 prepared from glucosamine (3) by the estab-
lished procedure! was used as the starting material. Hy-
drolysis of the acetyl group of 15, followed by dimethoxytri-
tylation at the primary hydroxy group provided dimethoxy-
trityl ether 16. Hydrolysis of the silyl ether at the anomeric
position of 16, followed by reduction at the anomeric posi-
tion provided tetraol 17. The regioselective tritylation at the
resulting primary hydroxy group of 17, followed by benzyla-
tion of the remaining hydroxy groups provided the tribenzyl
ether 18 in 47 % yield from 15. Chemoselective deprotection
of the dimethoxytrityl group in the presence of the trityl
group, mesylation of the resulting primary alcohol, then N-
alkylation of the mesylate with nosylamide!™ provided the
N-alkyl nosylamide 19 in 63% from 18. Removal of the
nosyl protecting group, followed by protection of the result-
ing amine with a tert-butyloxycarbonyl (Boc) group provid-
ed the N-Boc derivative 20 in 86% yield. Removal of the
trityl group under the acidic conditions provided the pri-
mary alcohol 21. Oxidation of the primary alcohol with
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO),'! followed
by O-allylation yielded 22 in 73 % yield. Reduction of azide
22 to amine, followed by protection of the amine with the 9-
fluorenylmethoxycarbonyl (Fmoc) group provided the N-
Fmoc derivative 2. The nosyl derivative obtained from 22
was not a suitable substrate for the oxidation. Selective re-
moval of the N-Boc group in 2, followed by acylation of the
resulting amine with the carboxylic acid 23,*! bearing a
bisphosphonate unit, provided the vy acylated lysine 24 in
81 % yield. Deprotection of the allyl group in 24 by using a

Chem. Asian J. 2008, 3, 2033 -2045
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Scheme 3. Reagents and conditions: a) i) NaOMe, MeOH; ii) DMTrCl, Py.; b) i) HF/Py., Py.; ii) NaBH,, EtOH, 87 % for 26; c) i) TrCl, DBU, CH,Cl,;
ii) BnBr, NaH, TBAI, DMF, 47 % from 15; d) i) AcOH/THF/H,0; ii) MsCl, NEt;, CH,Cl,; iii) NsNH,, Cs,CO;, DMF, 63 %; ¢) i) PhSH, Cs,CO;, CH;CN;
ii) Boc,0O, NaHCO; aq. dioxane, 86 %; f) CSA, MeOH, 90%; g) i) NaOCl, TEMPO, KBr, TBAB, NaHCO; aq., CH,Cl,; ii) AllylBr, NaHCO;, DMF,
73 %; h) PPhs, H,0, THF, 60°C then NaHCO; aq., FmocCl, RT, 91 %; i) i) 4m HCl/dioxane; ii) 31, HATU, DIEA, CH,Cl,, 81 %; j) i) Pd(PPh;),, N-meth-
ylaniline, THF, 88 %; k) i) NaOMe, MeOHj; ii) TrCl, Py.; 1) i) BnBr, NaH, TBAI, DMF; ii) CSA, MeOH; m) i) MsCl, NEt;, CH,Cl,; ii) NsNH,, Cs,COs,
DMEF, 79 %; n) PhSH, Cs,CO;, CH;CN, 88 %; 0) i) Boc,0O, NaHCO;, dioxane, ii) PPh;, H,O, THF, 60°C then NaHCO; aq., FmocCl, RT, 93%; p) i) 4Mm
HCl/dioxane; ii) 23, HATU, DIEA, CH,Cl,, 90 %. DMF = N,N-dimethylformamide, DMTrCl = para-dimethoxytrityl chloride, TBAB = tetrabutylammoni-

um bromide, TBAI = tetrabutylammonium iodide.

palladium catalyst afforded the BP-conjugated p-trihydrox-
yllysine unit 13 in 88% yield. The synthesis of the DTPA-
conjugated building block 14 was conducted. Hydrolysis of
the acetyl group of 15, followed by tritylation at the primary
hydroxy group provided trityl ether 25. Hydrolysis of the
silyl ether at the anomeric position of 25, followed by reduc-
tion at the anomeric position provided tetraol 26 in 87 %
yield from 15. Benzylation of all the hydroxy groups, fol-
lowed by cleavage of the tritylether provided the primary al-
cohol 27 in 98% yield. Mesylation of the primary alcohol
27, followed by N-alkylation with a nosylamide provided the
N-alkyl nosylamide 28 in 79 %. Removal of the nosyl pro-
tecting group with thiophenol provided the primary amine
29 in 88% yield. Protection of the resulting amine with a
Boc group, followed by conversion of the azido group to an
N-Fmoc group provided the N-Fmoc derivative 30 in 93 %
yield. Selective removal of the N-Boc group in 30, followed
by acylation of the resulting amine with the carboxylic acid
31, bearing a DTPA unit, provided the DTPA derivative 14
in 98 % yield.

The synthesis of the chelators 4-12 with one to five bi-
sphosphonate units is shown in Scheme 4 and Table 1. Treat-
ment of the N-Fmoc derivative 14 with diethylamine provid-
ed the amine 32. Subsequent acylation with the lysine deriv-
ative 13 gave the amidated product 34 in 90% yield. The
same protocol was used for acylation of 34, 38, and 42 to

Chem. Asian J. 2008, 3, 2033 -2045
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provide the di-, tri-, and tetra-peptides 38, 42, and 46 in 84,
81, and 62 % yields, respectively. The coupling reactions pro-
ceeded smoothly using 1.1 equivalents of the trihydroxylly-
sine 13 except for the coupling with 42. The acetamide de-
rivatives 36, 40, 44, and 48 were prepared from 34, 38, 42,
and 46 by removal of the Fmoc group and subsequent acety-
lation of the resulting amine. The bisphosphonate deriva-
tives 33, 37, 41, 45, and 49 were prepared by the same proto-
cols by using acid 23 instead of the amino acid 13. Deprotec-
tion of the BP derivatives 33, 36, 37, 40, 41, 44, 45, 48, and
49 was achieved by hydrogenolysis with a Pd catalyst. Purifi-
cation of the crude materials by reverse-phase column chro-
matography and gel filtration gave the DTPA-conjugated
BP derivatives 4-12 in moderate yields (Table 1). The use of
ethanol as an amphiphilic co-solvent was critical for the de-
protection of the tetra- and pentamers 44, 45, 48, and 49
owing to their enhanced hydrophobicity.

Ligand-competition experiments involving inhibition of
the ligands 4-12 on [*C]-citric acid bound to synthetic hy-
droxyapatite were examined for elucidation of the binding
affinity of the multiple BP ligands 4-12 to bone surfaces
(Table 2). Citric acid is known to compete with bisphospho-
nates for binding hydroxyapatite, which are materials locat-
ed on the bone surface.'”’ The inhibitory effects of the li-
gands were determined by measuring free ["*C]-citric acid
by liquid scintillation spectroscopy. Methylenediphospho-

2035

www.chemasianj.org





FULL PAPERS

BnO,C
BnO,G COBn
CO,Bn CO,Bn
COZBn ( Bnozc\‘
BnOZC

\—/ BnO.}\ PS
P S0 o
o< o ;}

N N
Bno B™Q oBn L\ _J

H. Tanaka, T. Takahashi et al.

BnO,C

CO,Bn
CO,Bn
( BnOz

BnO B”q OBn L/
BnO. \
Bno B0 OBn o
BnO \
BnO
H

NH
b OBn b Bno
BnO "o © B”B?,o/ég\/osn
BnO OBn _— NH NH _ = BnO OBn
RHN BnO OBn BnO
BnO NHO
RHN ‘O BnO
’: 14 :R = Fmoc RHN "o
32:R=H 34: R =Fmoc
d [, al, ‘R=
33 :R =Bn,BP 35:R=H [ 38:R=Fmoc
dalc 36:R=Ac a ‘R=
39:R=H b
L. 37:R=BnBP o 1o e 40:R=Ac

BnO.\ :\O o
7
Bno ™ oBn O NH
BnO.} S oB
BnO % 6 © Bro " oBn
BnO \ ,0Bn O NH BnO
BnO. PS NH

BnO OBn NHO
BnO
46 : R=Fmoc

RAN0 als 47 ron

q|¢L~48:R=Ac
. 49:R=Bn,BP

L » 41:R=Bn4BP

) o o
Bno @ oBn © NH
BnO.} S
BnO % °© © Bno 25" 08n
BnQ "X OBn o NH BnO w
BnO.L, RS . OBn

42 : R =Fmoc
sl wiren

c _,44;R=Ac

L . 45:R=Bn4BP

Scheme 4. Reagents and conditions: (a) diethylamine, CH;CN (b) 13, HATU, DIEA, CH,Cl,, 84 % for 34 from 14, 84 % for 38 from 34, 81 % for 42
from 38, 62% for 46 from 42; (c) Ac,O, DIEA, CH,Cl,, 97 % for 36 from 34, 96% for 40 from 38, 80 % for 44 from 42, 72% for 48 from 46; (d) 23,
HATU, DIEA, CH,Cl,, 90 % for 33 from 14, 91 % for 37 from 34, 89 % for 41 from 38, 76 % for 45 from 42, 71 % for 49 from 46.

nate (MDP) was used as a positive control. The pentamer
12 with five bisphosphonate units, and the monomer 4 with
one bisphosphonate unit showed the strongest inhibitory
effect among derivatives 4-12 and were comparable to
MDP. However, surprisingly the di- to tetramers 5-10 with
two to four bisphosphonate units showed weaker inhibitory
activities than that of monomer 4. The displacement of the
acetyl group to the bisphosphonate unit improved the inhib-
itory effects. However, a reduced inhibitory activity of 5 was
observed in comparison with that of 4. We speculated that
an enhanced number of the BP-conjugated amino acid units
resulted in both positive and negative effects on the binding
to hydroxyapatite. The positive effect would be derived
from multivalent interactions of the BP units and hydroxya-
patite. The negative effect would be caused by the enhanced
hydrophilicity. In total, the positive multivalent effects
would be observed in the case of the trimer 8, which con-
tains three BP units in comparison with the trimer 7, which
contains two BP units.

We next examined the ability of "'In™ complexes with se-
lected chelators, monomer 4, trimer 8, and pentamer 12,
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that form radiopharmaceuticals for use in bone scintigraphy
of normal rats. We focused on the effects of molecular
weight or size and binding affinity of the bifunctional chela-
tors to hydroxyapatite on the imaging ability of bone. The
chelators 4 and 12 showed the strongest binding affinity for
hydroxyapatite among 4-12 and are the smallest and biggest
chelaters, respectively. The binding affinity of the tri--
bisphosphonate derivative 8, having a median molecular
weight, to hydroxyapatite is one of the weakest binders
among them. The radioactive complexes were prepared by
using a large excess of the chelators 4, 8, and 12. The radio-
chemical yield for complex formation between ''In™ and
the selected chelators 4, 8, and 12 was estimated by using
the cellulose acetate membrane to be quantitative (see the
Supporting Information). Figure 1 shows planar bone scin-
tigraphy of rats after intravenous administration of 'In'
complexes with the chelaters 4, 8, and 12. To quantify accu-
mulation of the ''In™ complexes in the femur, region of in-
terest (ROI) analysis was performed. None of the '''In™
complexes showed any significant toxicity or degradability
in vivo during the examination. The chelators 4 and 8 accu-
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Table 1. Deprotection of the protected BP derivatives 33, 36, 37, 40, 41,
44, 45, 48, and 49 to 4-12.
BnO,C HOC

CO,Bn COH
C0O,Bn (CO,H
BnOC { HO,C—
Ho N N N
BnO B"O\ o8n L hoQ RO ——
BnO \ O:/P <0 o

BnO OBn HO

33:n=0,R=BnBP 44:n=3, R=Ac 4:n=0 R=BP 9:n=3,R=Ac
3G:n=1,R=Ac 45:n=3,R=Bn,BP 5:n=1,R=Ac 10:n=3,R=BP
37:n=1,R=BnBP 48:n=4,R=Ac 6:n=1,R=BP 11:n=4,R=Ac
40:n=2,R=Ac 49 :n=4,R=BnBP 7:-n=2.R=Ac 12:n=4,R=BP
41:n=2,R=BnBP 8:n=2,R=BP

Entry Substrate Product Conditions!”! Yield [%]

1 33 4 A 68

2 36 5 A 93

3 37 6 A 35

3 40 7 A 91

4 41 8 A 35

5 44 9 B 42

6 45 10 B 62

7 48 11 B 58

8 49 12 B 55

[a] The condition A: H, (1 atm), Pd(OH),, EtOAc, MeOH, H,O. The

condition B: H, (1 atm), Pd(OH),, EtOAc, EtOH, MeOH, H,0.

Table 2. Competitive binding of the 1pum ligands to hydroxyapatite
against 50 nm ['*C]-citric acids. Data are the mean percentage of the vehi-
cle £SD of three separate experiments.

Entry Substrate ["C]-citric acid binding [% of vehicle]
1 Vehicle 100.0+£5.14
2 MDP 61.8+2.91
3 4 65.2+5.03
3 5 87.1+6.54
4 6 81.3+4.96
5 7 95.4+5.08
6 8 87.4+5.86
7 9 79.1+0.80
8 10 91.2+3.42
9 11 63.74+5.29
10 12 51.6+3.65

mulated in the femur within 20 min. The unaccumulating
chelators were excreted by the kidneys. The trimer 8, which
has three bisphosphonate units, also acted as an effective
bone tracer. However, trimer 8 was easier to be excreted by
the kidneys than 4. The high hydrophilicity derived from the
multiple hydroxy group backbone would promote the excre-
tion. On the other hand, a percentage of pentamer 12 also
accumulated in the liver after 2 h, and all of the chelators 4,
8, and 12 initially provided a strong signal around liver. In
addition, most of 12 was excreted by the kidneys except for
a small percentage which remained in the liver. These re-
sults suggest that the pentamer 12, which demonstrated high
binding affinity for hydroxyapatite in vitro, was easily trap-
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Figure 1. The bone scintigraphy two hours after intravenous administra-
tion of ""In" complexed with selected chelators, 4, 8, and 12. a) 4, b) 8,
¢) 12. Arrows indicate accumulation sites "'In"" complexes in rat femurs.
Arrowhead shows the accumulation of ''In"™ with the chelator 12 in
liver.

ped in the liver and was unable to diffuse through the blood
vessel walls owing to its large molecular weight.

The biodistribution of the "In™ complexed with the se-
lected chelators, 4, 8, and 12 after 2 hours is shown in
Figure 2 as a percentage of injected dose per gram. The che-
lators 4 showed a significantly higher accumulation in the
femur than chelators 8 and 12. The chelators 12 accumulat-
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Figure 2. Biodistribution of the complexes of 'In"" with the chelaters 4,
8, or 12 in rats 2 h after intravenous administration. Data are expressed
as mean +SD for four rats. These results were statistically analyzed by
using a one-way ANOVA followed by Sheffe’s post-hoc test. Differences
were considered statically significant when p values were less than 0.05.

ed in liver and blood in significantly larger amounts than
chelators 4 and 8, which is caused by the larger molecular
weight of chelator 12. These results were comparable with
those from the scintigraphy images. In total, the smallest
chelator 4 exhibited the best performance as a radiopharma-
ceutical suitable for bone scintigraphy.

Conclusions

In conclusion, this paper describes an effective biocompat-
ible multivalent scaffold, which is composed of the D-trihy-
droxyllysine-based oligopeptides, and its application in the
synthesis of various '''In-DTPA conjugates with mono- to
penta-bisphosphonate units for use as bone tracers. The D-
trihydroxyllysine derivative with three orthogonal protecting
groups was conjugated with functional devices at the vy posi-
tion. The p-lysine derivative with a protected bisphospho-
nate unit allowed oligomerization in good yields. None of
the ""In™ complexes showed any significant toxicity or deg-
radation in vivo during the examination. The complexes of
"In™ with the chelators 4 and 8 were suitable for bone
imaging. These results show that Dp-trihydroxyllysine 2 was
an effective building block for the synthesis of multivalent
ligands applicable to medical use.

Experimental Section

General Techniques

NMR spectra were recorded on a JEOL Model EX-270 (270 MHz for
'H, 67.8 MHz for *C) or a JEOL Model ECP-400 (400 MHz for 'H,
100 MHz for C, 160 MHz for *'P) instrument in the indicated solvent.
Chemical shifts are reported in parts per million (ppm) relative to the
signal (0 ppm) for internal tetramethylsilane for solutions in CDCl,.
'"H NMR spectrum data are reported as follows: CDCly (7.26 ppm) or
D,0 (HOD (4.8654 ppm at 285K, 4.7015 ppm at 303 K, 4.6201 ppm at
311 K, and 4.3560 ppm at 339 K as the internal standard by using 3-(tri-
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methylsilyl)-1-propanesulfonicacid sodium salt as external standard)).
3C NMR spectral data are reported as follows: CDCl, (77.0 ppm) as the
internal standard for CDCl; and [Dglacetone (30.3 ppm) or
[D;]acetonitrile (1.3 ppm) as the internal standard for D,O. Multiplicities
are reported by using the following abbreviations: s singlet, d doublet,
t triplet, q quartet, m multiplet, br broad; J coupling constants in Hertz.
IR spectra were recorded on a Perkin—Elmer Spectrum One FTIR spec-
trophotometer. Only the strongest and/or structurally important peaks
are reported as the IR data given in cm™'. Optical rotations were mea-
sured on a JASCO model P-1020 polarimeter. All reactions were moni-
tored by thin-layer chromatography carried out on 0.2mm E. Merck
silica gel plates (60F-254) with UV light, visualized by 10% ethanolic
phosphomolybdic acid, p-anisaldehyde solution or 0.5 % ninhydrin n-bu-
tanol solution. Daiso silica gel, Chlomatorex NH-silica gel, or Merck
silica gel was used for column chromatography. Gel permeation chroma-
tography (GPC) for qualitative analysis were performed on Japan Ana-
lytical Industry Model LC908 (recycling preparative HPLC), on a Japan
Analytical Industry Model RI-5 refractive index detector, and on a Japan
Analytical Industry Model 310 UV detector with a polystylene gel
column (JAIGEL-1H, 20 mm x 600 mm) using chloroform as the solvent
(3.5 mLmin™"). High performance liquid chromatography (HPLC) was
performed on a Waters 2695 apparatus by using a Senshu Pak Silica
3301-N Column with a Waters 2996 photodiode array detector at 254 nm
(normal phase). HPLC was performed on a Senshu Scientific apparatus
by using a Develosil ODS-UG-5 column or an Inertsil ODS-3 column
(4.6 mm x25 cm for analysis) with a Senshu Scientific photodiode array
detector at 214 or 254 nm (reverse phase). HPLC was also performed on
a Gilson 506C system by using a Develosil ODS-UG-5 column or an In-
ertsil ODS-3 column (4.6 mm x 25 cm for analysis, 2 cm x 25 c¢m for collec-
tion) with a Gilson UV/Vis-151 photodiode array detector at 214 or
254 nm or Shimadzu ELSD-LT evaporative light-scattering detactor (re-
verse phase). ESI-TOF mass spectra were measured with P. E. Biosys-
tems TK-3500 Biospectrometry Workstation. ESI mass spectra were mea-
sured with Bruker esquire 3000 plus 07. Dry THF, dry hexane, dry di-
ethylether, and dry DME were distilled from sodium and were contained
with a catalytic amount of benzophenone. Dry benzene and dry toluene
were distilled from a lump of sodium. Dry dichloromethane was distilled
from P,0s. Dry DMF, dry triethylamine, and dry pyridine were distilled
from CaH,. Dry methanol and dry ethanol were distilled from magnesi-
um contained with a catalytic amount of iodine.

Synthesis

18: Sodium (130 mg, 5.60 mmol,) was added at room temperature (RT)
to a stirred solution of 15 (50.0 g, 112 mmol) in MeOH (300 mL). After
being stirred at RT for 5.5 h, the reaction mixture was concentrated in
vacuo and mixed with toluene. The residue was used for the next reaction
without further purification. To a stirred solution of the residue in pyri-
dine (300 mL) was added dimethoxytritylchloride (3.79 g, 112 mmol) at
RT. After being stirred at RT for 4 h, the reaction mixture was poured
into ice-cooled water. The aqueous layer was extracted with two portions
of ethyl acetate. The combined extract was washed with ice-cooled 1m
HC, saturated aqueous NaHCO; and brine, dried over Na,SO,, filtered,
and evaporated in vacuo. The residue was used for the next reaction
without further purification. Hydrogen fluoride-pyridine (30.0 mL) was
added to a stirred solution of the residue in pyridine (150 mL) at 0°C.
After being stirred at RT for 6 h, the reaction mixture was poured into
ice-cooled saturated aqueous NaHCO;. The aqueous layer was extracted
with two portions of ethyl acetate. The combined extract was washed
with 1M HCI, saturated aqueous NaHCOj; and brine, dried over Na,SO,,
filtered, and evaporated in vacuo. The residue was used for the next reac-
tion without further purification. A solution of the residue in dry EtOH
(125 mL) was added at 0°C to a stirred solution of NaBH, (5.07 g,
134 mmol) in dry EtOH (25.0 mL). After being stirred at RT for 4 h, the
reaction mixture was poured into ice-cooled saturated aqueous NH,CIL.
The aqueous layer was extracted with two portions of ethyl acetate. The
combined extract was washed with aqueous NH,Cl and brine, dried over
Na,SO,, filtered, and evaporated in vacuo. The residue was used for the
next reaction without further purification. 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU; 25.1 mL, 168 mmol) and tritylchloride (31.2 g, 112 mmol) was
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added to a stirred solution of the residue in CH,Cl, (200 mL) at RT.
After being stirred at 40°C for 6 h, the reaction mixture was poured into
ice-cooled water. The aqueous layer was extracted with two portions of
ethyl acetate. The combined extract was washed with ice-cooled 1M HCI,
saturated aqueous NaHCO; and brine, dried over Na,SO,, filtered, and
evaporated in vacuo. The residue was used for the next reaction without
further purification.

A solution of the residue in dry N,N-dimethylformamide (150 mL) was
added at 0°C to a stirred solution of 55% sodium hydride (22.0 g,
504 mmol) which was washed twice with dry hexane and the reaction
mixture was stirred at the same temperature for 30 min. Then benzyl bro-
mide (40.0 mL, 336 mol) and a catalytic amount of nBu,NI were added
to the reaction mixture at 0°C. After being stirred at RT for 2 h, the re-
action mixture was poured into saturated aqueous NH,Cl. The aqueous
layer was extracted with two portions of ethyl acetate. The combined ex-
tract was washed with 1M HCI, saturated aqueous NaHCO; and brine,
dried over MgSO,, filtered, and evaporated in vacuo. The residue was pu-
rified with chromatography with 85:15 hexane/ethyl acetate to give 18
(53.0 g, 52.7 mmol, 6steps 47%) as a pale-yellow oil. [a]7=-62 (c=
1.12, CHCL); IR (KBr) #=3087, 3061, 3032, 2932, 2836, 2097, 1607,
1584, 1509, 1449, 1251, 1176, 1031, 831, 751, 696cm™'; 'H NMR
(400 MHz, CDCl;): 6=7.14-7.45 (m, 35H, Ar), 6.90-7.00 (m, 4H, Ar),
6.70-6.74 (m, 4H), 4.73 (d, 1H, J,,=12.1Hz), 4.55 (d, 1H, Jy,=
11.6 Hz), 4.47 (d, 1H, J,,,=12.1 Hz), 441 (d, 1H, J,,=11.1 Hz), 4.36 (d,
1H, Jgm=11.6 Hz), 4.34 (d, 1H, Jo,=11.1 Hz), 3.91 (dd, 1H, J=5.8 Hz,
5.8 Hz), 3.67-3.79 (m, 9H), 3.52 (dd, /=3.4 Hz, J,.,,=10.6 Hz), 3.33-3.39
(m, 1H, 6-H), 3,32 (dd, 1H, J=5.3 Hz, J,,=10.6 Hz), 3.23 ppm (dd, 1 H,
J=39Hz, J,n,=9.7Hz); "CNMR (100 MHz, CDCl;) 6=158.4, 144.9,
143.5, 138.3, 138.1, 136.1, 136.0, 130.1, 128.6, 128.3, 128.2, 128.1, 128.0,
127.8, 127.7, 127.5, 127.34, 127.27, 127.0, 126.7, 113.1, 87.2, 86.2, 79.2,
79.0, 78.8, 74.6, 74.1, 72.0, 63.7, 63.2, 62.5, 55.1 ppm.

19: AcOH (16.0 mL) and H,O (4.00 mL) were added at RT to a stirred
solution of 18 (2.47 g, 2.42 mmol) in THF (8.0 mL). After being stirred at
RT for 24 h, the reaction mixture was poured into ice-cooled 1M NaOH.
The aqueous layer was extracted with two portions of ethyl acetate. The
combined extract was washed with 1M NaOH and brine, dried over
MgSO,, filtered, and evaporated in vacuo. The residue was used for the
next reaction without further purification.

NEt; (2.02mL, 14.5mmol) and methanesulfonyl chloride (562 uL,
7.26 mmol) were added at 0°C to a stirred solution of the residue in
CH,(Cl, (15.0 mL). After being stirred at RT for 1 h, the reaction mixture
was poured into ice-cooled water. The aqueous layer was extracted with
two portions of ethyl acetate. The combined extract was washed with 1m
HCl, saturated aqueous NaHCO; and brine, dried over MgSO,, filtered,
and evaporated in vacuo. The residue was used for the next reaction
without further purification. Cs,CO; (3.15 g, 9.68 mmol) and 2-nitroben-
zenesulfonylamide (979 mg, 4.84 mmol) were added at RT to a stirred so-
lution of the residue in N,N-dimethylformamide (15.0 mL). After being
stirred at 80°C for 20 h, the reaction mixture was poured into ice-cooled
1M HCIL. The aqueous layer was extracted with two portions of ethyl ace-
tate. The combined extract was washed with 1M HCI and brine, dried
over MgSO,, filtered, and evaporated in vacuo. Silica gel column purifi-
cation with 70:30 hexane/ethyl acetate gave 19 (1.26 g, 1.52 mmol, 3 steps
63%) as a yellow oil. [«]}y =—5.4 (c=1.11, CHCL); IR (KBr): #=3345,
3089, 3064, 3032, 2879, 2098, 1539, 1361, 1070, 748, 699 cm™'; 'H NMR
(400 MHz, CDCl;): 6=7.98 (d, 1H, J=7.7Hz), 7.78 (d, 1H, J=7.7 Hz),
7.63 (dd, 1H, J=7.7,7.7 Hz), 7.55 (dd, 1H, J=7.7, 7.7 Hz), 7.11-7.41 (m,
30H, Ar), 5.69 (dd, 1H, J=5.8, 5.8 Hz), 4.59 (d, 1H, J,,=11.1 Hz), 4.58
(d, 1H, Jy,=11.1Hz), 449 (d, 1H, J,,,=11.1 Hz), 438 (d, 1H, Jyp, =
11.6 Hz), 432 (d, 1H, Jo,=11.1 Hz), 431 (d, 1H, J,,=11.6 Hz), 3.76
(dd, 1H, J=5.3, 43 Hz), 3.68 (dd, 1H, J=5.3, 43 Hz), 3.59 (m, 1H), 3.55
(m, 1H), 3.36 (m, 2H), 3.30 ppm (m, 2H); *C NMR (100 MHz, CDCl):
0=147.9, 143.4, 137.7, 137.6, 137.0, 133.4, 133.3, 132.6, 131.0, 128.54,
128.51, 128.30, 128.3, 127.9, 127.8, 127.7, 127.2, 125.3, 87.2, 78.5, 78.4,
78.2,74.57, 74.55, 71.8, 63.0, 62.2, 43.3 ppm.

20: Cs,CO; (84.1 mg, 0.258 mmol) and thiophenol (33.2 pL, 0.323 mmol)
were added at RT to a stirred solution of 19 (178 mg, 0.215 mmol) in
CH;CN (3.00 mL). After being stirred at RT for 2 h, the reaction mixture
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was filtered through a pad of Celite and evaporated in vacuo. The residue
was used for the next reaction without further purification. (Boc),O
(70.5 mg, 0.323 mmol) was added at RT to a stirred solution of the resi-
due in 1,4-dioxane (2.00 mL) and saturated aqueous NaHCO; (200 uL).
After being stirred at RT for 1 h, the reaction mixture was poured into
ice-cooled water. The aqueous layer was extracted with two portions of
ethyl acetate. The combined extract was washed with brine, dried over
MgSO,, filtered, and evaporated in vacuo. Silica gel column purification
with 80:20 hexane/ethyl acetate gave 20 (151 mg, 0.184 mmol, 2 steps
86%) as a colorless oil. [a]¥=+14.4 (c=0.95, CHCL); IR (KBr): 7=
3089, 3063, 2977, 2876, 2097, 1713, 1496, 1068, 747, 697 cm'; '"H NMR
(400 MHz, CDCl;): 6=7.05-7.42 (m, 30H, Ar), 4.84 (m, 1H), 4.65 (d,
1H, J,n=11.1Hz), 4.63 (d, 1H, J,,=11.1Hz), 454 (d, 1H, Jyn=
11.6 Hz), 4.48 (d, 1H, J,.,=11.6 Hz), 4.45 (d, 1H, J,.,,=11.1 Hz), 4.42 (d,
1H, Jyem=11.1 Hz), 3.79-3.80 (m, 1H), 3.69-3.72 (m, 2H), 3.56 (ddd, 1H,
J=4.8, 43, 43 Hz), 3.44-3.48 (m, 1H), 3.40 (dd, 1H, J,,=9.2, 6.8 Hz),
3.30-3.36 (m, 2H), 1.43 ppm (s, 9H, Bu); *C NMR (100 MHz, CDCL,):
0=156.0, 143.5, 138.1, 137.8, 128.6, 128.5, 128.3, 128.2, 128.0, 127.9, 127.8,
127.6, 127.5, 127.1, 87.1, 79.7, 79.1, 78.9, 78.1, 74.9, 74.7, 71.3, 63.3, 62.3,
40.0, 28.4 ppm.

21: 10-Camphorsulfonic acid (15.4 mg, 0.0664 mmol) was added at RT to
a stirred solution of 20 (544 mg, 0.664 mmol) in MeOH (5.00 mL). After
being stirred at the same temperature for 24 h, the reaction mixture was
evaporated in vacuo. Silica gel column purification with 55:45 hexa-
ne:ethyl acetate gave 21 (344 mg, 0.597 mmol, 90%) as a colorless oil.
(@) =+47.8 (c=1.07, CHCL); IR (KBr): #=3431, 2978, 2932, 2111,
1694, 1498, 1254, 1169, 1060, 736, 698 cm™'; '"H NMR (400 MHz, CDCl,):
0=1725-736 (m, 15H, Ar), 489 (m, 1H), 478 (d, 1H, J,,=11.1 Hz),
477 (d, 1H, Jyn=11.6 Hz), 4.67 (d, 1H, J,,=11.1Hz), 4.63 (d, 1H,
Jyem=11.6 Hz), 4.56 (m, 2H), 3.94 (dd, 1H, J=3.4, 5.8 Hz), 3.71-3.76 (m,
3H), 3.64 (ddd, 1H, /=58, 3.9, 3.9 Hz), 3.52 (ddd, 1H, J=5.3, 53,
5.3Hz), 3.44 (brdd, 1H, J=39 Hz, J,,,=14.5Hz), 3.34 (brdd, 1H, J=
39Hz, Jo,=14.5Hz), 2.32 (m, 1H), 1.42 ppm (s, 9H, /Bu); "CNMR
(100 MHz, CDCL): 0=156.1, 138.0, 137.8, 137.7, 128.5, 128.43, 128.40,
128.1, 128.0, 127.9, 127.83, 127.79, 79.4, 79.0, 78.3, 75.0, 74.6, 71.7, 63.5,
62.1, 40.3, 28.4 ppm.

22: A catalytic amount of TEMPO, TBAB and KBr, and aqueous NaOCl
(2.96 mL) was added to a stirred solution of 21 (299 mg, 0.518 mmol) in
CH,Cl, (3.00mL) and saturated aqueous NaHCO; (1.50 mL) at 0°C.
After being stirred at the same temperature for 30 min, the reaction mix-
ture was poured into ice-cooled 1M HCI. The aqueous layer was extract-
ed with two portions of ethyl acetate. The combined extract was washed
with 1M HCI and brine, dried over MgSO,, filtered, and evaporated in
vacuo. The residue was used for the next reaction without further purifi-
cation. NaHCO; (218 mg, 2.59 mmol) and allyl bromide (107 pL,
1.24 mmol) were added at 0°C to a stirred solution of the residue in
DMF (5.00 mL). After being stirred at RT for 6 h, the reaction mixture
was poured into ice-cooled 1M HCI. The aqueous layer was extracted
with two portions of ethyl acetate. The combined extract was washed
with 1M HCI, saturated aqueous NaHCO; and brine, dried over MgSO,,
filtered, and evaporated in vacuo. Silica gel column purification with
75:25 hexane/ethyl acetate gave 22 (239 mg, 0.379 mmol, 2 steps 73 %) as
a colorless oil. [a]y =+17.5 (c=1.15, CHCL); IR (KBr): #=3436, 3032,
3007, 2979, 2933, 2113, 1749, 1713, 1498, 1173, 737, 698 cm '; '"H NMR
(400 MHz, CDCI3): 6=7.20-7.32 (m, 15H, Ar), 5.83 (dddd, 1H, J=5.8,
10.6, 17.4 Hz), 5.30 (dd, 1H, /=10, 17.4 Hz), 521 (d, 1H, J=10.6 Hz),
4.83 (d, 1H, Jy,=11.6 Hz), 4.80 (m, 1H), 4.75 (d, 1H, J,,,=10.6 Hz),
4.71 (d, 1H, Ju,=10.6 Hz), 4.60 (d, 1H, J,,=11.6 Hz), 4.57-4.63 (m,
1H), 4.56 (d, 1H, Jy,=11.6 Hz), 4.54 (d, 1H, J,,,=11.6 Hz), 4.49 (dd,
1H, J=5.8Hz, Jy,=13.0Hz), 417 (dd, 1H, /=24, 7.7Hz), 4.06 (m,
1H), 3.95 (dd, 1H, J=7.7Hz, J=4.8 Hz), 3.62 (m, 1H), 3.39-3.42 (m,
2H), 1.42ppm (s, 9H, Bu); "CNMR (100 MHz, CDCl;): 6=1683,
155.9, 137.8, 137.4, 131.0, 128.3, 128.23, 128.18, 128.1, 128.0, 127.9, 127.8,
127.7, 1275, 127.4, 127.3, 127.2, 119.3, 81.2, 79.3, 79.1, 78.2, 75.1, 74.9,
71.5, 66.3, 62.8, 39.9, 282 ppm; HRMS (ESI-TOF) [M+H]* calcd.
653.2946, found 653.2946.

2: H,O (2.00mL) and triphenylphosphine (873 mg, 3.33 mmol) were
added at RT to a stirred solution of 22 (1.40 g, 2.22 mmol) in THF
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(100 mL). After being stirred at 60°C for 8 h, the reaction mixture was
added to saturated aqueous NaHCO; (3.00 mL) and 9-fluorenylmethyl
chloroformate (861 mg, 3.33 mmol) at RT. After being stirred at the
same temperature for 1h, the reaction mixture was poured into ice-
cooled water. The aqueous layer was extracted with two portions of ethyl
acetate. The combined extract was washed with brine, dried over MgSO,,
filtered, and evaporated in vacuo. Silica gel column purification with
75:25 hexane/ethyl acetate gave 2 (1.68 g, 2.03 mmol, 91%) as a colorless
amorphous solid. [a] =—0.9 (c=0.99, CHCL); IR (KBr): 7=3436, 3032,
2978, 2932, 1715, 1505, 1171, 1068, 741 cm™'; 'HNMR (400 MHz,
CDCly): 6=7.74-7.76 (m, 2H, Fmoc), 7.58-7.64 (m, 2H, Fmoc), 7.18-
7.47 (m, 19H, Ar), 5.82 (dddd, 1H J=5.8, 10.1, 17.4 Hz), 5.69 (brd, 1H,
J=9.2Hz), 529 (d, 1H, J=17.4 Hz), 5.20 (d, 1H, J=10.1 Hz), 4.97 (m,
1H), 476 (d, 1H, J,,,=11.1 Hz), 4.69 (m, 2H), 4.61-4.66 (m, 1H), 4.56—
4.58 (m, 2H), 4.46-4.51 (m, 4H), 4.32 (dd, 1H, /=10.1 Hz, J,.,,=7.7 Hz),
4.19-4.26 (m, 2H), 3.82 (m, 1H), 3.68-3.69 (m, 1H), 3.41-3.50 (m, 2H),
1.33ppm (s, 9H, Bu); "CNMR (100 MHz, CDCL): 6=170.2, 156.6,
156.0, 143.9, 143.5, 141.22, 141.19, 138.0, 137.7, 137.7, 131.3, 128.3, 128.1,
127.7, 127.8, 127.71, 127.66, 127.0, 125.1, 125.0, 119.9, 119.2, 79.8, 79.3,
79.1, 78.3, 75.1, 75.0, 71.5, 67.3, 66.2, 56.0, 47.0, 39.7, 28.3 ppm; HRMS
(ESI-TOF) [M +H]* calcd. 849.3722, found 849.3722.

24: To a solution of 2 (1.68 g, 2.03 mmol) in 1,4-dioxane (5.00 mL) was
added 4m HCl/1,4-dioxane (15mL) at RT. After being stirred at the
same temperature for 2h, the reaction mixture was concentrated in
vacuo. The residue was used for the next reaction without further purifi-
cation. N,N-diisopropylethylamine (DIEA; 1.06 mL, 6.10 mmol) and 2-
(1-hydroxy-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluor-
ophosphate (HATU; 1.16 g, 3.05 mmol) were added at RT to a solution
of the residue and 23 (1.33 g, 2.23 mmol) in CH,Cl, (10.0 mL). After
being stirred at the same temperature for 2 h, the reaction mixture was
concentrated in vacuo. NH-silica gel column purification with CHCIl; and
further purification by GPC gave 24 (2.01 g, 1.54 mmol, 2 steps 87 %) as
a colorless oil. [a]5 =+2.7 (¢=0.94, CHCl,); IR (KBr): #=3300, 3065,
3033, 2949, 1728, 1674, 1455, 1252, 1008, 738, 697 cm™'; 'HNMR
(400 MHz, CDCl;): 6=7.71-7.74 (m, 2H, Fmoc), 7.55-7.61 (m, 2H,
Fmoc), 7.18-7.44 (m, 39H, Ar), 5.89 (dd, 1H, J=4.8, 9.2 Hz), 5.80 (dddd,
1H, J=528, 6.3, 10.1, 17.4 Hz), 5.68 (d, 1H, /J=10.1 Hz), 5.27 (d, 1H, J=
17.4 Hz), 5.18 (d, 1H, J=10.1 Hz), 4.92-5.07 (m, 8 H,P-Bn), 4.75 (d, 1H,
Joem=10.6 Hz), 4.68 (d, 1H, J,,=11.1 Hz), 4.62 (d, 1H, J=8.7 Hz), 4.60
(d, 1H, J,.,=11.1 Hz), 4.55 (dd, 1H, J=5.8 Hz, J,.,,=13.0 Hz), 4.46 (dd,
1H, J=6.3Hz, J,.,,=13.0 Hz), 4.46 (d, 1H, J.,,=10.6 Hz), 4.45-4.49 (m,
1H), 442 (d, 1H, Jy,=11.6 Hz), 4.38 (d, 1H, J,.,=11.6 Hz), 427 (dd,
1H, /=72 Hz, J,,,=10.1 Hz), 418 (m, 1H), 4.12-4.14 (m, 1H), 3.76 (dd,
1H, J=4.3, 82 Hz), 3.59-3.61 (m, 1H), 3.43-3.57 (m, 2H), 3.31 (ddd,
1H, J=438, 48 Hz, J,,,=9.2 Hz), 2.58 ppm (ddt, 2H, J=6.8 Hz, Jyn,=
9.2 Hz, Jyp=15.9 Hz); "CNMR (100 MHz, CDCl,): 6=170.1, 169.1 (t,
Jep=8.4Hz), 156.6, 143.9, 143.5, 141.2, 137.9, 137.7, 137.6, 136.1, 136.1,
136.0, 131.3, 128.4, 128.4, 128.2, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7,
127.1, 127.0, 125.1, 125.0, 119.9, 119.4, 79.5, 79.4, 77.7, 75.1, 75.0, 71.4,
68.3 (d, Jep=6.1Hz), 68.0 (d, Jcp=6.1 Hz), 67.3, 66.3, 56.0, 47.0, 38.9,
327 (t, Jep=135Hz), 31.7ppm; *'PNMR (160 MHz, CDCL): o=
2431 ppm; HRMS (ESI-TOF) [M+H]* caled. 13254664, found
1325.4644.

13: N-methylaniline (142 mL, 1.31 mmol) and Pd(PPh;), (144 mg,
0.125 mmol) were added at RT to a stirred solution of 24 (1.63 g,
1.25 mmol) in THF (30.0 mL). After being stirred at the same tempera-
ture for 2.5 h, the reaction mixture was evaporated in vacuo. Silica gel
column purification with 97:3 CHCl;/MeOH and 0.5% Me,NEt gave 13
(159 g, 1.25mmol, 95%) as a pale-brown oil. [a]y=-7.7 (c=0.99,
CHCl;); 'H NMR (400 MHz, CDCL,): 6 =7.58-7.74 (m, 4H, Fmoc), 7.05~
7.45 (m, 39H, Ar), 6.27 (brs, 1H), 5.86 (d, 1H, J=8.7 Hz), 4.96-5.05 (m,
8H, P-Bn), 478 (d, 1H, J,,=11.1 Hz), 446 (m, 2H), 433 (d, 1H, J=
8.2 Hz), 4.19-4.30 (m, 4H), 3.94 (dd, 1H, J=1.4, 8.7 Hz), 3.85 (m, 1H),
3.68 (brdd, 1H, J=53 Hz, J,.,,=13.0 Hz), 3.54 (ddt, 1H, J=5.3, 5.3 Hz,
Jup=23.7Hz), 341 (brdd, 1H, J=4.3Hz, J,,=13.0Hz), 2.85 (q, 2H,
J=17.2Hz), 2.57-2.63 (m, 2H), 2.52 (s, 6H), 1.18 ppm (t, 3H, J=7.2 Hz);
BCNMR (100 MHz, CDCL): 6=174.5, 168.9 (t, Jcp=7.6 Hz), 156.8,
144.1, 138.6, 138.3, 136.3, 136.1, 136.0, 132.0, 129.0, 128.7, 128.4, 128.25,
128.20, 128.15, 128.0, 127.9, 127.79, 127.79, 127.75, 127.5, 127.5, 1274,
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127.0, 126.9, 125.3, 125.1, 119.8, 81.04, 81.00, 75.3, 71.2, 68.2 (d, Jcp=
4.6 Hz), 68.0 (d, Jcp=6.1Hz), 67.1, 56.2, 51.8, 47.1, 41.5, 39.1, 32.5 (t,
Jep=135Hz), 31.5, 9.2 ppm; *'P NMR (160 MHz, CDCl,): 6 =24.35 ppm;
IR (KBr): #=3304, 3065, 3034, 2948, 2894, 1721, 1673, 1498, 1455, 1250,
998, 736, 698 cm™'; HRMS (ESI-TOF) [M +H]* calcd. 1285.4351, found
1285.4351.

26: To a stirred solution of 15 (5.00 g, 11.2 mmol) in MeOH (50 mL) was
added sodium (10.0 mg) at RT. After being stirred at the same tempera-
ture for 2 h, the reaction mixture was concentrated in vacuo and mixed
with toluene. The residue was used for the next reaction without further
purification. To a stirred solution of the residue in pyridine (50.0 mL)
was added tritylchloride (4.68 g, 16.8 mmol) at RT. After being stirred at
85°C for 24 h, the reaction mixture was poured into ice-cooled water and
the aqueous layer was extracted with two portions of ethyl acetate. The
combined extract was washed with 1M HCI, saturated aqueous NaHCO;
and brine, dried over MgSO,, filtered and evaporated in vacuo. The resi-
due was used for the next reaction without further purification. To a
stirred solution of the residue in pyridine (25.0 mL) was added hydrogen
fluoride-pyridine (2.50 mL) at 0°C. After being stirred at RT for 6 h, the
reaction mixture was poured into ice-cooled saturated aqueous NaHCOs.
The aqueous layer was extracted with two portions of ethyl acetate. The
combined extract was washed with 1M HCI, saturated aqueous NaHCO;
and brine, dried over MgSO,, filtered and evaporated in vacuo. The resi-
due was used for the next reaction without further purification. To a
stirred solution of NaBH, (507 mg, 13.4 mmol) in dry EtOH (20.0 mL)
was added a solution of the residue in dry EtOH (40.0 mL) at 0°C. After
being stirred at RT for 3 h, the reaction mixture was poured into ice-
cooled saturated aqueous NH,CI and the aqueous layer was extracted
with two portions of ethyl acetate. The combined extract was washed
with aqueous NH,CI and brine, dried over MgSO,, filtered and evaporat-
ed in vacuo. Silica gel column purificationl with 94:6 CHCl;/MeOH gave
26 (4.40 g, 9.79 mmol, 4 steps 87%) as a white amorphous solid. [a]3 =
—1.5 (¢=1.28, MeOH); IR (KBr): #=3378, 2109, 1449, 1074, 748,
708 cm™'; '"H NMR (400 MHz, CDCly): 6=7.24-7.48 (m, 15H, Ar), 3.93
(dd, 1H, J=4.8, 53 Hz), 3.81-3.85 (m, 3H), 3.69 (dd, 1H, J=523,
5.8Hz), 3.63 (dd, 1H, J=4.6, 48Hz), 3.39 (dd, 1H, J=4.8 Hz, J,,=
9.7 Hz), 3.34 (dd, 1H, J=58 Hz, J,.,=9.7 Hz), 2.98 (d, 1H, /J=5.8 Hz),
292 (d, 1H, J=58Hz), 2.64 (d, 1H, J=5.8Hz), 230 ppm (t, 1H, J=
5.3 Hz); "CNMR (100 MHz, CDCLy): 0=143.4, 128.5, 127.9, 127.2, 87.2,
71.3,71.0, 69.9, 65.2, 64.8, 61.7 ppm.

27: A solution of 26 (1.11 g, 2.47 mmol) in dry N,N-dimethylformamide
(15mL) was added at 0°C to a stirred 55% sodium hydride (355 mg,
14.8 mmol) solution, which was washed twice with dry hexane and the re-
action mixture was stirred at the same temperature for 30 min. Then,
benzyl bromide (1.42 mL, 11.9 mmol) and a catalytic amount of nBu,NI
were added to the reaction mixture at 0°C. After being stirred at RT for
3 h, the reaction mixture was poured into saturated aqueous NH,CI and
the aqueous layer was extracted with two portions of ethyl acetate. The
combined extract was washed with 1M HCI, saturated aqueous NaHCO;
and brine, dried over MgSO,, filtered, and evaporated in vacuo. The resi-
due was used for the next reaction without further purification. To a
stirred solution of the residue in THF (7.50 mL) and MeOH (15.0 mL)
was added 10-camphorsulfonic acid (57.4 mg, 0.247 mmol) at RT. After
being stirred at RT, the reaction mixture was quenched with NEt; and
evaporated in vacuo. Silica gel column purification with 75:25 hexane/
ethyl acetate gave 27 (1.37 g, 2.41 mmol, 2 steps 98 %) as a colorless oil.
[a]f=+11.6 (c=1.22, CHCL); IR (KBr): #=3469, 3089, 3065, 3032,
2869, 2098, 1497, 1454, 1093, 1067, 736, 697 cm '; '"H NMR (400 MHz,
CDCl,): 6=7.26-7,40 (m, 20H, Ar), 476 (d, 1H, J,,,=11.1 Hz), 4.71 (d,
1H, J,n=11.1Hz), 4.66 (d, 1H, J,,=11.1Hz), 458 (d, 1H, Jyn=
11.1 Hz), 4.58 (d, 1H, Jy,,=11.6 Hz), 4.52 (d, 1H, J,,,=11.6 Hz), 4.43
(m, 2H), 3.92 (dd, 1H, J=4.4, 5.3 Hz), 3.77-3.87 (m, 2H), 3.73 (dd, 1H,
J=4.4,58Hz), 3.62-3.69 (m, 2H), 3.55 (d, 2H, /=5.8 Hz), 2.10 ppm (dd,
1H, J=5.8, 6.3 Hz); "C NMR (100 MHz, CDCl,): 6=138.0, 137.8, 137.7,
137.5, 128.5, 128.40, 128.38, 128.35, 128.1, 127.9, 127.8, 127.8, 127.7, 79.7,
78.9,78.7,74.8,74.5,73.3,71.7, 69.4, 61.8, 60.8 ppm.

28: To a stirred solution of 27 (2.64 g, 4.65 mmol) in CH,Cl, (25 mL) was
added NEt; (1.42 mL, 10.2 mmol) and methanesulfonyl chloride (396 pL,
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5.12 mmol) at 0°C. After being stirred at RT for 3 h, the reaction mixture
was poured into ice-cooled water. The aqueous layer was extracted with
two portions of ethyl acetate. The combined extract was washed with 1M
HC, saturated aqueous NaHCO; and brine, dried over MgSO,, filtered,
and evaporated in vacuo. The residue was used for the next reaction
without further purification. To a stirred solution of the residue in N,N-
dimethylformamide (25 mL) was added Cs,CO; (6.06 g, 18.6 mmol) and
2-nitrobenzenesulfonylamide (1.88 g, 9.30 mmol) at RT. After being
stirred at 80°C for 10 h, the reaction mixture was poured into ice-cooled
1M HCIL. The aqueous layer was extracted with two portions of ethyl ace-
tate. The combined extract was washed with 1M HCI and brine, dried
over MgSO,, filtered, and evaporated in vacuo. Silica gel column purifi-
cation with 75:25 hexane/ethyl acetate gave 28 (2.76 g, 3.67 mmol, 2 steps
79%) as a yellow oil. [a] =+13.7 (¢=0.93, CHCL,); IR (KBr): 7=3345,
3090, 3065, 3032, 2870, 2100, 1539, 1362, 1171, 1092, 739, 699 cm™;
'H NMR (400 MHz, CDCL): 6=7.98 (d, 1H, J=7.7 Hz), 7.77 (d, 1H, J=
7.7Hz),7.63 (dd, 1H, J=7.2,7.7 Hz), 7.55 (dd, 1H, J=7.2, 7.7 Hz), 7.23—
7.36 (m, 20H, Ar), 5.73 (dd, 1H, NH, J=5.3, 5.8 Hz), 4.70 (d, 1H, Jyep, =
11.1 Hz), 4.68 (d, 1H, Jy,=11.1 Hz), 4.59 (d, 1H, J,,,=11.1 Hz), 4.56 (d,
1H, Jym=11.1Hz), 444 (d, 1H, Jo,=11.1 Hz), 444 (m, 2H), 4.39 (d,
1H, Jyem=11.1 Hz), 3.89 (dd, 1H, /=4.3, 4.3 Hz), 3.63-3.68 (m, 2H), 3.56
(m, 3H), 335ppm (m, 2H); "CNMR (100 MHz, CDCly): 6=147.8,
137.7, 137.6, 137.5, 137.1, 133.4, 133.3, 132.6, 130.9, 128.42, 128.38, 128.0,
127.9, 1279, 127.8, 127.7, 127.7, 125.2, 78.4, 78.4, 78.3, 74.6, 74.4, 73.2,
71.9, 69.1, 61.2, 43.4 ppm.

29: Cs,CO; (1.40 g, 4.30 mmol) and thiophenol (442 mL, 4.30 mmol) were
added at RT to a stirred solution of 28 (2.69 g, 3.58 mmol) in CH;CN
(30 mL). After being stirred at the same temperature for 6 h, the reaction
mixture was filtered through a pad of Celite and evaporated in vacuo.
Silica gel column purification with 97:3 CHCl/MeOH and 0.5 % iPrNH,
gave 29 (1.78 g, 3.14 mmol, 88%) as a yellow oil. [a]y =+26.6 (c=1.22,
CHCl;); IR (KBr): #=3031, 2866, 2098, 1454, 1093, 1068, 736, 698 cm™';
'HNMR (400 MHz, CDCLy): 6=7.24-7.30 (m, 20H, Ar), 477 (d, 1H,
Joem=11.1Hz), 475 (d, 1H, Jy,,=11.6 Hz), 4.68 (d, 1H, Jy,=11.1 Hz),
4.55 (d, 1H, Jy,=11.6 Hz), 4.55 (d, 1H, J,,=11.6 Hz), 4.54 (d, 1H,
Jyem=11.6 Hz), 4.43 (m, 2H), 3.93-3.96 (m, 1H), 3.70-3.73 (m, 1H), 3.62-
3.67 (m, 1H), 3.55-3.60 (m, 2H), 3.51-3.55 (m, 1H), 2.97 (dd, 1H, J=
58Hz, J,,=13.5Hz), 2.89 ppm (dd, 1H, J=39Hz, J,,=13.5Hz);
C NMR (100 MHz, CDCl,): 6=138.2, 138.0, 137.6, 128.4, 128.3, 128.0,
127.8, 127.7, 127.6, 127.6, 81.5, 78.9, 78.6, 74.8, 74.1, 73.2, 71.7, 69.4, 61.7,

41.4 ppm.

30: (Boc),0O (328 mg, 1.50 mmol) was added at RT to a stirred solution
of 29 (810 mg, 1.43 mmol) in 1,4-dioxane (12 mL) and saturated aqueous
NaHCO; (1.20 mL). After being stirred at the same temperature for 1 h,
the reaction mixture was then poured into ice-cooled water. The aqueous
layer was extracted with two portions of ethyl acetate. The combined ex-
tract was washed with brine, dried over MgSQO,, filtered and evaporated
in vacuo. The residue was used for the next reaction after briefly purify-
ing it through chromatography on silica gel. To a stirred solution of the
residue in THF (50.0 mL) was added H,O (1.00 mL) and triphenylphos-
phine (564 mg, 2.15 mmol) at RT. After being stirred at 60°C for 10 h, sa-
turated aqueous NaHCO; (4.00 mL) and 9-fluorenylmethyl chlorofor-
mate (406 mg, 1.57 mmol) was added to the reaction mixture at RT.
After being stirred at the same temperature for 2 h, the reaction mixture
was poured into ice-cooled water. The aqueous layer was extracted with
two portions of ethyl acetate. The combined extract was washed with
brine, dried over MgSO,, filtered and evaporated in vacuo. Silica gel
column purification with 75:25 hexane/ethyl acetate gave 30 (1.14 g,
1.32 mmol, 93%) as a colorless oil. [a]}; =+15.8 (¢=0.985, CHCl;); IR
(KBr): #=3437, 3031, 2977, 2868, 1715, 1505, 1453, 1089, 740, 698 cm™";
"H NMR (400 MHz, CDCl,): §=7.72-7.74 (m, 2H, J=7.7 Hz), 7.54-7.57
(m, 2H), 7.11-7.38 (m, 24H, Ar), 5.18 (d, 1H, J=9.1 Hz), 5.01 (m, 1H),
479 (d, 1H, J,,=11.1Hz), 473 (d, 1H, J,,=11.1Hz), 4.66 (d, 1H,
Joem=11.1Hz), 454 (d, 1H, J,,,=11.6 Hz), 4.46-4.56 (m, 2H), 4.43 (d,
1H, Jyn,=11.1Hz), 442 (d, 1H, J,,,=10.1 Hz), 4.33-4.43 (m, 2H), 4.17
(t, 1H, J=6.8 Hz), 4.06-4.12 (m, 1H), 3.88-3.90 (m, 1H), 3.79-3.83 (m,
1H), 3.69-3.70 (m, 1H), 3.52 (m, 1H), 3.39-3.47 (m, 3H), 1.42 ppm (s,
9H, rBu); "CNMR (100 MHz, CDCly): 6=156.2, 156.0, 143.9, 141.3,
138.4, 138.2, 138.2, 138.0, 128.4, 128.3, 128.2, 128.0, 127.8, 127.73, 127.66,
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127.58, 127.0, 125.0, 124.9, 120.0, 80.6, 79.0, 78.4, 75.4, 74.96, 73.0, 71.5,
69.3, 66.8, 51.4, 47.2, 39.9, 28.4 ppm; HRMS (ESI-TOF) [M+H]* calcd.
885.4085, found 885.4085.

14: 4m HCV/1,4-dioxane (7.50 mL) was added at RT to a solution of 30
(500 mg, 0.579 mmol) in 1,4-dioxane (2.50 mL). After being stirred at the
same temperature for 2h, the reaction mixture was concentrated in
vacuo. The residue was used for the next reaction without further purifi-
cation. To a solution of the residue and 31 (480 mg, 0.637 mmol) in
CH,Cl, (10.0 mL) was added DIEA (604 pL, 3.47 mmol) and HATU
(330 mg, 0.869 mmol) at RT. After being stirred at the same temperature
for 2 h, the reaction mixture was concentrated in vacuo. NH-silica gel
column purification with CHCl; and further purified by GPC gave 14
(868 mg, 0.579 mmol, 2 steps 98%) as a colorless oil. [a]f =+9.7 (c=
1.20, CHCL); IR (KBr): #=3305, 3033, 2948, 2865, 1745, 1668, 1498,
1454, 1172, 1128, 741, 698 cm™'; '"H NMR (400 MHz, CDCl;): 6 =7.96
(dd, 1H, J=5.3, 5.3 Hz), 7.70-7.72 (m, 2H), 7.51-7.54 (m, 2H), 7.09-7.36
(m, 44H, Ar), 524 (d, 1H, J=9.7 Hz), 5.04-5.07 (m, 8H), 4.82 (d, 1H,
Jeem=11.1Hz), 479 (d, 1H, J,n=11.1 Hz), 4.69 (d, 1H, J,.,,=11.1 Hz),
4.52 (m, 2H), 447 (d, 1H, Jo,=12.1 Hz), 4.44 (d, 1H, J,,,=11.1 Hz),
4.42 (d, 1H, Jpe=12.1 Hz), 437 (dd, 1H, J=7.2 Hz, J,., = 10.6 Hz), 4.28
(dd, 1H, J=6.8 Hz, J,.,=10.6 Hz), 4.18-4.24 (m, 1H), 4.14 (dd, 1H, /=
6.8, 7.2 Hz), 3.90-3.93 (m, 3H), 3.66 (brddd, 1H, J=3.4, 53 Hz, J,,=
13.0 Hz), 3.57 (brddd, 1H, J=5.3, 5.8 Hz, J,.,,=13.0 Hz), 3.44-3.47 (m,
10H), 3.08 (s, 2H), 2.71-2.72 (m, 4H), 2.52-2.55 ppm (m, 4H); *C NMR
(100 MHz, CDCLy): 6=171.8, 170.8, 156.1, 143.9, 141.2, 138.7, 138.5,
138.3, 138.0, 135.6, 128.5, 128.28, 128.25, 128.17, 127.8, 127.8, 127.6, 127.6,
127.54, 127.50, 127.3, 127.0, 125.01, 124.95, 119.9, 80.5, 79.2, 77.7, 75.4,
74.6,72.9, 71.7, 69.4, 66.8, 66.2, 58.5, 55.0, 53.3, 51.9, 51.4, 47.2, 39.4 ppm;
HRMS (ESI-TOF) [M+H]" calcd. 1498.6897, found 1498.6897.

33: Et,NH (200 pL) was added at RT to a solution of 14 (66.0 mg,
0.0440 mmol) in CH;CN (1.80 mL). After being stirred at the same tem-
perature for 2 h, the reaction mixture was concentrated in vacuo and the
residue was used for the next reaction without further purification.
DIEA (23.0 uL, 0.132 mmol) and HATU (25.1 mg, 0.660 mmol) were
added to a solution of the residue and 31 (28.8 mg, 0.0484 mmol) in
CH,(C], (2.00 mL) at RT. After being stirred at the same temperature for
1h, the reaction mixture was concentrated in vacuo. NH-silica gel
column purification with CHCl; and further purified by GPC gave 33
(73.2 mg, 0.0395 mmol, two steps 90%) as a colorless oil. [a]fy =+10.7
(c=1.15, CHCL); IR (KBr): #=3295, 3065, 3033, 2952, 2892, 1743, 1674,
1498, 1455, 1255, 1173, 997, 737, 698 cm™'; '"H NMR (400 MHz, CDCl,):
0=1790 (dd, 1H, J=5.3, 58 Hz), 7.08-7.33 (m, 60H, Ar), 6.04 (d, 1H,
J=92Hz), 5.04-5.07 (m, 8H), 4.90-5.02 (m, 8H, P-Bn), 478 (d, 1H,
Joem=11.1Hz), 478 (d, 1H, J,,,=10.6 Hz), 4.65 (d, 1H, J,,,=11.6 Hz),
4,56 (d, 1H, J,=12.1Hz), 445 (d, 1H, J,,=12.1Hz), 441 (d, 1H,
Joem=10.6 Hz), 4.40-4.47 (m, 1H), 4.37 (d, 1H, J,,=12.1 Hz), 423 (d,
1H, Jyem=12.1Hz), 3.85-3.91 (m, 3H), 3.64 (ddd, 1H, J=3.4, 5.8 Hz,
Joem=13.0 Hz), 3.45-3.56 (m, 10H), 3.26-3.35 (m, 2H), 3.03 (s, 2H), 2.59-
2.75 (m, 6H), 2.49-2.52 ppm (m, 4H); >C NMR (100 MHz, CDCL,): 6=
171.6, 170.8, 168.8 (dd, Jp=6.8, 16.0 Hz), 138.8, 138.6, 138.3, 138.0,
136.14, 136.07, 136.01, 135.97, 135.6, 128.5, 128.4, 128.3, 128.2, 128.02,
127.96, 127.8, 127.7, 127.6, 127.5, 127.3, 80.4, 78.7, 77.8, 71.5, 76.4, 75.3,
74.6, 72.8, 71.6, 68.7, 68.22, 68.15, 68.1, 68.03, 67.97, 67.83, 67.76, 66.2,
58.4, 54.9, 532, 51.8, 49.7, 39.4, 32.6 (t, Jcp=135Hz), 31.8 ppm (t, Jcp=
3.0 Hz); *'P NMR (160 MHz, CDCl,): 6 =24.44 ppm; HRMS (ESI-TOF)
[M+H]* caled. 1852.7683, found 1852.7684.

34: According to the method for the synthesis of 33, 14 (457 mg,
0.305 mmol) in CH;CN (9.00 mL) was treated with Et,NH (1.00 mL) to
give an amine. The amine and 13 (449 mg, 0.336 mmol) in CH,Cl,
(10.0 mL) were treated with DIEA (176 uL, 1.01 mmol) and HATU
(191 mg, 0.503 mmol) to give the coupling product 34 (643 mg,
0.255 mmol, 2 steps 84 %). [a]? =+10.0 (c=1.35, CHCL,); IR (KBr): =
3301, 3065, 3033, 2922, 1743, 1674, 1498, 1455, 1250, 1061, 996, 737,
697 cm™'; '"H NMR (400 MHz, CDCly): 6=7.89 (brt, 1H), 7.68-7.69 (m,
2H, Fmoc), 7.44-7.52 (m, 2H, Fmoc), 7.11-7.31 (m, 80H, Ar and 2NH),
6.14 (brd, 1H, J=5.8 Hz), 5.76 (m, 1H), 5.03 (m, 8H, DTPA-Bn), 4.88—-
499 (m, 8H, P-Bn), 474 (d, 1H, Jy,=11.1Hz), 4.69 (d, 1H, Jy,,=
11.1Hz), 4.57 (d, 1H, J,=11.1Hz), 452Hz (d, 1H, J,,=11.1Hz),
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450-4.57 (m, 2H), 446 (d, 1H, Jun=11.1Hz), 443 (d, 1H, Jop=
11.1 Hz), 4.42-4.47 (m, 2H), 4.11-4.35 (m, 9H), 4.05 (brt, 1H, J=
6.3 Hz), 3.88-3.90 (m, 2H), 3.81-3.82 (m, 1H), 3.72 (m, 1H), 3.45-3.63
(m, SH), 3.45 (s, 8H), 3.36-3.40 (m, 1H), 3.19-3.34 (m, 2H), 2.99-3.08
(m, 2H), 2.68-2.69 (m, 4H), 2432.52ppm (m, 6H); “CNMR
(100 MHz, CDCly): 6=171.7, 170.8, 169.5, 169.0, 156.4, 143.9, 143.7,
141.2, 138.7, 138.5, 138.4, 137.92, 137.86, 137.6, 136.2, 136.1, 136.0, 135.6,
128.5, 128.43, 128.36, 128.31, 128.28, 128.26, 128.18, 128.14, 128.05, 128.0,
127.94, 127.89, 127.86, 127.7, 127.6, 127.5, 127.4, 127.3, 127.1, 125.2, 119.9,
80.7, 79.4, 79.1, 78.8, 78.1, 77.5, 76.3, 75.1, 74.8, 74.6, 74.5, 72.78, 71.75,
714, 68.8, 683 (d, Jop=68Hz), 682 (d, Jep=6.8 Hz), 68.02 (d, Jep=
6.8 Hz), 67.95 (d, Jcp=6.8 Hz), 67.3, 66.2, 58.6, 55.0, 54.8, 53.2, 51.9, 49.9,
45.0, 39.5, 32.7 (t, Jep=131 Hz), 31.8 ppm; *'P NMR (160 MHz, CDCL,):
0=24.31 ppm; HRMS (ESI-TOF) [M+H]* caled. 2521.0575, found
2521.0613.

38: According to the method for the synthesis of 33, 34 (448 mg,
0.178 mmol) in CH;CN (9.00 mL) was treated with Et,NH (1.00 mL) to
give an amine. The amine and 13 (261 mg, 0.196 mmol) in CH,CI,
(5.0mL) were treated with DIEA (102 puL, 0.588 mmol) and HATU
(112 mg, 0.294 mmol) to give the coupling product 38 (531 mg,
0.150 mmol, 2 steps 84%). [a], =+11.3 (c¢=1.06, CHCL); IR (KBr): 7=
3300, 3065, 3033, 2948, 2893, 1743, 1670, 1498, 1455, 1256, 996, 736,
697 cm™'; '"H NMR (400 MHz, CDCl,): 6=7.86 (m, 1H), 7.75 (d, 1H, J=
4.8 Hz), 7.65 (d, 2H, Fmoc, J=6.6 Hz), 7.51 (d, 1H, Fmoc, J=6.8 Hz),
743 (d, 1H, Fmoc, J=7.2 Hz), 7.05-7.28 (m, 115H, Ar and 2NH), 6.44
(m, 1H), 5.78 (m, 2H), 5.04 (s, 8H, DTPA-Bn), 4.82-5.04 (m, 16 H,P-
Bn), 471 (d, 1H, Jg,=10.6 Hz), 470 (d, 1H, Jy,=10.6 Hz), 4.01-4.59
(m, 27H,), 3.80-3.93 (m, 2H), 3.74 (m, 2H), 3.42 (s, 8H), 3.38-3.67 (m,
8H), 3.10-3.24 (m, 4H), 3.00 (s, 2H), 2.59-2.69 (m, 4H), 2.45 ppm (m,
8H); "CNMR (100 MHz, CDCL): 6=171.5, 170.7, 170.4, 168.9, 168.8,
156.6, 143.8, 143.5, 141.0, 138.7, 138.5, 138.4, 138.0, 137.9, 137.8, 137.7,
137.4, 136.01, 135.99, 135.95, 135.8, 135.5, 128.7, 128.4, 128.3, 128.2, 128.2,
128.04, 127.95, 127.9, 127.84, 127.80, 127.7, 127.64, 127.56, 127.3, 127.2,
127.01, 126.98, 125.0, 125.1, 119.8, 80.6, 79.6, 79.4, 79.1, 78.8, 78.2, 78.1,
77.6,75.0,74.8, 74.6, 73.9, 72.6, 71.6, 71.4, 71.1, 68.5, 68.1, 67.9, 67.8, 67.2,
66.1, 58.4, 55.5, 54.9, 53.0, 51.7, 50.1, 46.8, 39.6, 39.4, 38.9, 32.5x2 (t,
Jep=135Hz), 31.6 ppm; P NMR (160 MHz, CDCL,): 6=24.44 ppm;
HRMS (ESI-TOF) [M+H]* caled. 3543.4248, found 3543.4260.

42: According to the method for the synthesis of 33, 38 (142 mg,
0.0401 mmol) in CH;CN (4.50 mL) was treated with Et,NH (500 mL) to
give an amine. The amine and 13 (58.9 mg, 0.0441 mmol) in CH,CL,
(5.00 mL) were treated with DIEA (23.0 uL, 0.132 mmol) and HATU
(25.2 mg, 0.0662 mmol) to give 42 (149 mg, 0.0326 mmol, two steps 81 % ).
[@)5 =+9.9 (c=1.06, CHCL,); IR (solid): #=3306, 3065, 3033, 2893, 1744,
1673, 1497, 1455, 1258, 998, 735, 697 cm™'; '"H NMR (400 MHz, CDCl,):
0=17.88 (m, 1H), 7.77-7.80 (m, 2H), 7.63 (d, 2H, Fmoc, J=7.2 Hz), 7.01-
7.50 (m, 151H, Ar), 6.15 (m, 1H), 5.77-5.87 (m, 3H), 5.01 (s, 8H,
DTPA-Bn), 4.81-4.99 (m, 24H,P-Bn), 3.92-4.69 (m, 37H), 3.41 (s, 8H),
3.15-3.82 (m, 21H), 3.00 (s, 2H), 2.45-2.67 ppm (m, 14H); “C NMR
(100 MHz, CDCl;): 6=171.3, 170.7, 169.7, 169.2, 169.1, 168.9, 168.8,
168.7, 168.6, 156.7, 143.8, 143.5, 141.0, 138.8, 138.6, 138.4, 138.3, 138.2,
138.0, 137.9, 137.8, 137.7, 137.5, 137.1, 136.04, 135.97, 135.9, 135.7, 135.5,
128.4, 128.3, 128.22, 128.17, 128.0, 128.0, 127.94, 127.92, 127.90, 127.87,
127.83, 127.80, 127.6, 127.5, 127.5, 127.4, 127.2, 127.13, 127.07, 125.3,
125.2, 125.0, 119.7, 80.8, 79.4, 78.8, 78.6, 78.1, 75.1, 75.01, 74.97, 74.9, 74.6,
72.5, 71.6, 71.5, 71.2, 68.4, 68.1, 67.9, 67.8, 67.4, 66.0, 58.50, 58.45, 55.7,
54.9, 53.1, 52.9, 51.7, 50.1, 50.04, 49.99, 46.7, 40.0, 39.3, 33.9, 33.8, 32.5,
32.41, 32.36, 31.6, 31.54, 31.49, 31.4, 31.11, 31.09, 29.6 ppm; *'P NMR
(160 MHz, CDCl;): d=24.52 ppm; HRMS (ESI-TOF) [M+H]* calcd.
4565.7920, found 4565.8003.

46: According to the method for the synthesis of 33, 42 (39.8 mg,
8.71 mmol) in CH;CN (1.80 mL) was treated with Et,NH (200 puL) to
give an amine. The amine and 13 (23.3 mg, 0.0174 mmol) in CH,Cl,
(2.00 mL) were treated with DIEA (9.11 uL, 0.0523 mmol) and HATU
(9.92 mg, 0.0261 mmol) to 46 (30.3 mg, 5.42mmol, two steps 62%).
(@] =+6.8 (c=1.35, CHCL,); IR (solid): #=3301, 3064, 3032, 2893, 1742,
1672, 1497, 1455, 1255, 1062, 992, 732, 695 cm™'; 'H NMR (400 MHz,
CDClLy): 6=7.72-7.83 (m, 4H), 7.62 (d, 2H, Fmoc, J=6.8 Hz), 6.97-7.26
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(m, 186 H, Ar), 5.80-6.04 (m, 5H), 5.00 (s, 8H, DTPA-Bn), 4.79-4.97 (m,
32H, P-Bn), 340 (s, 8H), 2.97-4.61 (m, 71H), 2.43-2.61 ppm (m, 16H);
BCNMR (100 MHz, CDCLy): =171.2, 170.7, 170.1, 170.0, 169.9, 169.1,
169.0, 168.92, 168.85, 168.8, 168.7, 168.6, 168.6, 156.7, 143.8, 143.5, 141.0,
1387, 1385, 138.4, 138.3, 1382, 138.1, 138.0, 137.9, 137.7, 137.5, 137.0,
136.0, 1355, 129.3, 1284, 1283, 128.2, 127.9, 127.8, 127.8, 127.5, 1270,
125.1, 119.7, 80.9, 80.3, 79.8, 79.7, 79.6, 79.5, 79.4, 78.9, 782, 78.0, 777,
75.0, 74.8, 74.7, 74.5, 74.39, 72.42, 71.5, 7143, 71.35, 71.2, 68.6, 68.1, 69.0,
673, 66.1, 58.4, 55.8, 54.87, 52.90, 51.7, 50.1, 46.7, 40.2, 39.3, 39.1, 33.9,
33.8, 33.7, 32.53, 32.46, 32.4, 31.5, 31.23, 31.17, 31.1, 29.6 ppm; P NMR
(160 MHz, CDCL,): 6=24.48 ppm; HRMS (ESI-TOF) [M+H]* calcd.
5588.1592, found 5588.1543.

37: According to the method for the synthesis of 33, 34 (122 mg,
0.0484 mmol) in CH;CN (2.70 mL) was treated with Et,NH (300 puL) to
give an amine. The amine and 23 (31.6 mg, 0.0532 mmol) in CH,CI,
(2.00 mL) were treated with DIEA (25.3 pL, 0.145 mmol) and HATU
(27.6 mg, 0.0726 mmol) to give 37 (126 mg, 0.0438 mmol, two steps 91 %).
[ay =+7.9 (c=1.28, CHCL); IR (KBr): #=3300, 3065, 3033, 2944, 2892,
1745, 1669, 1498, 1455, 1255, 997, 736, 697 cm™'; 'H NMR (400 MHz,
CDCl,): 0=7.86 (dd, 1H, J=5.3, 5.3 Hz), 7.08-7.29 (m, 96H), 6.83 (d,
1H, J=5.8 Hz), 6.58 (brdd, 1H), 5.03 (s, 8H, DTPA-Bn), 4.76-5.03 (m,
16H, P-Bn), 4.72 (d, 1H, J,,=11.6 Hz), 4.69 (d, 1H, J,,,=11.6 Hz),
4.60 (d, 1H, J,,=11.6 Hz), 449 (d, 1H, J,.,=11.6 Hz), 448-4.61 (m,
5H), 4.38-4.48 (m, 5H), 4.35 (dd, 1H, J=2.4, 53 Hz), 420 (d, 1H, Jy,,=
11.6 Hz), 4.09 (d, 1H, Jy,=11.6 Hz), 3.95 —3.96 (m, 1H), 3.89 (brd, 1H,
J=8.2Hz), 3.89 (brd, 1H, /=82 Hz), 3.79-3.82 (m, 2H), 3.63-3.70 (m,
2H), 3.45 (s, 8H), 3.37-3.60 (m, 5H), 3.32-3.35 (m, 2H), 3.03 (s, 2H),
2.63-2.71 (m, 6H), 2.48-2.63 ppm (m, 6H); *C NMR (100 MHz, CDCl,):
0=171.48, 170.73, 169.50, 169.33, 169.27, 169.19, 169.09, 169.01, 168.93,
138.75, 138.57, 138.54, 138.18, 138.02, 137.53, 136.10, 136.06, 136.00,
135.94, 135.88, 135.82, 135.78, 135.54, 128.45, 128.34, 128.22, 128.15,
128.09, 128.03, 127.96, 127.80, 127.75, 127.58, 127.50, 127.47, 127.31,
127.16, 80.12, 78.50, 77.88, 77.64, 74.87, 74.61, 74.45, 73.95, 72.49, 71.62,
71.24, 68.45, 68.19, 68.13, 68.05, 67.99, 67.96, 67.94, 67.88, 67.85, 66.11,
5848, 5491, 53.22, 53.06, 51.74, 50.07, 39.59, 39.19, 32.63 (t, Jep=
135 Hz), 32.34 (t, Jcp=135Hz), 30.81, 31.71, 31.50, 31.35, 29.59 ppm;
P NMR (160 MHz, CDCly): §=24.61, 24.09 ppm; HRMS (ESI-TOF)
[M+H]* caled. 2875.1361, found 2875.1499.

41: According to the method for the synthesis of 33, 38 (92.3 mg,
0.0260 mmol) in CH;CN (2.70 mL) was treated with Et,NH (300 pL) to
give an amine. The amine and 23 (17.0 mg, 0.0286 mmol) in CH,Cl,
(3.00 mL) were treated with DIEA (13.6 mL, 0.0780 mmol) and HATU
(148 mg, 0.0390 mmol) to give coupling product 41 (89.7 mg,
0.0230 mmol, 2 steps 89%). [a]y =+10.9 (c=0.96, CHCl); IR (KBr)
3302, 3065, 3033, 2950, 2893, 1745, 1673, 1455, 1254, 997, 735, 697 cm™';
'"HNMR (400 MHz, CDCl;): 6=7.81-7.83 (m, 2H), 7.07-7.27 (m, 130H,
Ar), 6.96 (brd, 1H, J=6.8 Hz), 6.85 (brs, 1H), 5.89 (brs, 1H), 5.01 (s,
8H, DTPA—Bn), 4.69-4.97 (m, 24H, P—Bn), 4.69-4.78 (m, 2H), 4.39-4.60
(m, 14H), 4.26-4.30 (m, 5H), 4.09-4.12 (m, 3H), 3.94 (d, 1H, Jypn,=
12.1 Hz), 3.86 (m, 4H), 3.73 (brs, 1H), 3.55-3.63 (m, 4H), 3.41 (s, 8H),
3.27-3.54 (m, 6H), 3.18-3.22 (m, 1H), 3.10-3.11 (m, 2H), 3.00 (s, 2H),
2.57-2.73 (m, 8H), 2.40-2.47 ppm (m, 6 H); *C NMR (100 MHz, CDCl,):
0=171.46, 170.72, 170.23, 169.43, 129.28, 129.20, 168.90, 168.82, 168.73,
138.81, 138.57, 138.46, 138.28, 138.12, 138.02, 137.96, 137.93, 137.78,
137.43, 136.04, 136.00, 135.94, 135.88, 135.82, 135.77, 135.71, 135.56,
128.45, 128.32, 128.25, 128.21, 128.15, 128.08, 127.97, 127.92, 127.84,
127.77, 127.75, 127.70, 127.65, 127.59, 127.39, 127.31, 127.19, 80.87, 79.05,
78.82, 78.23, 77.61, 74.97, 74.80, 73.77, 73.59, 72.54, 71.72, 71.36, 70.98,
68.58, 68.40, 68.17, 68.12, 67.93, 67.86, 66.09, 58.44, 54.90, 53.56, 53.13,
52.99, 51.71, 50.00, 39.74, 39.26, 32.45x2, (t, Jcp=135 Hz), 33.00 (t, Jcp=
135 Hz), 31.59, 31.39, 29.59 ppm; *'P NMR (160 MHz, CDCl,): 6 =24.61,
24.44ppm; HRMS (ESI-TOF) [M+H]* caled. 3897.5034, found
3897.5210.

45: According to the method for the synthesis of 33, 42 (72.4 mg,
0.0158 mmol) in CH;CN (2.70 mL) was treated with Et,NH (300 uL) to
give an amine. The amine and 23 (10.3 mg, 0.0174 mmol) in CH,CI,
(3.00mL) was treated with DIEA (8.26 L, 0.0474 mmol) and HATU
(9.01 mg, 0.0237 mmol) to give 45 (59.1 mg, 0.0120 mmol, two steps
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76%). (o) =+7.3 (c=123, CHCL): IR (solid): #=3303, 3064, 3033,
2948, 2892, 1744, 1675, 1498, 1456, 1255, 1057, 734, 697 cm™'; '"H NMR
(400 MHz, CDCL): 6=7.73-7.85 (m, 3H), 6.98-7.27 (m, 166 H), 5.82-5.90
(m, 2H), 5.01 (s, $H, DTPA-Bn), 4.79-4.99 (m, 32H, P-Bn), 4.32-4.74
(m, 30H), 3.40 (s, 8H), 2.99 (s, 2H), 2.96-4.25 (m, 26 H), 2.44-2.66 ppm
(m, 16H); *CNMR (100 MHz, CDCl;): 6=171.2, 170.6, 170.4, 169.79,
169.76, 169.1, 169.03, 168.95, 168.9, 168.7, 168.67, 168.66, 168.6, 168.61,
168.57, 138.7, 138.5, 138.4, 138.2, 138.1, 137.9, 137.8, 137.6, 137.5, 136.0,
135.8, 135.7, 135.5, 128.4, 128.3, 128.1, 128.0, 127.91, 127.89, 127.86, 127.8,
127.72, 127.69, 127.6, 127.5, 127.3, 80.8, 79.4, 78.9, 78.0, 74.9, 74.6, 74.3,
73.6,72.4,71.6,71.4,71.2, 68.1, 67.9, 67.9, 67.8, 66.2, 66.0, 58.4, 54.8, 53.6,
52.9, 51.6, 49.9, 40.1, 39.7, 39.0, 33.7, 33.6, 32.3, 32.2, 31.5, 314, 31.3,
31.10, 31.06, 31.0, 30.91, 30.85, 29.5 ppm; *'P NMR (160 MHz, CDCl;):
0=24.61 ppm; HRMS (ESI-TOF) [M+H]* caled. 4919.8706, found
4919.8804.

49: According to the method for the synthesis of 33, 46 (34.5 mg,
6.17 mmol) in CH;CN (1.80 mL) was treated with Et,NH (200 pL) to
give an amine. The amine and 23 (5.51 mg, 9.26 mmol) in CH,Cl,
(1.00 mL) were treated with DIEA (3.22 uL, 0.0185 mmol) and HATU
(4.68 mg, 0.0123 mmol) to give 49 (26.0 mg, 4.37 mmol, two steps 71 %).
[a]®=+9.7 (c=1.09, CHCL); IR (solid): #=3415, 3065, 2830, 1744, 1669,
1498, 1252, 1008, 736, 697 cm™'; 'H NMR (400 MHz, CDCl,): 6 =7.66—
7.89 (m, 4H), 6.96-7.30 (m, 200H, aromatic), 5.01 (s, 8H, DTPA-Bn),
4.80-4.96 (m, 40H, P-Bn), 3.39 (s, 8H, a), 2.97 (s, 2H, d), 2.91-4.71 (m,
69H), 2.43-2.63 ppm (m, 18 H); "C NMR (100 MHz, CDCL;): §=171.3,
170.7, 170.10 169.96, 169.2, 169.12, 169.06, 169.0, 169.0, 168.9, 168.8,
168.7, 168.6, 138.7, 138.5, 138.4, 138.3, 138.2, 138.1, 138.0, 137.8, 1374,
136.0, 135.5, 128.4, 128.3, 128.2, 127.9, 127.8, 127.5, 127.3, 127.2, 79.2,
79.1, 79.0, 78.93, 78.87, 78.7, 78.6, 78.0, 77.93, 77.88, 75.03, 74.99, 74.9,
74.8, 7471, 74.65, 74.5, 73.5, 73.4, 71.5, 71.4, 71.30, 71.25, 71.2, 71.14,
71.09, 68.1, 67.9, 66.0, 58.4, 54.8, 53.7, 52.9, 51.7, 51.6, 50.0, 39.8, 39.0,
33.74, 33.67, 32.4, 32.2, 31.4, 31.0, 30.9, 29.5 ppm; *'P NMR (160 MHz,
CDClLy): 0=24.54 ppm; HRMS (ESI-TOF) [M+H]" caled. 5942.2378,
found 5942.2402.

36: 34 (110 mg, 0.0436 mmol) in CH;CN (2.70 mL) was added Et,NH
(300 uL) at RT. After being stirred at the same temperature for 1 h, the
reaction mixture was evaporated in vacuo. The residue was used for the
next reaction without further purification. To a stirred solution of the res-
idue in CH,Cl, (10.0 mL) was added DIEA (22.8 uL, 0.131 mmol) and
acetic anhydride (4.93 mg, 0.0523 mmol) at RT. After being stirred at the
same temperature for 1h, the reaction mixture was concentrated in
vacuo. NH-silica gel column purification with CHCI; and further purified
by GPC to give 36 (94.1 mg, 0.0402 mmol, two steps 92%) as a colorless
oil. [a]¥ =+10.3 (¢=1.06, CHCl;); IR (KBr): #=3301, 3090, 3065, 3033,
2949, 2892, 1744, 1668, 1498, 1455, 1256, 1132, 997, 736, 697 cm™';
'"H NMR (400 MHz, CDCL): 6=7.89 (dd, 1H, J=5.3, 5.8 Hz), 7.10-7.30
(m, 75H, Ar), 6.99 (d, 1H, /J=8.7Hz), 6.81 (d, 1H, J=7.2 Hz), 5.78 (dd,
1H, J=3.9, 5.8 Hz), 5.03 (s, 8H, DTPA—Bn), 4.92-5.03 (m, 8H, P—-Bn),
4.74 (d, 1H, Jy,, =11.1 Hz), 4.69 (d, 1H, J,,,=11.1 Hz), 4.64 (dd, 1H, /=
2.4, 8.7 Hz), 4.57 (d, 1H, Jy,=11.1 Hz), 4.56-4.61 (m, 2H), 4.52 (d, 1H,
Joem=11.1Hz), 4.51-4.57 (m, 2H), 4.47 (d, 1H, Jy,=11.1 Hz), 4.44 (d,
1H, Jym=11.1 Hz), 4.40-4.43 (m, 1H), 4.30 (d, 1H, Jy,, =11.6 Hz), 4.29-
433 (m, 2H), 421 (d, 1H, J,,=11.6 Hz), 410 (dd, 1H, J=2.4Hz, /=
6.3 Hz), 3.88-3.90 (m, 2H), 3.77 (dd, 1H, J=1.9, 7.7 Hz), 3.60-3.66 (m,
3H), 3.45 (s, 8H), 3.37-3.55 (m, 5H), 3.25-3.29 (m, 1H), 3.13-3.19 (m,
1H), 3.03 (s, 2H), 2.66-2.73 (m, 4H), 2.45-2.56 (m, 6H), 1.77 ppm (s,
3H, Ac); "CNMR (100 MHz, CDCL): 6=171.7, 170.8, 170.5, 169.3,
169.0 (dd, Jcp=6.8, 9.9 Hz), 138.6, 138.5, 138.3, 138.0, 137.9, 137.8,
137.60, 136.03, 135.97, 135.9, 135.5, 128.8, 128.5, 128.4, 128.2, 128.1, 128.0,
127.9, 127.8, 127.73, 127.68, 127.63, 127.60, 127.5, 127.4, 127.34, 127.27,
80.5, 79.3, 78.0, 78.6, 71.8, 74.9, 74.7, 74.4, 74.3, 72.8, 71.7, 71.3, 68.7, 68.5
(d, Jep=6.8Hz), 68.4 (d, Jcp=6.8Hz), 683 (d, Jcp=6.1Hz), 68.2 (d,
Jep=06.1Hz), 66.1, 58.5, 54.9, 53.2, 53.1, 51.8, 49.7, 39.4, 39.3, 32.7 (t,
Jep=135Hz), 31.6 (1, Jep=3.7Hz), 228 ppm; *'PNMR (160 MHz,
CDCly): 6=24.35; HRMS (ESI-TOF) [M+H]* calcd. 2341.0000, found
2340.9980.

40: According to the method for the synthesis of 36, 38 (77.1 mg,
0.0217 mmol) in CH;CN (2.70 mL) was treated with Et,NH (300 puL) to
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give an amine. The amine in CH,Cl, (3.00 mL) was treated with DIEA
(11.3 uL, 0.0651 mmol) and acetic anhydride (2.45 pL, 0.0260 mmol) to
give 40 (70.3mg, 0.0209 mmol, 2steps 96%). [a]3=+16.9 (c=1.05,
CHCL;); IR (KBr): #=3296, 3065, 3034, 2891, 2838, 1747, 1669, 1515,
1498, 1251, 995, 734, 697 cm™'; IR (solid): #=3303, 3064, 3033, 2945,
2892, 1744, 1666, 1497, 1255, 1027, 736, 697 cm™'; '"H NMR (400 MHz,
CDCl;): 6=7.86 (brdd, 1H, J=4.8 Hz), 7.47 (d, 1H, J=5.8 Hz), 7.06—
7.32 (m, 111H), 591 (m, 1H), 5.84 (m, 1H), 5.02 (s, 8H, DTPA—Bn),
4.86-5.05 (m, 16H, P-Bn), 4.70 (d, 1H, J,,=11.6 Hz), 4.69 (d, 1H,
Joem=10.6 Hz), 4.68-4.72 (m, 1H), 4.55 (d, 1H, J,,,=11.6 Hz), 4.48 (d,
1H, Jym=11.6 Hz), 445 (d, 1H, J,.,,=11.6 Hz), 4.40-4.65 (m, 8H), 4.33-
438 (m, 1H), 4.27-4.38 (m, 6H), 4.27-4.28 (m, 1H), 4.18 (d, 1H, Jy,,=
12.1 Hz), 4.05 (d, 1H, J,.,=12.1 Hz), 3.94-3.99 (m, 2H), 3.85 (brd, 1H,
J=8.2Hz), 3.78 (brd, 1H, J=82 Hz), 3.63-3.72 (m, 3H), 3.51-3.57 (m,
2H), 3.43 (s, 8H), 3.34-3.48 (m, 4H), 3.28-3.54 (m, 2H), 3.28-3.29 (m,
1H), 3.19-3.22 (m, 2H), 3.00 (s, 2H), 2.61-2.71 (m, 4H), 2.43 (m, 8H),
1.78 ppm (s, 3H, Ac); "CNMR (100 MHz, CDCl;): §=171.6, 171.0,
170.8, 170.3, 169.14, 169.06, 169.0, 168.9, 138.7, 138.5, 138.4, 138.2, 138.1,
137.93, 137.87, 137.8, 137.5, 136.1, 136.04, 136.01, 136.0, 135.9, 135.8,
135.6, 128.5, 128.4, 128.4, 128.3, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6,
127.6, 127.4, 127.3, 80.7, 79.9, 79.5, 79.3, 78.6, 78.4, 75.1, 74.9, 74.8, 74.7,
74.6,73.8, 72.7, 71.7, 71.5, 71.1, 68.6, 68.32, 68.27, 68.2, 68.1, 67.99, 67.96,
66.2, 58.5, 54.9, 54.4, 53.2, 53.1, 51.8, 50.4, 39.4, 39.2, 39.0, 32.7 (t, Jcp=
135 Hz), 32.6 (t, Jep=135Hz), 31.6, 22.6 ppm; *'PNMR (160 MHz,
CDClLy): 6=24.39 ppm; HRMS (ESI-TOF) [M+H]* caled. 3363.3673,
found 3363.3742.

44: According to the method for the synthesis of 36, 42 (65.7 mg,
0.0144 mmol) in CH;CN (2.70 mL) was treated with Et,NH (300 pL) to
give an amine. The amine in CH,Cl, (3.00 mL) was treated with DIEA
(7.53 puL, 0.0432 mmol) and acetic anhydride (1.63 pL, 0.0173 mmol) to
give 44 (50.3 mg, 0.0115mmol, 2steps 80%). [a]y =+12.0 (c=0.91,
CHCLy); IR (solid): #=3303, 3064, 3033, 2945, 2892, 1744, 1666, 1497,
1255, 1027, 736, 697 cm™"; "H NMR (400 MHz, CDCL): 6=7.78 (m, 3H),
7.00-7.47 (m, 145H, Ar), 5.84-6.04 (m, 3H), 5.02 (s, $8H, DTPA—Bn),
4.85-5.00 (m, 24H, P-Bn), 4.02-4.76 (m, 31H), 341 (s, 8H), 3.01-3.97
(m, 24H), 2.99 (s, 2H), 2.45-2.67 (m, 10H), 1.73 ppm (s, 3H, Ac);
BC NMR (100 MHz, CDCly): §=171.5, 171.4, 171.34, 171.30, 171.1, 170.7,
170.3, 169.7, 169.28, 169.25, 169.2, 169.11, 169.06, 169.02, 168.96, 168.9,
168.8, 168.74, 168.69, 138.7, 138.5, 138.4, 138.3, 138.2, 138.02, 137.96,
137.9, 137.6, 137.5, 137.3, 137.2, 136.0, 135.7, 135.5, 128.4, 128.3, 128.2,
128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.4, 127.3, 127.2, 80.8, 80.2, 79.3,
78.9, 78.8, 78.8, 78.22, 78.17, 74.93, 74.91, 74.6, 74.49, 74.45, 72.3, 72.5,
71.7, 71.5, 71.4, 71.2, 71.1, 71.03, 70.95, 68.5, 68.2, 68.1, 67.9, 67.8, 66.1,
58.4, 54.9, 54.4, 52.9, 51.6, 50.1, 39.9, 39.22, 39.19, 33.9, 33.8, 32.5, 324,
31.51, 31.50, 31.41, 31.35, 31.1, 31.1, 29.6, 22.54, 22.47, 22.4 ppm;
3P NMR (160 MHz, CDCL): 6=24.52 ppm; HRMS (ESI-TOF) [M+
H]* caled. 4385.7345, found 4385.7461.

48: According to the method for the synthesis of 36, 46 (99.4 mg,
0.0178 mmol) in CH;CN (1.80 mL) was treated with Et,NH (200 uL) to
give an amine. The amine in CH,Cl, (2.00 mL) was treated with DIEA
(12.4 pL, 0.0712 mmol) and acetic anhydride (3.36 pL, 0.0356 mmol) to
give acetylamide 48 (69.7 mg, 0.0129 mmol, 2 steps 72%). [a]% =+10.7
(¢=1.28, CHCly); IR (solid): #=3306, 3065, 2896, 1744, 1669, 1498, 1456,
1253, 998, 737, 697 cm™'; '"H NMR (400 MHz, CDCly): 6=7.70-7.86 (m,
4H), 7.00-7.29 (m, 180H, Ar), 5.77-6.25 (m, 4H), 5.01 (s, 8H, DTPA-
Bn), 4.84-4.99 (m, 32H, P-Bn), 3.40 (s, 8H), 3.05-4.74 (m, 68H), 2.97 (s,
2H), 2.43-2.63 (m, 16H), 1.61 ppm (s, 3H, Ac); "CNMR (100 MHz,
CDCly): 0=171.3, 171.2, 170.7, 170.6, 169.2, 169.1, 169.0, 168.9, 168.80,
168.76, 168.73, 138.70, 138.5, 138.4, 138.24, 138.19, 138.18, 138.0, 138.0,
137.9, 137.83, 137.79, 137.7, 137.6, 137.5, 136.2, 136.0, 135.8, 135.5, 128.4,
128.3, 1282, 127.9, 127.8, 127.5, 79.6, 79.6, 79.1, 78.9, 78.84, 78.79, 78.1,
78.0, 75.0, 74.84, 74.80, 74.7, 74.64, 74.61, 74.58, 74.4, 72.4, 71.6, 71.2, 71.0,
68.6, 68.1, 67.9, 66.1, 58.4, 54.86, 52.90, 51.6, 50.1, 40.1, 39.1, 33.8, 32.4,
314, 31.1, 29.6, 22.4 ppm; *'P NMR (160 MHz, CDCl;): 6 =24.41 ppm;
HRMS (ESI-TOF) [M +H]* calcd. 5408.1017, found 5408.0991.

4: Pd(OH), (20.0 mg) at RT to a stirred solution of 33 (19.4 mg,
0.0105 mmol) in ethyl acetate (0.250 mL), MeOH (1.70 mL) and H,O
(0.500 mL). The reaction mixture was hydrogenated for 6 h under H, gas
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atmosphere. The reaction mixture was filtered through a pad of cotton
and the filtrate was concentrated in vacuo and azeotroped with toluene.
The residue was purified by reverse-phase column chromatography
(Bond Elute-C18) and further purified by size-exclusion column chroma-
tography on Sephadex LH-20 with H,O to give 4 (5.50 mg, 7.13 mmol,
68%). [a]5 =+1.8 (c=0.18, H,0); IR (KBr): #=3253, 1627, 1400, 1143,
1079 cm™'; "H NMR (400 MHz, D,0): 6=4.07 (brddd, 1H, J=1.9, 4.3,
6.3 Hz), 3.97 (dd, 1H, J=1.9, 6.8 Hz), 3.81 (s, 8H), 3.79-3.83 (m, 1H),
371 (dd, 1H, J=4.3 Hz, J,,=12.1 Hz), 3.63 (dd, 1H, /=29 Hz, J,.,=
14.0 Hz), 3.61 (dd, 1H, J=6.3 Hz, J,,=12.1 Hz), 3.53 (dd, 1H, /=24,
6.8 Hz), 3.41 (t, 4H, J=6.8 Hz), 3.39 (s, 2H), 3.30 (dd, 1H, J=7.7 Hz,
Joem=14.0 Hz), 3.03 (t, 4H, J=6.8 Hz), 2.72 (dt, 2H, J=6.8 Hz, Jyyp=
155Hz), 2.52ppm (tt, 1H, J=68Hz, J4,=213Hz); CNMR
(100 MHz, D,0): 6=175.7, 173.9, 171.1, 72.6, 70.3, 69.1, 61.7, 58.1, 57.22,
55.20, 53.4, 49.7, 43.07, 42.95, 36.9 (t, Jcp=118 Hz), 33.8 ppm; *'P NMR
(160 MHz, D,0): 6=19.0, 18.9 ppm; MS(ESI-TOF) [M+H]* calcd.
772.2049, found 772.2243.

5: According to the method for the synthesis of 4, 36 (9.50 mg,
4.05mmol) in ethyl acetate (0.250 mL), MeOH (1.50 mL) and H,O
(0.50 mL) were treated with Pd(OH), (15.0 mg) and hydrogenated under
H, gas atmosphere to give 5 (3.70 mg, 3.74 mmol, 93%). [a]5 =+10.3
(c=1.06, H,0); IR (KBr): #=3263, 1637, 1401, 1100, 747, 595cm™;
'"H NMR (400 MHz, D,0): 6=4.52 (d, 1H, J=6.4 Hz), 420 (dd, 1H, J=
1.9, 6.4 Hz), 4.10 (dd, 1H, J=5.8 Hz), 4.00 (dd, 1H, J=2.4, 5.8 Hz), 3.82
(s, 8H), 3.75-3.82 (m, 2H), 3.69-3.73 (m, 1H), 3.57-3.65 (m, 3H), 3.54
(dd, 1H, J=24, 7.7 Hz), 348 (dd, 1H, J=1.9, 82 Hz), 3.41 (t, 4H, J=
6.8 Hz), 3.39 (s, 2H), 3.31 (dd, 1H, /=82 Hz, J,,,=14.0 Hz), 3.21 (dd,
1H, J=7.7Hz, Jy,=14.0 Hz), 3.02 (t, 4H, /=68 Hz), 2.70 (dt, 2H, /=
6.8 Hz, Ju;p=15.5Hz), 2.50 (tt, 1H, J=6.8 Hz, Jy=21.3 Hz), 2.05 ppm
(s, 3H, Ac); "CNMR (100 MHz, D,0): 6=175.5, 175.4, 173.9, 172.8,
171.1, 73.0, 72.9, 70.4, 70.1, 69.9, 68.9, 61.6, 58.1, 54.8, 49.7, 43.7, 43.0,
36.8, 33.6, 22.8 ppm; *'P NMR (160 MHz, D,0): 6=19.1, 19.0 ppm; MS-
(ESI) [M—H]" calcd. 988.29, found 988.9, [M—2H]*" calcd. 493.6, found
493.6.

6: According to the method for the synthesis of 4, 37 (23.1 mg,
8.63 mmol) in ethyl acetate (0.250 mL), MeOH (1.80 mL) and H,O
(0.200 mL) were treated with Pd(OH), (20.0 mg) and hydrogenated
under H, gas atmosphere to give 6 (3.50 mg, 3.01 mmol, 35%). ()=
+3.2 (¢=0.11, H,0); IR (solid): #=3292, 1637, 1402, 1160, 1057 cm';
"H NMR (400 MHz, D,0): 0=4.57 (d, 1H, J=4.8 Hz), 4.30 (dd, 1H, J=
2.4, 4.8 Hz), 4.09-4.11 (m, 1H), 4.00 (dd, 1H, J=1.9, 6.3 Hz), 3.83 (s,
8H), 3.61 (dd, 1H, J=3.4 Hz, J,.,,=10.6 Hz), 3.52-3.83 (m, 7H), 3.42 (t,
4H, J=6.8Hz), 340 (s, 2H), 3.31 (dd, 1H, J=82Hz, J,,=14.0 Hz),
322 (dd, 1H, J=7.7 Hz, J,.,,=14.0 Hz), 3.04 (t, 4H, J=6.8 Hz), 2.70 (dt,
2H, J=6.8 Hz, Jp=15.0 Hz), 2.66-2.82 (m, 2H, g), 2.47-2.63 ppm (m,
2H); P NMR (160 MHz, D,0): 6=19.2, 19.0 ppm; MS(ESI) [M—H]
caled. 1162.24, found 1162.5, [M—2H]*" calcd. 580.6, found 580.4,
[M—3H]*" calcd. 386.7, found 386.6.

7: According to the method for the synthesis of 4, 40 (16.0 mg,
4.76 mmol) in ethyl acetate (0.250 mL), MeOH (1.70mL) and H,O
(0.300 mL) was treated with Pd(OH), (20.0 mg) and hydrogenated under
H, gas atmosphere to give deprotected compound 7 (6.00 mg, 4.34 mmol,
91%). [a]3 =+3.5 (c=0.12, H,0); IR (solid): 7=3285, 1630, 1554, 1403,
1084 cm™'; '"H NMR (400 MHz, D,0): 6=4.56 (d, 2H, J=5.3 Hz), 4.28
(dd, 1H, J=2.4, 53 Hz), 4.24 (dd, 1H, J=2.4, 5.3 Hz), 4.09 (m, 1H), 3.99
(dd, 1H, J=24, 6.3 Hz), 3.82 (s, 8H), 3.75-3.82 (m, 3H), 3.71 (dd, 1H,
J=48Hz, J,.,,=9.1 Hz), 3.62-3.65 (m, 2H), 3.59-3.60 (m, 2H), 3.50-3.55
(m, 3H), 3.41 (t, 4H, J=6.3 Hz), 3.39 (s, 2H), 3.31 (dd, 1H, J=82 Hz,
Jyem=14.0 Hz), 3.20-3.26 (m, 2H), 3.03 (t, 4H, /=6.3 Hz), 2.70 (dt, 4H,
J=6.8, 15.5Hz), 2.51 (t, 2H, J=6.8, 21.3 Hz), 2.08 ppm (s, 3H, Ac);
'PNMR (160 MHz, D,0): 0=19.1 ppm; MS (ESI) [M—H] calcd.
1380.33, found 1380.4, [M—2H]*~ calcd. 689.7, found 689.7, [M—3H]*"
calcd. 459.4, found 459.4.

8: According to the method for the synthesis of 4, 41 (23.4mg,
6.00 mmol, 1.00 equiv) in ethyl acetate (0.250 mL), MeOH (1.70 mL) and
H,O (0.200 mL) were treated with Pd(OH), (20.0 mg) and hydrogenated
under H, gas atmosphere to give 8 (3.30 mg, 2.12 mmol, 35%). [a]¥ =
+10.7 (¢=0.05, H,0); IR (solid) 3292, 1640, 1560, 1404, 1141, 1071, 902,
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751, 568 cm™'; '"H NMR (400 MHz, D,0): 6=4.56 (d, 1H, /=4.3 Hz),
4.54 (d, 1H, J=5.3Hz), 434 (dd, 1H, J=2.4, 43 Hz), 427 (dd, 1H, J=
2.4, 53 Hz), 408-4.11 (m, 1H), 3.99 (dd, 1H, /=24, 6.8 Hz), 3.82 (s,
8H), 3.74-3.82 (m, 3H), 3.68-3.72 (m, 1H), 3.49-3.66 (m, 7H), 3.42 (t,
4H, J=63Hz), 3.40 (s, 2H), 3.31 (dd, 1H, /=58 Hz, Ju,=9.7 Hz),
3.21-3.27 (m, 2H), 3.04 (t, 4H, J=6.3 Hz), 2.73-2.98 (m, 2H), 2.71 (dt,
4H, J=6.8 Hz, Jyp=15.5 Hz), 2.49-2.61 (m, 1H), 2.48 ppm (tt, 2H, J=
6.8 Hz, Jyp=21.7Hz); *PNMR (160 MHz, D,0): 6=19.1, 19.0 ppm;
MS(ESI) [M—2HJ*" calcd. 776.6, found 776.9, [M—3HJ’~ calcd. 517.4,
found 517.3.

9: According to the method for the synthesis of 4, 44 (29.4 mg,
6.70 mmol) in ethyl acetate (0.250mL), EtOH (0.250 mL), MeOH
(1.50 mL), and H,O (0.25 mL) were treated with Pd(OH), (20.0 mg) and
hydrogenated under H, gas atmosphere to give 9 (5.00 mg, 2.82 mmol,
2%). [a]h=+108 (c=0.05, H,0); IR (solid): #=3271, 1631, 1403,
1167, 1055, 876, 620 cm™"; '"H NMR (400 MHz, D,0): §=4.55-4.59 (m,
3H), 4.23-2.30 (m, 3H), 4.084.11 (m, 1H), 4.00 (dd, 1H, J=1.9. 6.8 Hz),
3.82 (s, 8H), 3.76-3.79 (m, 4H), 3.71 (m, 1H), 3.53-3.66 (m, 9H), 3.42 (t,
4H, J=63Hz), 340 (s, 2H), 3.31 (dd, 1H, J=7.7 Hz, J,,,=14.0 Hz),
3.20-3.29 (m, 3H), 3.03 (t, 4H, J=6.3 Hz), 2.71 (dt, 6H, J=6.3 Hz, Jyp=
15.0 Hz), 2.51 (tt, 3H, J=6.3 Hz, J;=21.7 Hz), 2.09 ppm (s, 3H, Ac);
PNMR (160 MHz, D,0): 6=19.11, 19.02 ppm; MS(ESI) [M+
Na—3H]* calcd. 896.7, found 896.7.

10: According to the method for the synthesis of 4, 45 (22.1 mg,
449 mmol) in ethyl acetate (0.250mL), EtOH (0.250 mL), MeOH
(1.50 mL) and H,O (0.250 mL) was treated with Pd(OH), (20.0 mg) and
hydrogenated under H, gas atmosphere to give 10 (5.10 mg, 2.62 mmol,
58%). [als =+2.7 (c=0.15, H,0); IR (solid): #=3147, 1637, 1522, 1401,
1161, 1053, 881, 670, 524 cm™'; '"H NMR (400 MHz, D,0): § =4.52-4.59
(m, 3H), 4.34 (dd, 1H, J=2.4, 48 Hz), 422-4.29 (m, 2H), 4.09-4.11 (m,
1H), 3.99 (dd, 1H, J=1.9, 6.8 Hz), 3.82 (s, 8H), 3.76-3.82 (m, 4H), 3.70-
3.73 (m, 1H), 3.49-3.65 (m, 9H), 3.41 (t, 4H, J=6.3 Hz), 3.40 (s, 2H),
3.30-3.33 (m, 1H), 3.20-3.25 (m, 3H), 3.04 (t, 4H, J=6.3 Hz), 2.74-2.83
(m, 2H), 2.71 (dt, 6H, J=6.8 Hz, Jyp=15.5Hz), 2.55-2.63 (m, 1H),
2.51 ppm (tt, 3H, J=6.8 Hz, J;;p=20.8 Hz); *'P NMR (160 MHz, D,0):
0=19.06 ppm; MS(ESI) [M +Na—3H]*" calcd. 983.7, found 983.7.

11: According to the method for the synthesis of 4, 48 (23.6 mg,
436 mmol) in ethyl acetate (0.250 mL), EtOH (0.250 mL), MeOH
(2.10 mL), and H,O (0.250 mL) was treated with Pd(OH), (20.0 mg) and
hydrogenated under H, gas atmosphere to give 11 (5.90 mg, 2.72 mmol,
62%). [a]s =+425.9 (c=0.05, H,0); IR (solid): #=3258, 1632, 1555,
1403, 1084, 903, 748, 579 cm™'; '"H NMR (400 MHz, D,0): 6 =4.57-4.60
(m, 4H), 427-4.29 (m, 4H), 4.10 (m, 1H), 3.99 (dd, 1H, J=1.9, 6.8 Hz),
3.82 (s, 8H), 3.76-3.82 (m, SH), 3.69-3.71 (m, 1H), 3.53-3.66 (m, 11H),
3.41-3.43 (m, 6H), 3.31 (dd, 1H, J=8.2 Hz, J,,=14.5 Hz), 3.20-3.25 (m,
4H), 3.04 (t, 4H, J=5.8 Hz), 2.71 (dt, 8H, J=6.3 Hz, J,;,=15.5 Hz), 2.50
(tt, 4H, J=6.3Hz, JCP=213Hz), 2.09 ppm (s, 3H, Ac); *'P NMR
(160 MHz, D,0): 6=19.2, 19.1 ppm; MS (ESI) [M+Na—3H]*" calcd.
1092.7, found 1092.6.

12: According to the method for the synthesis of 4, 49 (21.5 mg,
3.62mmol) in ethyl acetate (0.250mL), EtOH (0.250 mL), MeOH
(290 mL), and H,O (0.250 mL) was treated with Pd(OH), (20.0 mg) and
hydrogenated under H, gas atmosphere to give 12 (4.70 mg, 2.01 mmol,
55%). [a]5=+18.9 (c=0.10, H,0); IR (solid): #=3209, 1637, 1411,
1094, 960, 753, 542 cm™'; '"HNMR (400 MHz, D,0): 6=4.55-4.59 (m,
4H), 4.35-4.37 (m, 1H), 4.27-4.28 (m, 3H), 4.09-4.11 (m, 1H), 3.99-4.00
(m, 1H), 3.81 (s, 8H), 3.72-3.81 (m, 6H), 3.53-3.65 (m, 11H), 3.39-3.42
(m, 6H), 3.31 (dd, 1H, J=5.8 Hz, J,.,,=13.5 Hz), 3.19-3.25 (m, 4H), 3.04
(t, 4H, J=5.8Hz), 2.74-2.84 (m, 2H), 2.71 (dt, 8H, J=6.3 Hz, Jyp=
15.0 Hz), 2.57-2.59 (m, 1H), 2.50 ppm (tt, 4H, J=6.3 Hz, Jy;,=21.3 Hz);
'PNMR (160 MHz, D,0): 6=19.1 ppm; MS (ESI) [M+Na-3H]*"
caled. 1179.7, found 1179.4.

Hydroxyapatite Binding Assay

Hydroxyapatite binding assay using ['*C]-citric acid was performed ac-
cording to procedures described previously with a slight modification.!"”
In brief, 50 nm [“C]-citric acid (Moravec Biochemicals, Inc.) and 1 um
tested compound were added to 50 mm Tris/HCI buffer solution (pH 7.4).
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In vehicle group, ['*C]-citric acid and water were added. Binding reaction
was initiated by addition of 0.02 mgmL~' hydroxyapatite at RT. After
20 min, the binding reaction terminated by filtration through Whatman
GF/B filters. Filters were washed twice with ice-cold Tris/HCI buffer solu-
tion and placed in scintillation vials. Bound radioactivity was determined
using liquid scintillation spectroscopy. Nonspecific binding was defined in
the presence of 10 um hydroxymethylenediphosphonate (HMDP). There-
fore, specific bound ['*C]-citric acid was defined as the difference be-
tween total bound ["“C]-citric acid minus ["“C]-citric acid in the presence
of 10 um HMDP.

Preparation of complexes of '"'In"! with the chelaters 4 , 8, and 12: Che-
laters 4, 8, and 12 (0.1 mmol) were dissolved in 1.0 mL of 50 mm acetate
buffer solution (1.0 mL, 50 mm, pH 5.0) and then, 'In""* (37 MBq) was
added. To confirm that there was no presence of free '"In"'* in the reac-
tion mixture, reaction mixtures were applied to the cellulose acetate
membrane (SEPARAX, Fuji Photo Film) and electrophoresis was per-
formed. After the electrophoresis, the radioactivity was detected by the
TLC scanner (Rita star, Ray test). Positive control ("''In"") was prepared
using the same procedure without any chelaters.

Imaging study of complexes of "In" with the chelaters 4, 8 and 12:
Animal experimental procedures were approved by the Nihon Medi-
physics Animal Care Committee. The rats were anesthetized with
50 mgkg™' pentobarbital intraperitoneally and then, 200 pCi of the com-
plexes of "'In" with the chelaters 4, 8, or 12 was administered into the
tail vein to male SD rats (7 weeks). Imaging data was obtained by using
a gamma camera (GE Millenium MG, GE Healthcare) after administra-
tion.
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Carbon Nanotubes

Martin Pumera,**! Toshio Sasaki,” and Hideo Iwai'*

Abstract: The electrochemical activa-
tion of multiwalled carbon nanotubes
(MWCNTs) (at potentials of 1.5-2.0 V
vs Ag/AgCl for 60-360 s) results in sig-
nificantly increased rate constants
(k.. for heterogeneous electron-trans-
fer with [Fe(CN)>™ (from 8.34x
10 cms™ for as-received MWCNTSs
to 3.67x107° cms™' for MWCNTs that

tion of wall defects exposing edge
planes of the MWCNTs, as observed
by high-resolution TEM. The density
of the edge plane defects increases
from almost zero (for as-received
MWCNTs) to 3.7% (for MWCNTs

Keywords: carbon  nanotubes
electrochemistry - electron transfer -

electrochemically activated at 2.0 V for
180s). High-resolution X-ray photo-
electron  spectroscopy  (HR-XPS),
Raman spectroscopy, and electrochem-
ical impedance spectroscopy were used
to gain a better understanding of the
phenomena. HR-XPS revealed that the
increase in electrochemical activation
potential increases the number of

were electrochemically activated at
2.0V for 180s). The increase in the
value of k°,_ arises from the introduc-

S

nanostructures
spectroscopy

Introduction

Herein we report an investigation into the reasons for in-
creases in the observed heterogeneous electron-transfer rate
constant (k°,.) of carbon nanotubes after their electrochemi-

cal activation. Since the discovery of multiwalled carbon
nanotubes (MWCNTSs)? and their single-walled counter-
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oxygen-containing groups on the sur-

photoelectron
face of carbon nanotubes.

parts (SWCNTs),” these nanoscale materials have attract-
ed much attention from electrochemists because of their
unique structural and electronic properties.”'” The impor-
tant applications of carbon nanotube electrodes are the
main driving force for examining the relationship between
their structure and electrochemical activity."'"* Of particu-
lar interest is the value of k%, for electron transfer between
carbon nanotubes and well-known redox systems such as
ferri/ferrocyanide.

Electrochemical activation of carbon electrodes for the
enhancement of heterogeneous electron transfer has been
known for a long time. The principal reasons for electro-
chemical activation of highly oriented pyrolytic graphite
(HOPG) electrodes were studied in detail by Raman spec-
troscopy, scanning electron microscopy (SEM), scanning
tunneling microscopy (STM), and atomic force microscopy
(AFM) with the conclusion that electrochemical activation
results in extensive lattice damage and exposure of edge-
plane sites in HOPG.[""""") McCreery and co-workers found
a direct correlation between the 1360 cm~' Raman band (b-
band) and £’ of HOPG electrodes.> The same group in-

obs
vestigated the quantitative relationship between k. and the
microstructure of graphite electrodes." Electrochemical ac-
tivation of carbon nanotubes was also studied previously.
Wang et al.'” demonstrated that it is possible to electro-

chemically activate SWCNTs and hypothesized that this

Chem. Asian J. 2008, 3, 2046 -2055



www.interscience.wiley.com



arises from the functionalization of SWCNTs with carboxyl-
ic groups. However, they found that the relationship be-
tween applied activation potential and electrode perfor-
mance is not straightforward. Later, Musameh et al.”” dem-
onstrated that the anodic pretreatment of MWCNT-based
electrodes results in an improvement of electrochemical re-
activity of carbon nanotubes. It is important to note that ref-
erences ! and  present only electrochemical data and do
not provide any spectroscopic or microscopic insight into
the phenomena. Even though Musameh et al.” hypothe-
sized that such enhancement of electrochemical activity of
MWCNTs results from the breaking of the basal-plane end
caps of arc-produced MWCNT, they did not support this
claim nor show the existence of the caps in their MWCNT
samples by electron microscopy.”” Ito et al.?! reported that
it is possible to etch individual MWCNT by applying poten-
tials higher than 1.7 V, which they clearly demonstrated by
presenting optical micrographs of MWCNTs at different
stages of etching. They hypothesize that etching occurs as a
consequence of carbon oxidation via an intermediate that is
generated when water is converted into oxygen on the sur-
face of MWCNTs.”! Liu et al™ oxidized MWCNTs elec-
trochemically at a potential of 2V for 30 min and 6 h and
found, using transmission electron microscopy (TEM), that
the ends of some MWCNTSs opened after 30 min of electro-
oxidation, some MWCNTs were cut, and the surface of
MWCNTs eroded after 6 h of electrooxidation. Unfortu-
nately, the resolution of the TEM images in their work was
not sufficient to provide any insight into the nature of such
erosion. The authors proved by FTIR spectroscopy that
oxygen-containing groups (carbonyl, carboxy) were intro-
duced during electrooxidation of MWCNTs. They also
found by electrochemical impedance spectroscopy that the
capacitance of electrochemically oxidized MWCNTSs was
promoted.?

Abstract in Czech: Elektrochemickd aktivace uhlikovych na-
notrubicek (MWCNTS) (v rozmezi potencidlia 1.5-2.0 V vs
Ag/AgCl po dobu 60-360s) vede k vyrazné vyssim kon-
stantdm rychlosti heterogenniho ptenosu elektrona (k7,.)
pro Fe(CN){ ™, z 8.34x10° cms™ pro nemodifikované
MWCNTS, na 3.67x107 cms™! pro elektrochemicky aktivo-
vané MWCNTs. Elektronovou mikroskopii bylo zjisténo, ze
toto zvySeni kY, je disledkem vytvofeni vyraznych defektii
ve sténdch MWCNTs; zastoupeni téchto defektu vzrostlo z
téméf nulového (pro nemodifikované MWCNT) na 3.7 %
(pro elektrochemicky aktivované). Pro objasnéni pozorova-
nych jeva byly pouzity metody rentgenové fotoelektronové
spektroskopie s vysokdm rozliSenim (HR-XPS), Ramanovy
spektroskopie a elektrochemické impedancni spektroskopie.
HR-XPS experimenty vedly k poznani Ze zvySeni elektro-
chemického aktivaéniho potencidlu vede k zvySeni zastoupe-
ni uhlikovych skupin obsahujici kyslik na povrchu uhliko-
vych nanotrubicek.
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The aim of this article is to demonstrate that electrochem-
ical activation of carbon nanotubes results in an introduction
of defects into the walls of the carbon nanotubes. These de-
fects lead to a higher density of electroactive sites and, con-
sequently, to increased values of k0, . We characterized elec-
trochemically activated carbon nanotubes by cyclic voltam-
metry, electrochemical impedance spectroscopy, Raman
spectroscopy, high-resolution transmission electron micro-
scopy (HR-TEM), and high-resolution X-ray photoelectron
spectroscopy (HR-XPS) to gain insight into the mechanism
of such activation. We discuss the structural changes in
carbon nanotubes and report calculations of the density of
the defects on the surfaces of MWCNTs.

Results and Discussion

As-received MWCNTs were dispersed in DMF at a concen-
tration of 1 mgmL ™. Then, 5 uL of this solution was depos-
ited on the surface of a GC electrode and allowed to dry.
The MWCNT-modified electrodes were electrochemically
pretreated by applying them at a fixed potential and time in
phosphate buffer (50 mm, pH 7.4). The resulting electro-
chemically activated MWCNT electrodes were subjected to
cyclic voltammetry, electrochemical impedance spectrosco-
py, Raman spectroscopy, HR-TEM, and HR-XPS analyses
to shed light on the mechanism of such electrochemical acti-
vation.

Cyclic Voltammetry

Cyclic voltammetry was used to measure the heterogeneous
electron-transfer constant &’ of as-received and electro-
chemically activated MWCNTs. The value of k), was calcu-
lated by a method developed by Nicholson,?! as described
briefly in the Experimental Section. Electrochemically acti-
vated MWCNT electrodes show dramatically enhanced het-
erogeneous electron transfer, which results in a lowering of
the value of AE, of [Fe(CN)s]*™*". The heterogeneous elec-
tron-transfer rate constant &, for [Fe(CN)¢]>”*~ was found
to be 8.34x107° cms™! for as-received MWCNTSs and in-
creased monotonically over the whole activation potential
range to 3.67x10°cms™' at an activation potential of
2.00 V (measured in 0.1m KClI; see Figure 1A). The latter
value is similar to that previously observed at electrochemi-
cally activated HOPG electrodes (k’,,=6.5x107* cms™")!"”)
and, therefore, one could suggest that electrochemical acti-
vation occurs as a result of the introduction of “edge-like”
defects into the walls of the carbon nanotubes. The exact
reason for such enhancements in k',  is described in detail
in the following sections. The influence of electrochemical
activation time on kY at a fixed potential of 1.75V is
shown in Figure 1B. As can be seen, k., increases monoton-
ically from 1.97x107* cms™" at an activation time of 60's to
4.04x107° cms™" at an activation time of 360 s. The electro-
chemical activation of MWCNTs is very reproducible; the

difference in K, between two measurements after a period
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Figure 1. Effect of A) electrochemical activation potential and B) electro-
chemical activation time on k’, for MWCNTs with [Fe(CN),J>™" in

obs

0.1m KCI. The inset shows cyclic voltammograms for the as-received
carbon nanotubes (a, black line) and the nanotubes (b, grey line) electro-
chemically activated for 180s at 1.75 V. Conditions: A) electrochemical
activation time, 180 s; B) electrochemical activation potential, 1.75 V.

of three months was found to be 6.9% (k°,, of 2.59x10~
and 2.77x103 cms™! for an electrochemical activation po-
tential of 1.75 V and time of 180 s).

The relative standard deviation (RSD) of AE, was in all
cases less than 3% (n=3, measured the same day). Howev-
er, for calculation of k’ , the interpolation/extrapolation
error of the Nicholson method®! (approximately between 0
and 2%, see the Experimental Section) must be added.
Since the interpolation/extrapolation error of the Nicholson
method depends on AE, and it is difficult to establish it ex-
actly, we do not present RSD bars in the graphs. However,

it is possible to estimate that RSD of k°,_ is less than 5%.

obs

Electrochemical Impedance Spectroscopy

It has been shown that the capacitance of highly ordered
carbon materials is higher at the graphitic edges than on the
basal planes.” It was suggested that this difference arises
from the anisotropic conductivity of such materials, which
under polarization build up more charge and consequently
more capacitance at the plane edges as a result of the much
higher electrical conductivity along the basal planes (relative
to the perpendicular direction) owing to the mobility of the
delocalized m electrons.*"

Electrochemical impedance spectroscopy was used to
measure the changes in capacitance of MWCNTs at differ-
ent stages of electroactivation to understand the nature of
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the changes in MWCNT structure. The observed weight-spe-
cific capacitance of carbon nanotubes increases monotoni-
cally over the whole activation potential range (from
1.18 Fg™! for as-received MWCNTs to 4.75 Fg™! for an elec-
troactivation potential of 2.00 V; Figure 2 A). The observed
weight-specific capacitance of MWCNTs also increases with
increasing electroactivation time (at a fixed electroactivation
potential of 1.75 V) from 2.69 Fg~! at an activation time of
60s to 4.85 Fg™' at an activation time of 360 s (Figure 2B).
The increased capacitance during electroactivation arises
from a combination of the following effects: 1) The frequen-
cy of edge-like domains on the carbon nanotube surface in-
creases. 2) Such edge-like domains increase the roughness of
the carbon nanotube surface (as confirmed by HR-TEM in
the following section), which increases the wetting of other-
wise significantly hydrophobic MWCNT surfaces®! and con-
sequently decreases the distance between the solvent
(water) and the surface of the nanotube. As a result of the
very high dielectric constant of water, the capacitance of
such “roughened” carbon nanotubes therefore increases.
3) Electrochemical activation introduces oxygen-containing
groups on MWCNT surfaces (as confirmed by high-resolu-
tion XPS in the following section), which leads to increased
wetting as discussed in the previous point. 4) These oxygen-
containing groups are solvated by water, which again in-
creases the capacitance of the carbon nanotubes. 5) The
oxygen-containing groups at the surface of the carbon nano-
tubes might undergo Faradaic reactions, which would con-
tribute to the observed capacitance. The contribution of
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Figure 2. Effect of A) electrochemical activation potential and B) electro-

chemical activation time on weight-specific capacitance of carbon nano-

tubes. The inset shows the Randles equivalent circuit. Conditions:

A) electrochemical activation time, 180 s; B) electrochemical activation
potential, 1.75 V.
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these effects to the capacitance is further discussed in the
following sections.

The weight-specific capacitances of carbon nanotubes pre-
sented in this article are on the same order of magnitude as
the weight-specific capacitances obtained by this and other
authors for carbon nanotubes.?*%!

X-ray Photoelectron Spectroscopy

XPS is a very useful tool for obtaining information on the
chemical states of materials. It has proven its suitability for
the chemical analysis of carbon nanotubes.**=! HR-XPS
was used in this work to gain an insight into chemical state
changes in as-received and electrochemically activated
carbon nanotubes. HR-XPS spectra of the carbon 1s core
level as well as high-resolution spectra of oxygen 1s level
were recorded for as-received MWCNTs (Figure 3A) and
for MWCNTs electrochemically activated for 180 s at 1.75V
(Figure S-1A, Supporting Information), at 1.85 V (Figure S-
1B, Supporting Information), and at 2.00 V (Figure 3B). The
XPS C 1s core spectra of MWCNTs show a single tailing
peak at 284.5 eV, the maximum of which corresponds to sp?
hybridization of graphene sheets in a carbon nanotube."*
Careful curve fitting shows that the C 1s spectrum of a
MWCNT can be quantitatively differentiated into five dif-
ferent carbon stages, namely, sp’-hybridized carbon atoms
(at 284.4 €V) of the graphene sheet of a MWCNT, sp*-hy-
bridized carbon atoms (-CH,-) (at 285.2 eV), the alcohol/
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ether group (C—O) (at 286.6 eV), the carbonyl group (C=0)
(at 288.0eV), and the carboxy acid/ester group (O—C=0)
(at 289.2 eV). Also present is the m—n* shake-up signal (at
290.5 eV), which is typical for sp>hybridized carbon (in the
text and also in Figure 3, the atom that is responsible for the
given signal is in italics). A quantitative comparison of the
C 1s core-level spectra of an as-received and electrochemi-
cally activated MWCNT is given in Table 1 (in our calcula-
tions we exclude the m—m* shake-up signal). It is clear that

Table 1. Quantitative comparison of high-resolution X-ray photoelectron
spectra of the C 1s core level at different carbon stages for as-received
and electrochemically activated (for 180 s) carbon nanotubes.

Electrochemical activation carbon-carbon C—O cC=0 O-CO
potential

Ll 88.7% 67% 36% 1.0%
175V 87.9% 74% 34% 1.4%
1.85V 87.8% 80% 26% 1.6%
2.00V 61.1% 253% 73% 63%

[a] As received.

the relative abundance of carboxy/ester groups (O-C=0) in-
creases from 1.0 to 6.3 % (relative increase of 630%), alco-
hol/ether groups (C—O) increase from 6.7 to 25.3 % (relative
increase of 377 %), and C=O increases from 3.6 to 7.3% at
the expense of the carbon—carbon groups, of which the rela-
tive abundance decreased from 88.7 to 61.1 % (relative de-
crease by 31%) upon increasing the electrochemical activa-

tion potential from 0 to 2.00 V

(for 180 s). Note that, in princi-

c1s as0) 015 ple, the signals for carboxy
4 .
i . — '\ acid and t[h; ester groups
400 \ cannot be distinguished by the
| = = .

5 1500 .. Graphene S c-o-g=0 ,\\ 9-g=0*c=0 C 1s signal because the carbon
S \ 2 1\ atom in these groups has the

1000 {1\ . .
-(CH,)- 300 i\ | same chemical neighborhood.

0-C=0 j AW .
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Figure 3. HR-XPS spectra of A) as-received and B) electrochemically activated carbon nanotubes at 2.00 V for

180 s. Left, C 1s core spectra; right, O 1s core spectra.
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Table 2. Quantitative comparison of high-resolution X-ray photoelectron
spectra of the O 1s core level at different oxygen stages for as-received
and electrochemically activated (for 180 s) carbon nanotubes.

Electrochemical O—C=0 and C=0 C—O—H and C-0—C=0
activation C-0—C

potential

—lal 7.8% 55.6% 36.6 %
1.75V 10.4 % 54.6% 35.0%
185V 30.6 % 58.2% 11.2%
2.00V 27.1% 59.6 % 13.3%

[a] As received.

tential. XPS data from the C 1s and O 1s measurements are
consistent with each other and their synthesis leads us to
conclude that after the electrochemical activation, there is
an increase in the relative presence of carboxy groups at the
expense of the relative presence of the alcohol, ether, and
carbonyl groups. In this context, it is important to mention
that Masheter et al.’ recently found by XPS and voltam-
metry that nitric acid treatment of MWCNTs leads to a rela-
tive increase of abundance of the carboxy groups.

Here we wish to discuss the influence of oxygen-contain-
ing groups upon increasing heterogeneous electron transfer.
Chou et al.l'”¥! demonstrated that an increase in the presence
of carboxy-containing groups on single-walled carbon nano-
tubes (induced by mineral acid treatment of SWCNTs)
leads to an increase in the heterogeneous electron-transfer
rate for [Fe(CN),>”*". Later, however, Pumera®! demon-
strated in contrast that similar treatment of single- and
double-walled carbon nanotubes (DWCNTs) leads to a
slower heterogeneous electron-transfer for [Fe(CN)¢>™*",
more strongly in the case of SWCNTs and less intensely in
the case of DWCNTs. Ji et al.l®® studied the influence of
oxygen-containing groups of graphite electrodes in great
detail and found that heterogeneous electron transfer for
[Fe(CN)]**~ at graphite is actually slowed by increasing
the amount of oxygen-containing groups at graphite electro-
des. Later, the same group demonstrated that even for
MWCNTs, the increase of oxygenated species may not in-
crease electron-transfer kinetics.®” In our present case, the
highest relative increase of oxygen-containing groups upon
electrochemical activation of pristine MWCNTs at 2.00 V
for 180 s is 630% (for carboxy groups). There is a clear cor-
relation between the abundance of oxygen-containing
groups and the heterogeneous electron-transfer rate con-
stant (see Figure S-2, Supporting Information), although this
correlation is not linear, suggesting that oxygen-containing
groups are not solely responsible for the increasing value of
kC... In addition, the value of K’ for [Fe(CN)s]*™~ was
found to increase by two orders of magnitude (from 8.34 x
107 to 3.67x107* cms™'). If oxygen-containing groups were
solely responsible for the increase of k%, , the increase would
be much smaller (about ten times). Therefore, we conclude
that oxygen-containing groups play a minor role in enhanc-
ing heterogeneous electron transfer for electrochemically ac-
tivated multiwalled carbon nanotubes and that the driving
mechanism of the increased heterogeneous electron-transfer
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rate lies in an increase of the density of edge-like sites at
the walls of MWCNTs.

Raman Spectroscopy

Raman spectroscopy plays an important role in the structur-
al characterization of sp>hydribized carbon materials, pro-
viding information about defects and crystalline struc-
ture.’>*! The most prominent features of Raman spectra of
carbon nanotube materials are the so-called G band appear-
ing at around 1580cm™' and the Dband at around
1350 cm™'. The G band is a doubly degenerated phonon
Raman active mode for sp’-hydrized carbon networks,
whereas the D band is localized where the lattice structure
is not perfect, mostly at the edges and defects of the sp*
zones. Amorphization of sp>hydridized carbon networks,
which leads to sp® hybridization, results in significant
changes in the Raman profiles.”>**! The ratio of the inten-
sity of the G band to that of the D band (the so called “G/D
ratio”) is usually used for characterizing the quantity of de-
fects in graphitic and carbon nanotube materials.’>3#!l
Figure 4 shows the evolution of the G/D ratio with ap-
plied electrochemical activation potential (Figure 4A) and
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Figure 4. A) Effect of electrochemical activation potential on G/D ratio

of carbon nanotubes after their electrochemical activation for 180 s. The

inset shows the Raman spectra for as-received (left) and electrochemical-

ly activated carbon nanotubes for 180s at 1.75V (right). B) Effect of

electrochemical activation time on G/D ratio of carbon nanotubes after

their electrochemical activation at potential 1.75 V. Error bars corre-

spond to standard deviation for n=3.

Chem. Asian J. 2008, 3, 2046 -2055





Relationship between Carbon Nanotube Structure and Electrochemical Behavior

CHEMISTRY

activation time (Figure 4B). Also shown are Raman spectra
of as-received carbon nanotubes and electrochemically acti-
vated nanotubes at a potential of 1.75V for 180s (Fig-
ure 4 A, insets). The G/D ratio decreases rapidly from 1.30
to 0.63 upon changes in the electrochemical activation po-
tential from 0 to 1.65V and then more slowly, reaching a
minimum of 0.61 at an activation potential of 1.75V and
then increasing slightly to 0.66 at an activation potential of
2.00 V. A similar reversal of the G/D ratio was observed
previously for radiation damage of HOPG, which first re-
sulted to defects in the HOPG lattice, then to amorphization
of the HOPG lattice.”®*! Similar defects were observed for
the MWCNTs as well.“!! Amorphization of the defect sites
was observed in our samples by HR-TEM. Therefore, elec-
trochemical activation leads not only to the creation of de-
fects in the sp*-hybridized structure of carbon nanotubes but
also results in the amorphization of the defect sites of CNTs.

When the activation potential is fixed at 1.75 V and elec-
trochemical activation time is changed, the G/D ratio de-
creases monotonically from 1.15 to 0.53 as the activation
time is increased from 60 to 300 s (Figure 4B).

High-Resolution Transmission Electron Spectroscopy

Since cyclic voltammetry and electrochemical impedance
spectroscopy provide evidence of increasing “edge-plane-
like” defects in the structure of MWCNTs, we used HR-
TEM to investigate the nature of these defects. Figure 5
shows representative TEM images of MWCNTs before (A)
and after (B) electrochemical activation at 1.75 V for 180 s.
The as-received MWCNT sample contains a straight, open-
ended MWCNT with no visible structural defects. In con-
trast, the TEM image of the electrochemically activated
nanotubes shows a striking difference. The structure of the
MWCNT is damaged and wall defects can be observed. This
damage is shown in greater detail in the HR-TEM images
of the MWCNT after electroactivation at 1.65 V (Figure 6),
1.75 V (Figure 7A), and 1.85V (Figure 7B). Electrochemi-
cal activation results in lattice damage of the MWCNT walls

AN ASIAN JOURNAL
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Figure 5. TEM images of A) as-received carbon nanotubes and B) carbon
nanotubes electrochemically activated for 180 s at 1.75 V.

(Figure 6B), and the edge planes of the damaged graphene
sheets are accessible through the outside environment (i.e.,

Figure 6. HR-TEM images of sidewall defects on carbon nanotubes electrochemically activated for 180 s at 1.65 V (vs. Ag/AgCl). The defect marked in
(A) is shown in greater detail in (B). The lattice deformation of the MWCNT is clearly visible. For further clarity and emphasis on the deformation of
the lattice, the important part of (B) is redrawn and is shown in (C). The white “vacancies” shown in (C) represent amorphous carbon.
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Figure 7. TEM (left) and HR-TEM (right) images of electrochemically
activated MWCNTs at A) 1.75 Vand B) 1.85 V for 180 s.

by solution). For greater clarity of the HR-TEM image, we
redrew the main lattice lines (Figure 6C). Note that the
white areas in Figure 6C represent parts of the MWCNT
where the lattice is not observable, containing amorphous
carbon, which was created during electroactivation. This ob-
servation of amorphous carbon is consistent with the
Raman spectroscopic data. Another interesting point is that,
with the application of increased electroactivation voltage,
the size of these defects increases in a radial direction (com-
pare the size of the defect sites in Figures 6 (activation po-
tential 1.65V), 7A (activation potential 1.75V), and 7B
(activation potential, 1.85 V)).

From the HR-TEM, Raman spectroscopy, electrochemical
impedance spectroscopy, and cyclic voltammetry data, there
are clear structure-reactivity correlations. With increased
electrochemical activation potential, the magnitude of the
defects on the MWCNT walls increases, leading to higher
density of “edge-like” planes and therefore to a higher ob-
served heterogeneous electron-transfer rate.

Density of Defects

How many defects are responsible for the observed increase
in the value of k°, ? This is an important and interesting
question. To determine a more quantitative relationship be-
tween the heterogeneous electron-transfer rate and the den-
sity of defects in the carbon nanotube structure, we used the
approach for calculating the density of defects on the basis
of electrochemistry and capacitance measurements devel-
oped by Yeager and Randin*>*! and later by McCreery and
Rice!™ for HOPG electrodes. Since we concluded in the
previous sections of this article from electrochemistry, spec-
troscopy, and electron microscopy that electrochemical acti-
vation involves formation of “edge-like” defects on the
walls of carbon nanotubes, we can propose the following
way of determining the density of such defects.
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If we hypothesize that k°, in the first approximation is ex-

clusively a function of the edge-plane density!™ of carbon
nanotubes, and that k*,, is the weighted sum of the edge
plane and basal plane k° values, we can write Equation (1),
in which k! is the heterogeneous electron-transfer rate con-
stant of the pure edge plane, k| is the heterogeneous elec-
tron-transfer rate constant of the pure basal plane, and f, is
the ratio of the edge planes to the basal planes. The litera-
ture values of k0 and k{ for HOPG are 0.10 cms™ and 1x
1077 cms™!, respectively." Even though the value of &
might be less than 1x107" cms™', probably in the region of
10~ cms ™! or lower,"®*! since k? is much larger then k{, the
contribution of k{ to k% in Equation (1) is negligible for
electrochemically activated MWCNTSs and the accuracy of
kY is unimportant for determining f, from Equation (1).l¥)
Since the electrochemistry of multiwalled carbon nanotube
electrodes closely resembles the electrochemistry of HOPG
electrodes,>*! one can use values of k" and &) of 0.10 and
1x1077 cms™!, respectively, to calculate f.. The values of f.
determined by this method [using Eq. (1) and data for k!,
presented in Figure 1] are shown in Figure 8 for different
electrochemical activation potentials (A) and different elec-
troactivation times (B). The increase of the frequency of de-
fects from 0.083% for as-received MWCNTs to 2.5% for
electrochemically activated MWCNTs (at 1.5V for 180 s) is
responsible for the steep increase in the value of k%, by

obs

almost two orders of magnitude (from 8.34x107° to 2.54 x

1073 cms™'; see section on “Cyclic Voltammetry“). A further

increase of electrochemical activation potential from 1.5 to
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Figure 8. Plots of fraction of edge-plane defects on A) electrochemical ac-
tivation potential and B) electroactivation time calculated from k", using
Equation (1) and data from Figure 1 (circles) and from capacitance meas-
urements using Equation (2) and data from Figure 2 (triangles).
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2V results in a relatively small increase in the frequency of
defects (from 2.5 to 3.7%). Similarly, the density of defects
increases for different electroactivation times from 2.0 to
4.0% for electroactivation times increasing from 60 to 360 s
(electroactivation potential of 1.75 V). These results are con-
sistent with our TEM images, in which it is not possible to
see a significant difference in the density of defects on the
surfaces of MWCNTs activated at different potentials, and
the density of such TEM-observable defects is relatively
low.

kgbs = koefe + k(t)»(l 7fe) (1)

The density of defects can also be calculated from capaci-
tance measurements, which can be used for estimating the
presence of oxygen-containing groups and their influence on
the observed capacitance. If we make the same hypothesis
for observed area-specific capacitance (C% ) as we did for
kY., that is, that the observed capacitance is an exclusive
function of edge plane density, " we can derive Equa-
tion (2), in which C? is the capacitance per area of pure
edge plane, C) is the capacitance per area of pure basal
plane, and f, is the ratio of the edge planes to the basal
planes.

Cg,obs = Cgfe + Cg(l _fe) (2)

It has been shown for laser-treated HOPG that the deter-
mination of the ratio of the coverage of the edge plane to
the basal plane (f,) from &’ and C’,, data is quantitatively
consistent, provided that no oxygen-containing groups are
involved in contributing to the observed capacitance.'¥
However, if oxygen-containing groups are present, they can
contribute in various ways (see section on “Electrochemical
Impedance Spectroscopy”) to the observed capacitance.
One can use this difference to determine the role of oxygen-
containing groups in the capacitance of MWCNTs: if there
is no contribution of oxygen-containing groups to f;, the
values of f, calculated from k°,, and C°  data by Equa-
tions (1) and (2) will be quantitatively consistent. However,
if oxygen-containing groups contribute to the observed ca-
pacitance, the values of f, calculated from C’,, and Equa-
tion (2) will be higher than those calculated from k’,, and
Equation (1).

We used the values in the literature for C’ and C, for
HOPG (1.9 wFecm™ and 70 uF cm ™2, respectively)!™ and we
converted the observed weight-specific capacitance (C?N,obs)
of MWCNTs (presented in Figure 2) into area-specific ca-
pacitance (C3 ,.) by using data from surface-specific meas-
urements of MWCNTs. From these data, we calculated f,
from Equation (2) as a function of electrochemical activa-
tion potential (Figure 8 A, circles) and electrochemical acti-
vation time (Figure 8B, circles). As can be seen in Figure 8,
f. values based on capacitance measurements increase from
1.8% in as-received carbon nanotubes to 15.8% in carbon
nanotubes that were electrochemically activated at 2.00 V
for 180 s. Similarly, the frequency of defects calculated from
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capacitance measurements increases for different electroac-
tivation times (at a potential of 1.75 V) from 7.7 to 16.1%
with increasing electroactivation time from 60 to 360 s. It is
clear that the values of the ratio of edge plane calculated
from the K, data and capacitance data have the same trend
(i.e., monotonous increase), but quantitatively the values
differ significantly. Thus, there is considerable contribution
from oxygen-containing groups to the observed capacitance
of MWCNTs and the capacitance of MWCNTs is not solely
a function of edge-plane defects. On the contrary, in our
study, the oxygen-containing groups play a major role in de-
termining the capacitance of MWCNTSs (see section on
“Electrochemical Impedance Spectroscopy”).['*!

Conclusions

We have demonstrated that electrochemical activation of
MWCNTs results in an increase in the observed heterogene-
ous electron-transfer rate constants for ferri/ferrocyanide
couples, and the electrochemical activity of MWCNTs may
be altered to any value between that of the as-received and
exhaustively activated sample. By using HR-TEM, Raman
spectroscopy, and electrochemical impedance spectroscopy,
we proved that this increase is due to the introduction of
dramatic edge-like defects to carbon nanotube walls during
electrochemical activation. We calculated that small increas-
es in the density of defects are responsible for a huge in-
crease in the value of k’,. We showed that the capacitance
of MWCNTs is not solely the function of edge-plane defects,
but that oxygen-containing groups play a major role. De-
tailed XPS analysis proved that during electrochemical acti-
vation, there is a significant increase in the presence of
oxygen-containing groups and, most notably, carboxy
groups. Our findings should find a broad range of applica-
tions in the areas of sensing, biosensing, and energy storage.

Experimental Section

Apparatus

A JEM 2100F field emission transmission electron microscope (JEOL,
Japan) working at 200 kV was employed to obtain TEM images in a scan-
ning TEM mode (spot size, 0.4 nm; 200 kV). HR-TEM images were ob-
tained by using the same JEM 2100F microscope in conventional TEM
mode. TEM/energy-dispersive X-ray spectra (TEM/EDS) were collected
by using the above-described JEM 2100F instrument equipped with an
ultrathin window. Raman spectra were collected by excitation at
514.5 nm with an Ar ion laser beam employing backscattering geometry
(BeamLok 2060-RS/T64000, Spectro-Physics, Mountain View, CA/Jobin
Yvon, Horiba, France). Surface specific areas were measured by Auto-
sorb 1 equipment (Quantachrome Instruments, Boynton Beach, FL,
USA) using the multipoint Brunauer—-Emmett-Teller (BET) method*”!
(60 points); nitrogen was used as the adsorbate. Prior to the adsorption
experiments, the samples were dehydrated at 250°C under vacuum for
16 h. Thermogravimetric analysis (TGA) was performed on Exstar TG/
DTA 6200 equipment (SII NanoTechnology, Japan) by placing the
sample in the furnace with an air atmosphere, heating to 120°C at a heat-
ing rate of 10°Cmin "', holding at 120°C for 30 min to remove any mois-

ture, and then heating again to 1000°C at a heating rate of 10°Cmin ",
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All voltammetric experiments were performed on an electrochemical an-
alyzer Autolab 302 (Ecochemie, Utrecht, The Netherlands) connected to
a personal computer and controlled by General Purpose Electrochemical
Systems v. 4.9 software (Ecochemie). The electrochemical experiments
were performed in a 5 mL voltammetric cell at room temperature (25°C)
in a three-electrode configuration. A platinum electrode served as the
auxiliary electrode and a Ag/AgCl electrode as the reference electrode.
Electrochemical impedance spectroscopy was performed by using an Au-
tolab 302 electrochemical analyzer equipped with an FRA2 module and
operated by FRA 4.9 software (Ecochemie). X-ray photoelectron spec-
troscopy (XPS) was performed on a PHI Quantera SXM (ULVAC-PHI)
spectrometer with monochromatic Alg, radiation. The analysis area was
50 um in diameter and the beam energy was 15 kV, 12.5 W; the photo-
electron take-off angle was 45°. For the HR-XPS scans, the pass energy
was 13 eV and steps of 0.1 eV. XPS is a highly surface-sensitive method
and the sensitivity strongly decreases with depth (the maximum depth for
carbon analysis is about 10 nm).

Materials

Potassium chloride, potassium phosphate (dibasic), potassium ferrocya-
nide, potassium ferricyanide, and phosphoric acid were purchased from
Sigma-Aldrich (Japan). Multiwalled carbon nanotubes were purchased
from Bucky, TX, USA (BU-200, purity measured by TGA was
99.2% wt.; surface-specific area 37.61 m*g~'; diameter 8-15nm, length
5-10 um, according to the producer) and used as received. TEM/EDS
analysis of metal impurities was performed by using a JEM 2100F trans-
mission electron microscope with an EDS module and showed that BU-
200 contains iron impurities within the carbon nanotube (see Figure S-3
in the Supporting Information).

Procedures

Carbon nanotube materials were used as received without further purifi-
cation. For the electrochemistry measurements, the carbon nanotubes
were cast onto a glassy carbon (GC) electrode surface (3 mm in diame-
ter, surface area 0.071 cm?, received from Autolab), which was previously
polished with 0.05 um alumina on a polishing cloth. The nanotubes were
first dispersed in DMF at a concentration of 1 mgmL ™', and the suspen-
sion was then placed for 5 min into an ultrasonic bath and then 5 uL of
the suspension was pipetted onto the GC electrode surface. (The surface
area of the deposited MWCNT was 1.88 cm?, according to our measure-
ments by the BET method). The suspension was allowed to evaporate at
room temperature to create a MWCNT film over the entire GC elec-
trode surface. The contribution of the underlying GC electrode to the
electrochemical response is considered negligible!”*”! because the surface
area of the deposited MWCNT is 1.88 cm?, whereas the surface area of
the GC electrode is 0.071 cm®. Thus the surface area of the deposited
MWCNT layer is at least 26 times greater than that of the GC electrode
and most electron transfer occurs on the MWCNT layer. If not stated
otherwise, the cyclic voltammetric experiments were performed at a scan
rate of 100 mVs™' over a relevant potential range using 0.1m KCI as a
supporting electrolyte. Capacitance was determined by electrochemical
impedance spectroscopy measurements in the frequency range of 0.01 Hz
and 1 MHz with a perturbation signal of 5mV. The capacitance values
were extracted by fitting Nyquist plots using Randles equivalent circuit
shown as the inset in Figure2. If not stated otherwise, 10 mm
[Fe(CN)e]> ™~ was used as an electrochemical probe. For TEM measure-
ments, MWCNTSs were mechanically removed from the GC electrode sur-
face by using a plastic pipette tip and transferred to a drop of water. This
droplet was transferred onto a copper TEM grid and allowed to dry in
air. For XPS and Raman measurements, MWCNTs were transferred
from the electrode surface to the corresponding substrate by the above-
described procedure.

The k., values were determined by the method developed by Nichol-
son®! that relates AE, to dimensionless parameter i and consequently
to kY, through Equation (3), in which kY is observed heterogeneous
rate constant, D, is the diffusion coefficient, v is the scan rate, F is the
Faraday constant, R is the gas constant, and 7 is the absolute tempera-

ture.
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k(J

obs = w‘/nDAvZ—I; ®3)

The value of parameter 1 and a detailed discussion on the use of this
equation can be found in reference [23]. A diffusion coefficient for
[Fe(CN)]*~ in 0.1m KCI of 7.2x107° cm?s™! was used for evaluation of
all electrochemical data. Since all k. data are obtained by either inter-
polation (for AE, between 60 and 242 mV) or extrapolation (for AE,>
242 mV) of Nicholson’s working curve,?! an additional interpolation/ex-
trapolation error of approximately 0-2 % is introduced in addition to an

experimental error of AE,,.
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meso-3,5-Bis(trifluoromethyl)phenyl-Substituted Expanded Porphyrins:
Synthesis, Characterization, and Optical, Electrochemical, and Photophysical

Properties
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Abstract: Trifluoroacetic acid-catalyzed
condensation of pyrrole with electron-
deficient and sterically hindered 3,5-
bis(trifluoromethyl)benzaldehyde  re-
sults in the unexpected production of a
series of meso-3,5-bis(trifluoromethyl)-
phenyl-substituted expanded porphyr-
ins including [22]sapphyrin 2, N-fused
[22]pentaphyrin 3, [26]hexaphyrin 4,

with the conventional 5,10,15,20-
tetrakis(3,5-bis(trifluoromethyl)phe-

nyl)porphyrin 1. These expanded por-
phyrins are characterized by mass spec-
trometry, '"H NMR spectroscopy, UV/

Keywords: aromaticity - electro-
chemistry - macrocycles - photophy-
sics « porphyrinoids

Vis/NIR absorption spectroscopy, and
fluorescence spectroscopy. The optical
and electrochemical measurements
reveal a decrease in the HOMO-
LUMO gap with increasing size of the
conjugated macrocycles, and in accord-
ance with the trend, the deactivation of
the excited singlet state to the ground
state is enhanced.

and intact [32]heptaphyrin 5 together

Introduction

Porphyrins contain an extensively conjugated m system, and
such a highly delocalized m system is suitable for efficient
electron-transfer reactions, because the uptake or release of
electrons results in minimal changes of structure and solva-
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tion on electron transfer."¥ Thus, porphyrins have been fre-
quently employed as a component in electron-transfer reac-
tions."”) To optimize the electron-transfer properties or to
shed light on the electron-transfer mechanism, it is essential
to prepare porphyrins with electron-donating or electron-
withdrawing groups, which allows control of the electron-
transfer reactions. For instance, electron-deficient porphyr-
ins with electron-withdrawing groups have been used as cat-
alysts,””! photosensitizers,* and building blocks in supra- and
super-molecular systems” and photonic devices.["!

To satisfy the requirement, various electron-withdrawing
groups have been attached to the porphyrin ring; specific
examples include (- and meso-modified porphyrins bearing
fluoro, chloro, bromo, cyano, nitro, or perfluoroalkyl
groups.” ™ In particular, chemically stable perfluoroalkyl
groups have been introduced into the - or meso-positions
of the porphyrin ring to alter the electronic structure consid-
erably.* 1 510,15,20-Tetrakis(perfluoroalkyl)porphyrinato-
zinc(IT) possesses HOMO and LUMO levels that are stabi-
lized uniformly by nearly 0.7 V relative to 5,10,15,20-tetra-
phenylporphyrinatozinc(II).*) Considering that the widely
used 5,10,15,20-tetraphenylporphyrins (TPP) are synthesized
from the corresponding aryl aldehyde and pyrrole, it is cru-
cial to establish a general route for the introduction of per-
fluoroalkyl moieties into the meso-aryl groups of porphyrins,
which exhibit electron-deficient properties.
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During the course of our studies on the synthesis of elec-
tron-deficient 5,10,15,20-(3,5-bis(trifluoromethyl)phenyl)por-
phyrin 1 from 3,5-bis(trifluoromethyl)benzaldehyde and pyr-
role under acidic conditions, we accidentally obtained a
series of the corresponding expanded porphyrins 2-5 in ad-
dition to conventional porphyrin 1 (Scheme 1). The acid-cat-

sapphyrin 2 (2%), N-fused pentaphyrin 3 (1 %), hexaphyrin
4 (7%), and heptaphyrin 5 (6% ). The molecular structures
were characterized by various spectroscopic methods (see
Experimental Section). The synthesis of meso-aryl-substitut-
ed expanded porphyrins from pyrrole and aryl aldehyde has
been limited to the acid-catalyzed condensation of pyrrole

with 2.6-disubstituted benzalde-

hydes, such as 2,3,4,5,6-penta-

Ar /H A Af>,‘Q:\J(A' fluorobenzaldehyde, 2,6-difluo-
0 TFA )\\ T s Nﬁ @N robenzaldehyde, 2,4,6-trifluoro-
Q + ACHO 3 Chioranil ™ A+ H\WN N\\Vl —y Xf/\r benzaldehyde, 2,6-difluoroben-
H oF Af//TN H\W)\\Ar é/’\li/m\l/; zaldehyde, and 4,6-dichloro-2-
pn O ¢ W \Ar ) phenylpyrimidine-5-carbalde-
[18Jporphyrin 1 [22]sapphyrin 2 [22INFP, 3 hyde."®') On the other hand, it
CFs was reported that benzalde-
- /Ar ”~ hyde, 2-halobenzaldehyde, 2,4-
A e Ar A= N AT dihalobenzaldehyde, and 2,6-di-
2_[ j/\/)\ >\\<Ar B I methylbenzaldehyde failed to
= N N° O\ LN N3
+ LNH Ay HN?/\ * Ar/\i ;iAr give expanded  porphyrins
}\*{Nj}\YNﬁ—/ 2\"“ H }’\“/‘) under similar conditions.'"®!’)
- oA “?=(L~Ai’ Therefore, to the best of our
[26]hexaphyrin 4 [32lheptaphyfin 5 knowledge, this is the first ex-

Scheme 1. Synthesis of a series of meso-3,5-bis(trifluoromethyl)phenyl-substituted expanded porphyrins 2-5

and porphyrin 1.

alyzed one-pot condensation of pyrrole with benzaldehyde
to yield meso-aryl-substituted expanded porphyrins has
been limited to a combination of pyrrole and benzaldehydes,
which bear electron-deficient, bulky substituents at both
ortho-positions."”1 This unexpected finding has led us to
initiate studies on the synthesis and characterization of the
expanded porphyrins 2-5. Herein, we report the structures
and optical, electrochemical, and photophysical properties
of the expanded porphyrins, which were investigated by
using '"H NMR spectroscopy, UV/visible/near-infrared (NIR)
absorption spectroscopy, steady-state fluorescence spectros-
copy, cyclic voltammetry, differential pulse voltammetry,
fluorescence lifetime measurements, and time-resolved tran-
sient absorption spectroscopy. The comprehensive compari-
son of the expanded porphyrins together with the previously
reported analogues and reference porphyrin provides us
basic and valuable information on the chemistry of expand-
ed porphyrins, as well as the synthesis of electron-deficient
porphyrins.

Results and Discussion
Synthesis and Characterization

A solution of 3,5-bis(trifluoromethyl)benzaldehyde and pyr-
role (20 mm each) in CH,Cl, (200 mL) was treated with tri-
fluoroacetic acid (TFA, 4 mmol, 20 mm) for 8 h, followed by
oxidation with chloranil (4 mmol). The resultant mixture
was separated by chromatography on a silica-gel column
with CH,Cly/hexane as eluent to afford porphyrin 1 (5%),

2066

www.chemasianj.org

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

ample of meso-aryl-substituted
expanded porphyrins with elec-
tron-deficient and bulky sub-
stituents at both the 3- and 5-
positions from one-pot pyrrole—
aldehyde condensations. These results suggest that the syn-
thesis of meso-aryl-substituted expanded porphyrins requires
aryl aldehyde, which bears strong electron-withdrawing sub-
stituents rather than the sterically hindered ones at the 2-
and 6-positions of the aryl unit. It is noteworthy that the uti-
lization of BF;-OEt, instead of TFA as a catalyst resulted in
the sole production of porphyrin 1 in 18% yield. TFA is a
powerful Brgnsted-acid catalyst in organic medium and the
TFA-catalyzed condensation of pyrrole with aryl aldehyde
to yield expanded porphyrins may originate from the “anion
template effect”, by which the trifluoroacetate ion plays a
crucial templating role, and such effects are rare but are
known in the literature.”™*] Additionally, the amount of
acid catalyst would affect the TFA-catalyzed condensation.
The 'H NMR spectra of the sapphyrin 2 in CD,Cl, show
distinct, sharp peaks for all of the protons at low tempera-
tures (Figure S1 in the Supporting Information). These
chemical shifts are similar to those of the corresponding
protons of previously reported meso-aryl-substituted sap-
phyrins.”! Grazynski and co-workers™™ have reported that
the pyrrole ring opposite to the bipyrrolic unit in meso-aryl
sapphyrins is inverted in its free base form on the basis of
'"HNMR chemical shifts observed for the NH proton and
the B-pyrrole protons of the inverted ring. In the meso-aryl
sapphyrin 2 reported here, such a ring inversion is indeed
observed (Figure S1 in the Supporting Information). With
decreasing temperature from 25°C to —50°C, the broad
peaks arising from some of the ortho-protons gradually
sharpen. The 'HNMR spectrum at —50°C exhibits two
broad singlets at 6=12.02 and —2.59 ppm occurring from
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the outer and inner NH protons. The outer 3-CH protons
appear at low field as four doublet signals at 0 =10.26, 9.15,
9.09, and 8.99 ppm, whereas the inner 3-CH protons emerge
as a singlet at 0=—1.31 ppm. These results indicate that
there is a strong diatropic ring current in 2 because of the
cyclic 22m-electron conjugation.®!

The N-fused pentaphyrin 3 revealed a parent ion at m/z =
1445.1620 (caled for CgH,sFsNs: m/z=1445.1631[M]*) in
its high-resolution FAB (HRFAB) mass spectrum. The
'HNMR spectrum of 3 (Figure S2 in the Supporting Infor-
mation) is similar to that of previously reported meso-aryl
N-fused pentaphyrin.””! The '"H NMR spectrum in CD,Cl, at
—50°C displays two doublets at d =2.01 and 1.62 ppm, and a
singlet at 0 =—2.40 ppm arising from the inner -CH pro-
tons and a broad signal at d=1.05 ppm occurring from the
inner NH proton. The outer $-CH protons appear at low
field as four doublet signals at 6=9.60, 9.15, 8.61, and
8.46 ppm and as a singlet at 6=9.78 ppm. Thus, a maximal
difference in the chemical shifts of the inner and outer pyr-
rolic B-protons (Ad=12.18) is notable for N-fused penta-
phyrin 3, as for the large Ad value (11.57) of 2 arising from
the cyclic 22m-electron conjugation. These results indicate
that 3 possesses a distinct ring current as a result of the 227w-
aromatic-electron network, as described for the meso-aryl
N-fused pentaphyrin®" as well as for the sapphyrins.[*!

The hexaphyrin 4 exhibited a parent ion at m/z=
1736.2121 (caled for C,HzFaNg [M]T: m/z=1736.2114) in
its HRFAB mass spectrum. The "H NMR spectra of 4 are

CeFs CeFs

CeFs CeFs

rectangular conformation of hexaphyrin

found to be critically temperature dependent. Figure 1
shows the '"H NMR spectra in CD,Cl, at various tempera-
tures. At 25°C all the protons appear in a narrow range of
5-9 ppm accompanied by broad signals: d=8.55 (br), 8.24
(s), 8.12 (d, J=4.6 Hz), 7.75 (brs), 7.72 (d, J=1.6 Hz), 7.44
(d, J=4.6 Hz), 6.18 (s), 5.80 (s). These results differ substan-
tially from the previously reported meso-aryl-substituted
[26]hexaphyrins(1.1.1.1.1.1.),””) which have planar and rec-
tangular conformations with two inverted pyrroles. In the
'"HNMR spectrum of meso-pentafluorophenyl-substituted
[26]hexaphyrin(1.1.1.1.1.1.), the inner NH protons and the
inner pyrrolic CH-protons appear as a singlet at 0=
—1.98 ppm and as a doublet at § =—2.43 ppm, respectively,
whereas the outer pyrrolic CH protons are observed as two
doublets at 6=9.11 and 9.44 ppm."**) In contrast, for the
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Figure 1. 'H NMR spectra of hexaphyrin 4 at variable temperatures in
CD,Cl,.

hexaphyrin 4, there exist no sig-
nals at negative 0 values. The
signals at 0=7.75 is attributable
to the NH protons, as it disap-
pears after shaking with D,O.
As the temperature decreases
from 25°C to —50°C, the NH
protons gradually shift to the
downfield with accompanying
line sharpening. Additionally, a
new signal appears at 0=8.16
with the sharpening of signal at
around 6=48.55. This is most
likely caused by the gradual conformational fixation of 4 on
lowering temperature in the NMR time scale. Although the
data were preliminary, the single crystal X-ray diffraction
analysis of 4 displayed that two phenyl groups of 4 were
found to be located above and below the macrocycle with a
planar and rectangular conformation (Figure S3 in the Sup-
porting Information). These results are consistent with the
protons emerging at d=6.18 and 5.8, which can be assigned
to the para- and ortho-protons of the two 3,5-bis(trifluoro-
methyl)phenyl groups arising from the diatropic ring current
of the [26]hexaphyrin macrocycle. Recently, Osuka and co-
worker reported that the introduction of small aryl substitu-
ents, 2-thienyl or 3-thienyl, at both 15- and 30-positions of
meso-aryl-substituted [26]hexaphyrins(1.1.1.1.1.1.) leads to a
stable conformation with all the pyrrole nitrogens pointing

Hexaphyrin 4
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to an inward orientation.”” On the other hand, the hexa-
phyrin 4 also takes a similar conformation with all the pyr-
roles pointing to an inward orientation despite the fact that
all aryl substituents of 4 are rather bulky. These results sug-
gest the structural diversity of expanded porphyrins with in-
creasing m-conjugation pathway.

The heptaphyrin 5 displayed a parent ion at m/z=
2027.2602 (caled for CoHyF,oN; [M]*: m/z=2027.2596) in
its HRFAB mass spectrum. The '"H NMR spectrum of 5 in
CD,Cl, at 25°C exhibits two broad signals at =16.81 and
11.76 ppm arising from the NH protons, which disappear
rapidly upon the addition of D,O, seven broad signals at 6 =
10.57, 8.96, 7.09, 6.79, 6.09, 5.71, and 5.62 caused by the pe-
ripheral B-protons, and eight signals at 0 =8.57-7.39 occur-
ring from the ortho- and para-protons of the phenyl groups
(Figure S4 in the Supporting Information). The observation
suggests a rather rigid, symmetric structure with a nonaro-
matic 32m-electron system. Recently, the concept of Mobius
aromaticity that predicts aromatic nature for [4n] annulenes
lying on a twisted Mobius strip has attracted considerable
interest from the theoretical and experimental viewpoints.*”)
Kim, Osuka, and co-workers reported that heptakis(2,6-di-
chlorophenyl)-substituted [32]heptaphyrin(1.1.1.1.1.1.1.)
shows several conformers with Mobius-type aromatic char-
acter, as revealed by 'HNMR analysis at low tempera-
ture.®™ In contrast, the aromaticity of the [32]heptaphyrin 5
is not detected when the 'HNMR spectra are recorded
from 25°C to —50°C (Figure S4). This implies that the sub-
stituents of meso-phenyl groups in heptaphyrins have a
large impact on the conformation and aromaticity of hepta-
phyrins.

The previously reported meso-aryl-substituted heptaphyr-
ins are not stable in solution and undergo an N-fusion reac-
tion to form N-fused heptaphyrins.*”) Therefore, the chemis-
try of heptaphyrin(1.1.1.1.1.1.1) has been left almost unex-
plored, although the absorption spectra and the X-ray crys-
tal structures of heptaphyrins have been reported. On the
other hand, heptaphyrin 5 is stable in solution, because §
does not have halogen atoms at the 2- and 6-positions of the
meso-aryl groups, which would be susceptible to intramolec-
ular nucleophilic substitution by the nitrogen atoms of the
pyrrole moieties.

N. V. Tkachenko, H. Imahori et al.
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Figure 2. UV/Vis/NIR absorption spectra of a) 1 (——), 2 (-----), 4 (s++=+),

b)3 (—),and 5 (----- ) in toluene.

Optical Properties

The UV/Vis/NIR absorption spectra of 1-5 were measured
in toluene and CH,Cl,. The absorption spectra in toluene
are depicted in Figure 2 and the absorption maxima are
summarized in Table 1. The absorption spectrum of 1 in tol-
uene reveals an intense Soret band at 419 nm and moderate
Q bands at 512, 546, 587, and 644 nm, which are typical
characteristics of 5,10,15,20-tetraphenylporphyrins.'?) The
sapphyrin 2 possesses a split Soret-like band at 496 and
517 nm, indicative of polypyrrolic aromatic macrocycles, ac-
companied by Q bands at 634, 692, 719, and 799 nm.*” The
Soret-like band and Q bands of 2 are relatively red-shifted
than those of corroles and porphyrins. The aromatic N-fused
pentaphyrin 3 exhibits a rather broad absorption with four
peaks at 345, 477, 560, and 1032 nm. The hexaphyrin 4 dis-
plays an intense Soret-like band at 604 nm together with
moderate bands at 328 and 438 nm and weak Q-like bands

Table 1. Band maxima of absorption and fluorescence spectra,* Stokes shifts,/!) and excited-state lifetimes!*! of 1-5.

In toluene In CH,CI,
Aaps ™™ [nm] e [nm] AE e [em™] 7 [ps] Aaps ™™ [nm] g [nm] AE e [em™]
1 419,11 644 647 72 10.2 ns!! 417,11 6420 646 96
2 496,141 517,121 79901 812 200 85041011 492 181 515 [a1 795(0] 808 202
3 47711 560,121 10320 h - ~0.1t 472,181 560,121 102201 h -
4 604,21 963101 998 364 2204201 600,11 961! 994 346
5 628,12 6721 h - 0.3t 626,14 6711 h -
[a] Absorption wavelength maxima at Soret-like bands. [b] Absorption wavelength maxima at lowest energy Q-like bands. [c] Fluorescence wavelength

maxima. [d] Stokes shifts. [e] Excited-state lifetime. [f] Determined by a single photon counting method. [g] Determined by a transient absorption mea-

surement. [h] Not detected.
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at 774, 854, and 963 nm. The absorption spectrum of hepta-
phyrin 5 exhibits split intense bands at 628 and 672 nm as
well as at 407 and 486 nm. In general, the Soret-like bands
of 1-5 show a systematic red-shift with increasing size of the
conjugated macrocycles (Table 1). It is noteworthy that the
absorption band at the longest wavelength of 3 reaches into
the NIR region (1032 nm), which is considerably longer
than those of 4 and 5. A similar absorption trend is noted
for 1-5 in CH,CI, (Table 1). In CH,Cl,, we can compare
these absorption spectra with the previously reported meso-
pentafluorophenyl-substituted expanded porphyrins. The
Soret band (417 nm) and lowest energy Q band (642 nm) of
1 are red-shifted relative to those of the meso-pentafluoro-
phenyl-substituted porphyrin (Soret: 410 nm, Q: 635 nm).!
Such a trend is also seen for N-fused pentaphyrin 3. The
Soret-like bands (472, 560 nm) and lowest energy Q-like
band (1022 nm) of 3 are red-shifted compared to those of
meso-pentafluorophenyl-substituted N-fused pentaphyrin
(Soret: 461, 554 nm, Q: 992 nm).* These trends may be ra-
tionalized by the difference in the electron-withdrawing
abilities of meso-aryl groups. On the other hand, the hexa-
phyrin 4 exhibits a Soret-like band at 600 nm, which is red-
shifted relative to those of meso-pentafluorophenyl-substi-
tuted hexaphyrin, whereas the lowest energy Q-like band at
961 nm is blue-shifted in comparison with those of meso-
pentafluorophenyl-substituted hexaphyrin (1018 nm).*! Fi-
nally, the heptaphyrin 5 reveals split absorption bands at 626
and 671 nm without any low energy bands, while meso-pen-
tafluorophenyl-substituted heptaphyrin discloses similar split
absorption bands at 598 and 641 nm together with a broad,
weak band at 827 nm.?

Steady-state fluorescence spectra of 1-5 were measured in
toluene and CH,CIl,. The expanded porphyrins 3 and § did
not emit under the present experimental conditions.
Figure 3 shows the fluorescence spectra of porphyrin 1 and
the expanded porphyrins 2 and 4 in toluene excited at
510 nm, 550 nm, and 605 nm, respectively. The porphyrin 1
displays two emission bands at 647 and 715 nm, which are
typical characteristics of 5,10,15,20-tetraphenylporphyrins.!-?
The fluorescence spectrum of 2 in toluene shows two peaks
at 812 and 910 nm, while that of 4 reveals intense band at
998 nm together with weak ones at 1106, 1165, and 1210 nm
(Figure 3). The Stokes shift increases with increasing size of
the macrocycles (72 cm™! for 1, 200 cm ™' for 2, and 364 cm™!
for 4 in Table 1). The trend may reflect the conformational
flexibility with increasing size of the macrocyles. The Stokes
shift of 4 is considerably larger than that of meso-pentafluor-
ophenyl-substituted [26]hexaphyrin (94 cm ™), which has
a rather planar and rectangular conformation with two in-
verted pyrroles. Similar fluorescence behavior is noted for 1,
2, and 4 in CH,CI, (Table 1).

Electrochemical Properties

The electrochemical properties of the porphyrin 1 and ex-
panded porphyrins 2-5 were evaluated by using cyclic and
differential pulsed voltammetry. The electrochemical meas-
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Figure 3. NIR fluorescence spectra of a) 1, b) 2, and ¢) 4 in toluene. Exci-

tation wavelengths were chosen as 510 nm for 1, 550 nm for 2, and
605 nm for 4.

urements were performed in CH,Cl, containing 0.1m tetra-
n-butylammonium hexafluorophosphate (TBAPF,) as a sup-
porting electrolyte. The cyclic voltammograms are shown in
Figure 4. For the oxidations, 1, 2, and 4 exhibit quasireversi-
ble oxidation couples, but 3 and 5 reveal irreversible oxida-
tions. For the reductions, 1, 3, 4, and 5 exhibit quasireversi-
ble oxidation couples but not 2. Some of the redox processes
are irreversible and the accurate redox potentials deter-
mined by differential pulse voltammetry are listed in
Table 2. By comparing the redox potentials of TPPF*? and 1,
the porphyrin 1 is more difficult to be oxidized by 0.40 V
and easier to be reduced by 0.25 V than TPP. Except 2 and
3, with increasing size of the macrocycles, the first oxidation
potential is shifted to a negative direction, whereas the first
reduction potential is shifted to a positive direction. Overall,
the difference (A,.q.) decreases with increasing size of the
conjugated macrocycle. This implies a decrease in the elec-
trochemical HOMO-LUMO gap with increasing size of the
conjugated macrocycle. The observed red-shifts of the ab-
sorption and emission (Table 1) are consistent with this
trend. Deviation of 2 and 3 in the trend may result from the
direct connection of the two pyrrole units in 2 and the N-
fused pyrrole moiety of 3, which would influence the elec-
tronic structures of the macrocycles significantly.
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Figure 4. Cyclic voltammograms of a)l, b)2, ¢)3, d)4, and ¢)5 in
CH,CI, containing 0.1 TBAPF, with a scan rate of 0.2 Vs~

Table 2. Redox potentials (versus Fc/Fc*) obtained by differential pulse
voltammetry. !

Compounds  E’e[V]  E'wa[V]  E'w[V]  Eo[V] Ao [V]"
TPPL —1.98 —1.67 0.52 0.82 2.19
1 -1.75 —1.42 0.92 1.08 2.34
2 -1.71 -1.29 0.26 0.64 1.55
3 -1.03 —0.74 0.70 0.95 1.44
4 -1.06 —0.82 0.67 0.80 1.49
5 -1.14 —0.80 0.09 0.31 0.89
[a] in CH,Cl, using 0.1m TBAPF, as a supporting electrolyte with a

sweep rate of 0.01 Vs~ [b] A gox=E'ox—E'rea- [] See Ref. [32].

Photophysical Properties

An understanding of the excited-state properties of expand-
ed porphyrins is an important prerequisite for their possible
applications to materials and biological science and technol-
ogy. Therefore, to disclose the excited-state dynamics of a
series of expanded porphyrins, femto-to-picosecond transi-
ent absorption spectra were recorded following photoexcita-
tion at 420 nm in toluene using the pump-probe technique.

For the sapphyrin 2 in toluene, the pump-probe measure-
ments yield two components (Figure 5). The minor short-
lived component (0.2 ps) is relatively weak and close to the
time resolution of the instrument. This component may cor-
respond to an internal conversion from the higher excited
singlet state (generated by 420 nm light) to the lowest sin-
glet excited state. The major decay component (2 ns) shows
mainly a bleaching of the ground state absorption, which is
similar to conventional porphyrins. The fluorescence lifetime
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Figure 5. Transient absorption component spectra of 2 in toluene ob-
tained from a global two-exponential fit of the data. Lifetimes of the
components are given in the figures.

(ty) of 2 in toluene was measured with the time-correlated
single photon counting apparatus by using an excitation at
650 nm. The fluorescence decay was monitored at 810 nm.
The fluorescence decay is mono-exponential with a lifetime
of 850 ps (Figure S4 and Table 1). This is a more reliable
value for the lifetime of the singlet excited state of 2 than
that estimated from the pump-probe measurements (2 ns),
as the total time-scanning range of the pump-probe instru-
ment is 1 ns, and most of the molecules in the singlet excited
state relax to the triplet excited state, which is also charac-
terized by bleaching of the ground state absorption and is
not spectrally resolved on this time scale. The excited-state
dynamics of p-alkyl-substituted sapphyrin have already been
reported.’ The fluorescence lifetime of 3,8,12,13,17,22-hex-
aethyl-2,7,18,23-tetramethylsapphyrin is 4.7 ns in CH,CL,,*
which is approximately 6 times longer than that of 2. The
reason for the shorter lifetime of 2 may arise from the dif-
ference in molecular conformations, where all the nitrogens
are oriented inward in the case of the f-alkyl-substituted
sapphyrin, whereas 2 undergoes a dramatic 180° flip of the
inverted pyrrole ring (see earlier).

For the pump-probe experiments of the N-fused penta-
phyrin 3, three-exponential fitting gives rise to a reasonably
small mean-square-deviation value (Figure 6a). The fast
component (0.13 ps) is strong but too short to present a reli-
able differential spectrum corresponding to the first reaction
of the excited pentaphyrin. The following decay can be
modeled by two time-resolved components with time con-
stants of 2.2 and 14 ps. It is interesting to note that the tran-
sient spectra repeat the vibrational structure of the ground
state absorption (typical for photo bleaching) following exci-
tation, but at longer delay times, the picture is changed. As-
suming roughly 30 % excitation efficiency, one can calculate
the absorption spectrum at 1 ps delay time (Figure 6b). The
spectrum at 1 ps resembles the ground state absorption but
shows only one maximum. It seems that the N-fused penta-
phyrin 3 relaxes quickly (100-200 fs) to a state similar to the
ground state but with a disturbed conformation (i.e., a non-
relaxed vibrational subsystem).

The fluorescence lifetime (z;) of 4 in toluene was mea-
sured by an up-conversion technique for emission decay
measurements in the NIR region by using an excitation at
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Figure 6. Time-resolved spectroscopy for 3 in toluene: a) Transient ab-
sorption component spectra obtained from a global three-exponential fit
of the data. Lifetimes of the components are given in the figures. b) Nor-
malized transient absorption spectrum of 3 measured at 1 ps delay time
after excitation at 420 nm and ground state absorption spectrum of 3 for
comparison.

410 nm. However, 4 was not stable under the excitation
beam of the femtosecond laser (average excitation power:
~10 mW, excitation pulse width: ~50 fs) and degraded sig-
nificantly during the measurements. Hence, we employed
the pump-probe measurements to determine the lifetime of
the singlet excited state of 4. Transient absorptions of the
hexaphyrin 4 decay almost mono-exponentially with practi-
cally no signal in the near infrared part of the spectrum
(Figure 7a). The fast component (r=4.6ps) has a minor
contribution only, and the main decay component (r=
220 ps) shows a bleaching of the ground state band at
600 nm and formation of a broad absorption in the visible
part of the spectrum. The longer excited singlet state life-
time of 4 (=220 ps) relative to meso-hexakis(pentafluoro-
phenyl)[26]hexaphyrin (z=98 ps)?®! is attributable to the
structural difference between these molecules (see earlier).
The spectrum of the 220 ps component is most probably the
differential spectrum of the singlet excited state. Assuming
30% excitation efficiency, the absorption spectrum of the
singlet excited state can be calculated (Figure 7b).

As described in the '"H NMR studies, the previously re-
ported normal heptaphyrin(1.1.1.1.1.1.1), meso-heptakis-
(pentafluorophenyl)[32]heptaphyrin,® is thermally unsta-
ble. It undergoes an N-fusion reaction to form singly-N-
fused heptaphyrin just upon standing in solution. According-
ly, the excited-state dynamics of heptaphyrins have been ex-
amined for the first time. For the heptaphyrin 5, a three-ex-
ponential fitting yields a reasonably small mean-square-devi-
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Figure 7. Time-resolved spectroscopy for 4 in toluene: a) Transient ab-
sorption component spectra obtained from a global two-exponential fit
of the data. Lifetimes of the components are given in the figures. b) Nor-
malized transient absorption spectrum of 4 measured at 220 ps delay
time after excitation at 420 nm and ground state absorption spectrum of
4 for comparison.

ation value (Figure 8a). The dominating component is the
fast component (0.3 ps), but the 4.6 and 42 ps components
are clearly seen at longer delay times, and can be observed
separately at some wavelengths. At a 1 ps delay time, the
differential spectrum of the sample is the sum of the 4.6 and
42 ps components (cross line in Figure 8b). After 4.6 ps re-
laxation, the spectrum is changed to that of the longest-lived
component (=42 ps). It seems that the electronically excit-
ed state of heptaphyrin 5 has a very short lifetime (7=
0.3 ps) and relaxes to the ground state with a somewhat dif-
ferent configuration or conformation. This “conformational-
ly disturbed” ground state relaxes to the “normal” ground
state in two steps with time constants of 4.6 ps and 42 ps, as
schematically illustrated in Figure 9.

Conclusions

In this paper, we have described the synthesis of a series of
meso-3,5-bis(trifluoromethyl)phenyl-substituted  expanded
porphyrins in addition to 5,10,15,20-tetrakis(3,5-bis(trifluor-
methyl)phenyl)porphyrin. This TFA-catalyzed condensation
route is the first example of a one-pot pyrrole-aldehyde
condensation to a series of meso-aryl substituted expanded
porphyrins without bulky, electron-deficient substituents
both at the 2- and 6-positions of the aryl aldehyde. The spec-
tral, electrochemical, and excited state studies disclosed var-
ious interesting aspects of expanded porphyrins. The optical
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Figure 8. a) Transient absorption component spectra of 5 in toluene ob-
tained from a global three-exponential fit of the data. Lifetimes of the
components are given in the figures. b) Transient absorption component
spectra of 5 in toluene together with the spectrum obtained by adding
the 4.6 and 42 ps components.

Reaction Coordinate

Figure 9. Schematic representation of the potential energy surface and
the relaxation pathway for heptaphyrin 5.

and electrochemical measurements revealed a decrease in
the HOMO-LUMO gap with the increasing size of the con-
jugated macrocycles. In accordance with the trend, deactiva-
tion of the excited singlet state to the ground state was en-
hanced with increasing size of the conjugated macrocycles.
It is noteworthy that the thermally stable heptaphyrin shows
the unusual nonradiative decay path from the excited singlet
state to the ground state. Finally, with the availability of the
excellent synthetic methodology for expanded porphyrins,
we hope to explore their rich and fascinating chemistry in
the future.
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Experimental Section

General Procedure

Melting points were recorded on a Yanagimoto micro-melting point ap-
paratus and are not corrected. 'H NMR spectra were measured on a
JEOL EX-270 (270 MHz) or a JEOL EX-400 (400 MHz). High-resolu-
tion FAB (HRFAB) mass spectra were recorded on a JEOL JMS-
HX110 A spectrometer using 3-nitrobenzyl alcohol. Electrochemical
measurements were performed on a CH Instruments model 660 A elec-
trochemical workstation using a glassy carbon working electrode, a plati-
num wire counter electrode, and an Ag/Ag® [0.0lm AgNO,; 0.1m
nBu,NPF, (acetonitrile)] reference electrode. The potentials were cali-
brated with ferrocenium/ferrocene [E;q=+0.20 V vs Ag/Ag*]. UV/visi-
ble/near IR absorption spectra were recorded by using a Lambda 900
spectrophotometer (Perkin-Elmer, USA). NIR photoluminescence spec-
tra were recorded by using a SHIMADZU NIR-PL System.

Time-Resolved Spectroscopy Measurements

The time-correlated single photon counting method was used to study
emission decays in pico- to nanosecond time domain in the visible part of
the spectrum. The samples were excited either at 405 nm or 650 nm by
LDH-P-C-405B or LDH-P-650 laser diodes (PicoQuant GmbH), respec-
tively. The emission was detected by a micro-channel photomultiplier
(R3809U-50, Hamamatsu Inc.) coupled with a monochromator. The sig-
nals were processed by PicoHarp 300 electronic module (PicoQuant
GmbH). Typical time resolution of the instrument was 80 ps (FWHM).

Transient absorption and fast emission decays were measured by pump-
probe and up-conversion experiments, respectively, as described else-
where.* In brief, the excitation wavelength was 420 nm (second harmon-
ic of Ti:sapphire laser). A white-light continuum was used as the probe in
pump-probe measurements, and the transient spectra were recorded by a
cooled CCD detector coupled with a monochromator. The transient spec-
tra were measured in the 450-1100 nm wavelength range. The time reso-
lution was roughly 200 fs (FWHM) for both instruments, and the maxi-
mum time scan range was 1 ns.

Materials

All solvents and chemicals were of reagent-grade quality, obtained com-
mercially, and used without further purification unless otherwise noted.
Thin-layer chromatography (TLC) and flash column chromatography
were performed with 25 DC-Alufolien Aluminiumoxid 60 F254 Neutral
(Merck), and Silica gel 60N (Kanto Chemicals), respectively.

Preparation of meso-3,5-Bis(trifluoromethyl)phenyl-Substituted Expanded
Porphyrins

A solution of 3,5-bis(trifluoromethyl)benzaldehyde (0.73 g, 4 mmol) and
pyrrole (0.28 mL, 4 mmol) in CH,Cl, (200 mL) was placed in a 300 mL
round-bottom flask under nitrogen. To the solution, TFA (0.31 mL,
4 mmol) was added, and the resulting solution was stirred for 8 h. After
adding chloranil (0.98 g, 4 mmol), the solution was stirred for 3 h, then
passed through a short alumina column to remove the tar. The reaction
mixture was then separated by silica-gel column chromatography. By
using 10% CH,Cl, in hexane, five different colored fractions, that is,
green (heptaphyrin), violet (porphyrin), blue (hexaphyrin), yellow (sap-
phyrin), red (N-fused pentaphyrin) ones, were obtained. Each fraction
was concentrated, and reprecipitated from CH,Cl/MeOH to afford por-
phyrin 1 (5%), sapphyrin 2 (2%), N-fused pentaphyrin 3 (1%), hexa-
phyrin 4 (7%), and heptaphyrin 5 (6% ). Synthesis and characterization
of porphyrin 1 have already been reported.”®!

[22]Sapphyrin 2: Yellow solid (20 mg, 2% ); m.p.: >300°C; UV/Vis (tolu-
ene): An. (¢)=317 (20000), 389 (17000), 496 (190000), 517 (130000), 634
(10000), 692 (20000), 719 (15000), 799 nm (6100M 'cm™'); 'H NMR
(400 MHz, CD,Cl,, —50°C): 6=12.02 (s, 1H; NH), 10.26 (d, /J=4.4 Hz,
2H; p-H), 10.06 (s, 2H; 0-H), 9.15 (d, /J=4.4 Hz, 2H; B-H), 9.09 (d, /=
4.4Hz, 2H; $-H), 8.99 (d, J=4.4 Hz, 2H; B-H), 8.90 (s, 2H; 0-H), 8.82
(s, 2H; o-H), 843 (s, 2H; p-H), 8.17 (s, 2H; p-H), 7.71 (s, 2H; o-H),
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—1.31 (s, 2H; B-H), —2.59 ppm (s, 2H; NH); MS (HRFAB): m/z (%)
caled for CsgH,sF,,Ns: 1223.1727 [M]7; found: 1223.1724.

[22]N-fused pentaphyrin 3: Purple solid (12mg, 1%); m.p.: >300°C;
UV/Vis (toluene): A, (g)=345 (30000), 477 (58000), 560 (61000),
1032 nm (4500m~'em™"); '"HNMR (400 MHz, CD,Cl,, —50°C): 0=9.84
(s, 1H; phenyl), 9.78 (s, 2H; p-H), 9.60 (d, /=5.2 Hz, 1H; -H), 9.15 (d,
J=5.2Hz, 1H; f-H), 8.74 (m, 3H; phenyl), 8.61 (d, J=4.4 Hz, 1H; $-H),
8.57 (s, 3H; phenyl), 8.46 (d, J=4.4 Hz, 1H; p-H), 8.40 (s, 1H; phenyl),
8.39 (s, 1H; phenyl), 8.26-8.22 (m, 2H; phenyl), 8.19 (s, 1H; phenyl),
8.14 (s, 1H; phenyl), 8.04 (s, 1H; phenyl), 7.38 (s, 1 H; phenyl), 2.01 (d,
J=44Hz, 1H; -H), 1.62 (d, /=4.4Hz, 1H; f-H), 1.05 (s, 1H; NH),
—2.40 ppm (s, 1H; f-H); MS (HRFAB): m/z (%) caled for CgsH,sF3Ns:
1445.1631 [M]*; found: 1445.1620.

[26]Hexaphyrin 4: Blue solid (81 mg, 7% ); m.p.: >300°C; UV/Vis (tolu-
ene): Ay, (8)=328 (53000), 437 (29000), 604 (140000), 774 (8600), 854
(12000), 963 nm (3000m 'cm™'); '"H NMR (270 MHz, CD,Cl,, —50°C):
0=8.62 (s, 4H; o-H), 8.23 (s, 4H; p-H), 8.16 (s, 4H; o-H), 8.14 (d, /=
4.6 Hz, 4H; p-H), 7.81 (d, J=1.6 Hz, 4H; p-H), 7.49 (d, /J=4.6 Hz, 4H,
B-H), 7.25 (brs, 2H; NH), 6.06 (s, 2H; p-H), 5.50 ppm (s, 4H; o-H); MS
(HRFAB): m/z (%) caled for CHjF3Ng: 1736.2114 [M]*; found
1736.2121.

[32]Heptaphyrin 5: Green solid (70 mg, 6%); m.p.: >300°C; UV/Vis
(toluene): A, (e)=407 (63000), 486 (28000), 628 (59000), 672 nm
(69000m'ecm™); '"HNMR (400 MHz, CDCl,, 25°C): 6=16.81 (s, 2H;
NH), 11.76 (s, 2H; NH), 10.57 (s, 2H; p-H), 8.96 (s, 2H; p-H), 8.57 (s,
4H; phenyl), 826 (s, 2H; phenyl), 7.98 (s, 1H; phenyl), 7.94 (s, 2H;
phenyl), 7.79 (s, 4H; phenyl), 7.67(s, 3H; phenyl), 7.62 (s, 3H; phenyl),
7.39 (s, 2H; phenyl), 7.09 (d, J=4.4 Hz, 2H; -H), 6.79 (s, 2H; p-H), 6.09
(br s, 2H; B-H), 5.71 (brs, 2H; p-H), 5.62 ppm (brs, 2H; p-H); MS
(HRFAB): m/z (%) caled for CyHiF,N;: 2027.2596 [M]*; found:
2027.2602.
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Various Side Chains

Yuji Suzuki, Masashi Shiotsuki, Fumio Sanda,* and Toshio Masuda*!*!

Abstract: Optically active 1-methylpro-
pargyl esters bearing various substitu-
ents were polymerized with [(nbd)Rh]*
[n%-C¢HsB(C¢Hs);]”  (nbd =norborna-
diene) as a catalyst to afford the corre-

spectroscopy. Large optical rotations
and clear CD signals demonstrated
that all these polymers take on a heli-
cal structure with a predominantly one-
handed screw sense. The polymers ex-

hibited large viscosity indices in the
range 1.14-1.75. Chiral amplification
was observed in R/S copolymerization.
Conformational analysis revealed that
the polymers form a tightly twisted hel-

sponding poly(1-methylpropargyl
ester)s with moderate molecular
weights in good yields. The polymers
have a cis-stereoregular structure,
which was determined by 'HNMR

tures -
rhodium

Introduction

The helix is the most common higher-order structure of syn-
thetic polymers as well as biomacromolecules such as nucle-
ic acids!! and proteins.’! Helices are molecularly asymmet-
ric; therefore, polymers that take on a predominantly one-
handed helical structure are optically active. Helical poly-
mers exhibit interesting functions such as chirality sensing
and asymmetric catalysis. Hence, well-ordered synthetic hel-
ical polymers have been extensively studied, dating back to
the discovery of isotactic polypropylene by Natta et al.”!
Nowadays, advances in precisely controlled organic synthe-
sis have allowed us to design monomers and catalysts with
sophisticated functions. As a result, various optically active
helical polymers have been synthesized,” which include
polymethacrylates, polyisocyanates, polyisocyanides, poly-
silanes, and polyacetylenes.

Substituted polyacetylenes show unique properties such
as photo- and electroluminescence based on the conjugated
double bonds in the main chain.’! They also show high gas
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ical structure with a dihedral angle of
70° at the single bond of the main
chain.

permeability and form helices owing to the rigid backbone.
The introduction of appropriately bulky chiral substituents
onto the side chains leads them to take on a predominantly
one-handed helical structure,>® especially in the case of cis-
stereoregular substituted polyacetylenes. (S)-3-Methylpen-
tyne undergoes polymerization with an iron catalyst to give
a polyacetylene with stereogenic centers adjacent to the
main chain, which forms a predominantly one-handed heli-
cal structure in solution.”! In recent years, rhodium com-
plexes have been commonly used as catalysts for the stereo-
specific polymerization of monosubstituted acetylenes owing
to their high tolerance toward polar functional groups,
which enables the synthesis of a wide variety of helical poly-
acetylenes.™

We recently reported that a chiral 1-methylpropargyl alco-
hol undergoes rhodium-catalyzed polymerization to afford
the corresponding polyacetylene, which forms a predomi-
nantly one-handed helical structure.”! It is notable that such
a simple chiral monomer can produce a helical polymer.
Moreover, as this chiral alcohol can be easily converted into
ester derivatives, it is possible to synthesize helical polymers
with diverse side-chain functionalities. In the present study,
we synthesized poly(1-methylpropargyl ester)s with bulky
aliphatic groups (Scheme 1) and investigated the substituent
effect on the helical structure. We also introduced aromatic
groups onto the side chain not only to stabilize the helix fur-
ther by steric effect but also to confirm the helical arrange-
ment of the side chains. Finally, we examined chiral amplifi-
cation by R/S copolymerization, the conformation of the
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Scheme 1. Polymerization of 1-methylpropargyl esters 1-7.
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polymers by molecular mechanics calculations, and their
thermal stability.

Results and Discussion
Polymerization

As described in the Introduction, the polymerization of
monosubstituted acetylenes with rthodium catalysts gives the
corresponding polyacetylenes with highly cis-stereoregular
main chains."”! Thus, the polymerization of (S)-1-(S)-7 was
carried out with [(nbd)Rh]*[n’-C,HsB(C¢Hs);]~ (nbd=nor-
bornadiene) as a catalyst in the present study. As summar-
ized in Table 1, poly[(S)-1]-poly[(S)-7], which have moder-
ate molecular weights, were obtained in good yields, which
implies that the ester substituents hardly affect the polymer-
izability. All the polymers exhibited a '"H NMR signal based
on the cis-olefinic protons of the main chain, and the inte-
gration ratio of the signals confirmed that the cis contents of
the polymers were quantitative.

Table 1. Polymerization of (S)-1-(S)-7.!

Monomer Yield! [%] M, M, /M, all
(-1 651! 36400 3.09 1.14
(5)-2 88 34400 3.38 1.36
(5)-3 98 58100 2.61 1.24
(5)-4 86 81000 221 el
(8)-5 88 24300 2.10 1.75
(5)-6 90 33200 2.57 1.69
(8)-70! 91 48200 2.85 el

[a] Polymerized with [(nbd)Rh]*[n*-CsHsB(C¢Hs);]™ in THF at 30°C for
24 h. [monomer],=1.0M, [monomer]y[Rh]=100. [b] [monomer],=0.33 m.
[c] Methanol-insoluble part. [d] Hexane-insoluble part. [e] Estimated by
GPC eluted with CHCI; calibrated by polystyrene standards. [f] Deter-
mined by GPC equipped with a viscometer detector eluted with THF.
[g] Not determined owing to insolubility of the polymers in THF.
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Secondary Structure

All the polymers obtained were soluble in organic solvents
and displayed extremely large optical rotations that were
opposite in sign to those of the corresponding monomers, ir-
respective of the solvent used (Table?2). Furthermore,

Table 2. Optical rotations of (5)-1-(S)-7 and the polymers.

Monomer  [a]p [°] Polymer [a]p™ []

Toluene THF CHCl, DMF
(51 —139 +1109 +1166 +1108 +1050
(5)-2 —97 4840 600 766 e
(5)-3 ) +965  +1055 +863 e
(S)-4 —-38 +752 e +773 e
(8)-5 -31 +1067 +695 4888 + 896
(5)-6 _77 +555 646 1638 +523
(8)7 ~125 & S 450 _

[a] Measured in CHCl;, ¢=0.10 gdL"". [b] c=0.06-0.60 gdL". [c] Not
measured owing to insolubility of the polymer. DMF = N,N-dimethylform-
amide.

poly[(S)-1]-poly[(S)-6] showed intense CD signals in the ab-
sorption region of the main-chain chromophore in CHCl,
(Figure 1). The large optical rotations and CD signals can be
attributed to the helical structure of the polyacetylene main
chain with a predominantly one-handed screw sense, which
is presumably stabilized by steric repulsion between the
methyl branches adjacent to the main chain. The CD signals
of the polymers were hardly affected by the type of sol-
vent.”’ The UV/Vis absorption maxima and CD signals were
located in the longer-wavelength region in the case of poly-
mers with bulky substituents; the absorption maxima of
poly[(S)-1] and poly[(S)-6] were 310 and 330 nm, respective-
ly. When the polyacetylene main chain is twisted, the conju-

4 p—
cD poly[(S)-6]

L poly[(S)-3]
E poly[(S)-4]
T poly[(S)-5]
% poly[(S)-1]
© poly[(S)-2]
3
o
*
m =

0 =5

1 1 [ 1
T | UV / Vis .~<——— poly[(S)-3]
2 R pohi(S)2
£ poly[(S)-5]
& poly[(S)-4]
L poly[(S)1]
x O poly[(Sy6] i 1 |
300 400 500
Alnm

Figure 1. CD and UV/Vis spectra of poly[(S)-1]-poly[(S5)-6] recorded in
CHCl; at 20°C (¢=0.09-0.55 mm).
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Poly(1-methylpropargyl ester)s with Side Chains

gation length shortens to shift the absorption maximum
toward the shorter-wavelength region.!"! Therefore, it is con-
cluded that the present polymers with bulky substituents
have longer conjugation than those with less bulky substitu-
ents, and so form a loosely twisted helix.

The polymers with phenyl and naphthyl groups, poly[(S)-
5] and poly[(S)-6], displayed CD signals accompanied by a
shoulder, which are presumably derived from the helically
aligned aromatic substituents as well as the helical polyacet-
ylene backbone. Anthracene-carrying poly[(S)-7] showed
CD signals that originate from plural chromophores
(Figure 2), that is, the Cotton effects at around 330 and
260 nm are assignable to the main and side chains, respec-
tively. It is considered that the latter Cotton effect is caused

*Ico
T/°C

- 3F 0
B G 20
g 2 40
= i 55
o 1k
2 |
© B
s of T
o
*x 1
ko=

-2

3 1 1 1 1
i a3k UV / Vis
= &
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< 1Y
A »
*x 0 e ——
w 1 1 1 e | .|
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Alnm

Figure 2. CD and UV/Vis spectra of poly[(S)-7] recorded in CHCI; at var-
ious temperatures (¢ =0.057 mm).

by the exciton chilarity of helically arranged anthracene
strands in the side chain,!'” and the sense is right-handed,
because the Davydov splitting showed positive 1st and nega-
tive 2nd Cotton effects at 270 and 250 nm.!"*! The CD signal
intensity was hardly changed by raising the temperature to
55°C, which indicates that the helical structure is thermally
stable in this temperature range.

We further examined the thermal stability of the helical
conformation of the polymers. Figure 3 plots the CD signal
intensity at the wavelength of the absorption maximum
versus temperature measured in toluene. Poly[(S)-1]-
poly[(S5)-6] apparently exhibited intense Cotton effects even
at 100°C. It is concluded that the helical structure of these
polymers is thermally stable compared to those of the other
polyacetylenes reported so far; for example, poly[(S)-N-
propargyl-4-methylhexanamide] changes its conformation
randomly even at 50°C.*! The helical structure of poly[(S)-
1], which has less bulky side chains, is the most stable
among the present polymers.

Chem. Asian J. 2008, 3, 2075-2081
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Figure 3. Plots of 6, _of poly[(S)-1]-poly[(S)-6] versus temperature mea-
sured in toluene (¢ =0.09-0.94 mm).

To elucidate the heat response of the Cotton effects, we
determined the Kuhn dissymmetry factor (g=Ae/e, in which
Ae=06/3298) of the polymers. The g value gives quantitative
information associated with the degree of preferential screw
sense when the CD signal shows a profile similar to that of
the UV/Vis absorption band.' Table 3 summarizes the g
values of poly[(S)-1]-poly[(S)-7] at the wavelength of the
absorption maxima based on the main-chain chromophore

Table 3.

Values of g for poly[(S)-1]-poly[(S)-7].

Polymer gvx10° Relative ee of helix [%]
poly[(S)-1] 221 7.9

poly[(S)-2] 3.10 112

poly[(S)-3] 4.33 15.6

poly[(S)-4] 494 17.8

poly[(S)-5] 4.61 16.6

poly[(S)-6] 27.8 100.0

poly[(S)-7] 571 20.5

[a] Calculated by the equation g=Ae¢/e, measured in CHCI; at 20°C.
[b] The enantiomeric excess of poly[(S)-6] was assumed to be 100 %.

in CHCI;. All the polymers exhibited g values of the order
of 1073, The polymers with bulky side chains tended to show
large g values, which leads to the conclusion that the screw
sense of such helical polymers is relatively biased owing to
steric hindrance by the bulky side chains. Poly[(S)-6], which
bears a naphthyl group, showed the largest g value among
the present polymers. With the assumption that poly[(5)-6]
forms a completely one-handed helical structure (100 % ee),
it is estimated that the enantiomeric excesses of screw sense
of the polymers are 7.9-20.5% ee (Table 3). However, it
may not be reasonable to consider that poly[(S5)-6] forms a
perfect one-handed helical structure on account of the
nature of helical polyacetylenes. Therefore, the preferences
of screw sense of poly[(S)-1]-poly[(S)-7] seem to be lower
than those estimated. All the polymers gradually decreased
the intensities of the Cotton effects with increasing tempera-
ture (Figure 3), but they hardly changed the g values
(Figure 4). This is caused by a decrease in UV absorbance in

www.chemasianj.org 2077
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Figure 4. Plots of the g values of poly[(S)-1]-poly[(S5)-6] versus tempera-

ture measured in toluene (¢ =0.09-0.94 mm).

accordance with the decrease in Cotton effect. This result
indicates that the polymers maintain their preference of
screw sense in this temperature region.

In general, helical polymers take on a rigid rodlike main
chain at least by part, which leads to some unique solution
properties. In fact, the polymers in this study displayed ex-
tremely high viscosity indices (a) in the Mark—-Houwink-Sa-
kurada plot, =kM?*, in which # and M are the intrinsic vis-
cosity and absolute molecular weight, respectively, and k is
a constant. For example, poly(sec-octylisocyanide) displays a
large a value (1.75),® and so does poly(butylisocyanate)
(1.83),1°*) owing to its rigid helical conformation. Some sub-
stituted helical polyacetylenes also display large o values
owing to the conjugated main chain, including poly(N-prop-
argyl-n-hexanamide)  (0.98),'"1  poly(n-hexylpropiolate)
(12)," and  poly(p-phenoxycarbonylphenylacetylene)
(0.97).1%1 As summarized in Table 1, the large « values of
the present polymers (1.14-1.75, in THF at 40°C) verify the
presence of a stiff main chain, whereas that of nonhelical
poly(propargyl hexanoate), which does not have a branch
adjacent to the main chain (0.63),!% is close to the value for
glassy polystyrene (0.68). In particular, poly[(S)-5], which
bears phenyl side chains, showed the largest a value among
substituted polyacetylenes reported so far.

Chiral Amplification

Some dynamic helical polymers that consist of R/S-mono-
mer units bias the helical sense only to a small degree when
the persistence length is long enough. The one-handedness
is maintained by a slight excess of enantiomeric monomer
units. This is called the “majority rule”."” We carried out
the R/S copolymerization of 2, 3, and § with various enantio-
meric excesses (Table 4). All the copolymers obtained had
moderate molecular weights irrespective of the enantiomeric
excess. As depicted in Figure 5, the [a], and 6,,,, of the co-
polymers decreased upon lowering the enantiomeric excess,
wherein chiral amplification was observed. The degree of
amplification of poly[(R)-3-co-(S)-3] was larger than that of
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Table 4. R/S copolymerization of 2, 3, and 5.1

Monomer ee (S/R) [%]  Yield” [%] M,  M/M  [a]p 7]
2 70 73 45000 2.28 +602
2 50 65 46000 2.45 +469
2 20 65 62000 2.50 +298
2 10 74 89000 222 +66
3 70 50 62000 222 +777
3 50 57 65000 2.08 +660
3 20 53 66000  2.20 +350
3 10 36 72000 1.92 +192
3 0 52 79000 1.84 +4
5 70 91 27000 224 +782
5 50 96 33000 2.41 +624
5 40 90 37000 2.59 +498
5 30 93 33000 3.19 +346
5 20 98 38000 3.11 +259
5 10 93 59000 2.61 +103
5 0 95 45000 3.27 +5

[a] Polymerized with [(nbd)Rh]*[n®*-C¢H;B(CHs);]~ in THF at 30°C for
24 h. [monomer],=1.0M, [monomer],/[Rh]=100. [b] Methanol-insoluble
part. [c] Estimated by GPC eluted with CHCI; calibrated by polystyrene
standards. [d] Measured by polarimetry in CHCl; at room temperature,
¢=0.04-0.21 gdL™".

6 x10-*/ deg cm? dmol-'

300 400 500

1000 -
B)
800 |-
o 600 P
(7]
o
=
3 400 P
poly[(R)-5-co-(S)-5]
200 poly[(R)-2-co-(S)-2]

0 20 40 60 80 100
(SIR) %

Figure 5. A) CD spectra of poly[(R)-2-co-(S)-2] recorded in CHCI; at
20°C (c¢=0.19-0.55 mm). B) Plots of [a], versus enantiomeric excess of
poly[(R)-2-co-(S5)-2], poly[(R)-3-co-(S)-3], and poly[(R)-5-co-(S)-5].

poly[(R)-2-co-(S)-2], which indicates that the bulky fert-
butyl group is favorable for inducing the helical structure in

Chem. Asian J. 2008, 3, 2075-2081
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a manner similar to those in the previous reports.””) The a
value of poly[(S)-5] was the largest among the present poly-
mers (Table 1), but the chiral amplification observed in
poly[(R)-5-co-(S)-5] was smaller than that in poly[(R)-3-co-
(5)-3]. Hence, it is concluded that the rigidity of the main
chain is not straightforwardly related to the chiral amplifica-
tion. Compared to the case of other helical polymers such as
polyisocyanatesl and polyacetylenes!'"?*! that obey the
majority rule, the persistence length of poly(1-methyl-
propargyl ester)s seems not to be very long.”!

Conformation

As described above, it is considered that the chiral poly(1-
methylpropargyl ester)s take on a helical structure with a
predominantly one-handed screw sense. We therefore at-
tempted the molecular mechanics calculation (MMFF94[2)
of poly(1-methylpropargyl ester)s to gain knowledge on the
helical structure. We first constructed an 18-mer sequence of
(5)-1 terminated with hydrogen as the initial model, and
varied the dihedral angle at the single bonds in the main
chain from —130 to —50° (left-handed helix) and from 50 to
130° (right-handed helix) with an increment/decrement of
10°. Otherwise, all the geometries were optimized. As
shown in Figure 6, the computationally estimated dihedral

cis-transoid cis-cisoid cis-transoid
300 |-
200 =
_ Left-handed Right-handed
1
g 100
2
I
[l 2}
qool—L—1 1 11 113 )1} 1
-160 -120 -80 -40 0 40 80 120 160

¢/ deg

Figure 6. Relationship between the dihedral angle ¢ at the single bond in
the main chain of the 18-mer sequence of (S)-1 and the energy calculated
by MMFF94.

angle of the most stable 18-mer sequence was 70°, which
means that the helical structure of poly(1-methylpropargyl
ester)s is tighter than those of previously reported helical
polyacetylenes, including poly(phenylacetylene)s (147—
155°)# and poly(N-propargylamide)s (~130°).2" The
global energy minimum shows that the right-handed helix is
preferred to the left-handed by 1.5 kJmol™' per monomer
unit. Thus, it is concluded that a poly[(S)-1-methylpropargyl
ester] that exhibits a positive CD signal at 330 nm has a
right-handed tight helical structure with cis-cisoidal main-
chain geometry.
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Thermal Stability

The thermal stability of the polymers was examined by ther-
mogravimetric analysis (TGA) in air. Table 5 summarizes
the onset temperatures of weight loss (7},) of poly[(S)-1]-

Table 5. Thermal stability of poly[(S)-1]-poly[(S)-7] determined by
TGA.

Polymer T [°C)
poly[($)-1] 210
poly[(5)-2] 182
poly[(S)-3] 218
poly[(S)-4] 259
poly[(S)-5] 216
poly[(S)-6] 229
poly[(S)-7] 246

[a] Ty=onset temperature of weight loss in TGA, measured at a heating
rate of 10°Cmin~" in air.

poly[(S5)-7]. All the polymers showed two-stage weight loss
as depicted in Figure 7, in which the TGA curve of poly[(S)-
1] is illustrated as a representative. The T, value of the poly-
mers depended on the bulk of the side chains in the range

100
80
60

40

Residue weight / wt%

20

0 200 400 600 800
Ti°C
Figure 7. TGA curve of poly[(S)-1].

182-259°C. As the polymers were stable up to 180°C, it was
proved that the polymers did not decompose during the var-
iable-temperature CD measurement described above. No
glass-transition or melting temperatures were detected by
differential scanning calorimetry from room temperature to
T, in every case.

Conclusions

We have demonstrated that (S)-1-methylpropargyl esters
successfully undergo polymerization with a rhodium catalyst
to give the corresponding polymers, which have a helically
twisted polyacetylene backbone with a predominantly one-
handed screw sense in solution. It is considered that the
methyl branch adjacent to the main chain plays an impor-
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tant role for the polymers to take on a helical structure,
which is presumably stabilized by steric repulsion between
the side chains. The side chains also form helically aligned
strands, which was confirmed by the intense Cotton effect at
the absorption region of the anthracene moiety of poly[(S)-
7]. The polymers exhibited extremely large viscosity indices
in the range 1.14-1.75, thus indicating the rigidity of the
main chain. Conformational analysis revealed that poly[(S)-
1-methylpropargyl ester|s that exhibit a positive Cotton
effect at around 330 nm form a right-handed helical struc-
ture, with a dihedral angle at the single bonds in the main
chain of 70°.

Experimental Section
Measurements

Melting points (m.p.) were measured with a Yanako micromelting-point
apparatus. Specific rotations ([a]p) were measured with a JASCO DIP-
1000 digital polarimeter. IR spectra were obtained with a JASCO FTIR-
4100 spectrophotometer. NMR ('H: 400 MHz; C: 100 MHz) spectra
were recorded on a JEOL EX-400 spectrometer. Elemental analysis was
conducted at the Microanalytical Center of Kyoto University. TGA was
conducted in air with a Shimadzu TGA-50 apparatus. Number-average
molecular weights (M,) and molecular-weight distributions (M,/M,) of
the polymers were estimated by GPC (Shodex columns K803, K804,
K805) eluted with CHCl; calibrated by polystyrene standards. Viscosity
indices were determined by GPC equipped with a viscometer and right-
angle laser light-scattering detectors (Viscotek T60A) eluted with THF at
40°C. CD and UV/Vis spectra were recorded on a JASCO J-820 spectro-
polarimeter.

Materials

Unless otherwise stated, reagents were used as received, including (S)-
(—)-3-butyn-2-ol (Aldrich), (R)-(4)-3-butyn-2-ol (Aldrich), (+)-3-butyn-
2-ol (Wako), acetic acid (Wako), trimethylacetyl chloride (Wako), 1-ada-
mantanecarboxylic acid (Aldrich), benzoyl chloride (Wako), 1-naphthoyl
chloride (Wako), and 1-anthracenecarboxylic acid (TCI). Monomers (S)-
2 and (R)-2” and [(nbd)Rh]*[n’-CsHsB(CsHs);] ! were prepared ac-
cording to the literature. THF used for polymerization was distilled prior
to use.

Monomer Synthesis

Monomers (S)-1, (S)-4, and (S)-7 were synthesized from (§)-(—)-3-butyn-
2-ol and the corresponding carboxylic acids in a manner similar to the
previously reported method.”’ Monomer (S)-5 was prepared as follows:
(S)-(—)-3-butyn-2-ol (1.0 g, 14.3 mmol) and Et;N (5 mL, 68 mmol) were
added dropwise to a solution of benzoyl chloride (2.0 g, 14.3 mmol) in
CH,Cl, (100 mL) at 0°C, and the reaction mixture was kept stirring at
room temperature overnight. The mixture was washed with 2m HCI and
saturated aqueous NaHCO; and NaCl, dried over MgSO,, and concen-
trated on a rotary evaporator. The residual mass was purified by recrys-
tallization from methanol/water (10:1 v/v) to afford (S5)-5 as colorless
crystals. Monomers (S)-3 and (S)-6 were synthesized in a similar way.
(8)-1: Yield: 21 %. [a]p=—139° (¢=0.19 gdL~ in CHCL); IR (neat): 7=
3252, 2905, 2880, 2121, 1722, 1449, 1234, 1072, 1030, 735 cm™'; '"H NMR
(CDCL,): 6=1.50 (d, J=6.8 Hz, 3H, CHCH};), 2.08 (s, 3H, COCH,;), 2.48
(d, /J=2.0Hz, 1H, C=CH), 543 ppm (qd, /J=6.8Hz, J=2.0Hz, 1H,
CHCHj;); "CNMR (CDCly): 6=21.0, 59.8, 72.7, 82.0, 169.6 ppm; ele-
mental analysis: caled for C;HgO,: C 64.27, H 7.19; found: C 63.55, H
7.02.

(8)-3: Yield: 41 %. [a]p=-92.1° (¢=0.10 gdL"~ in CHCl;); IR (neat): 7=
3298, 2978, 2939, 2360, 1736, 1481, 1279, 1154, 1036, 669 cm™"'; '"H NMR
(CDCL): 0=1.21 (s, 9H, C(CHs;);), 1.49 (d, J=6.8 Hz, 3H, CHCHj), 2.42
(d, J=2.4Hz, 1H, C=CH), 540 ppm (qd, /J=6.8Hz, J=2.0Hz, 1H,
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CHCH;); BCNMR (CDCly): 6=21.0, 26.9, 38.6, 59.8, 72.5, 823,
177.3 ppm; elemental analysis: caled for C;H,O,: C 70.10, H 9.15;
found: C 70.14, H 9.08.

(5)-4: Yield: 25%. M.p.: 83.5-84.5°C; [a]p=-37.5° (¢=0.11gdL" in
CHCL); IR (KBr): #=3259, 2912, 2854, 2113, 1724, 1450, 1234, 1072,
1030, 713, 528 cm™'; 'TH NMR (CDCly): 6=1.48 (d, J=7.2 Hz, 3H, CH,),
1.72 (br, 6H, adamantyl), 1.86-1.93 (m, 3H, adamantyl), 2.12-2.22 (m,
6H, adamantyl), 2.42 (s, 1 H, C=CH), 5.41 ppm (qd, J=6.8 Hz, /=2.0 Hz,
1H, CHCH;); "CNMR (CDCly): 6=21.0, 27.8, 30.9, 36.4, 38.5, 59.4,
72.3, 82.4, 176.3 ppm; elemental analysis: caled for C;sH,0O,: C77.55,
H 8.68; found: C 77.26, H 8.52.

(S)-5: Yield: 64%. M.p.: 69.8-70.5°C; [a]p=-31.3° (¢=0.10gdL" in
CHCLy); IR (KBr): #=3251, 2985, 2939, 2117, 1712, 1273, 1107, 1030,
706 cm™'; '"H NMR (CDCl,): 6=1.64 (d, J=6.4 Hz, 3H, CHCHj), 2.49 (s,
1H, C=CH), 5.69 (q, /=6.8 Hz, 1H, CHCHj;), 7.43-7.47 (m, 2H, Ph),
7.55-7.59 (m, 1H, Ph), 8.06-8.08 ppm (m, 2H, Ph); “C NMR (CDCl):
0=21.3, 60.6, 82.2, 1284, 129.8, 133.2, 165.4 ppm; elemental analysis:
calcd for C,\H,,0,: C75.84, H 5.79; found: C 75.70, H 6.02.

(8)-6: Yield: 41%. M.p.: 94.5-95.0°C; [a]pb=-76.5° (¢=0.10gdL"™ in
CHCL,); IR (KBr): #=3255, 3051, 2981, 2935, 2114, 1709, 1238, 1134,
1088, 783, 690cm™'; 'HNMR (CDCL): 6=1.69 (d, J=4.4Hz, 3H,
CHCH,;), 2.51 (s, 1H, C=CH), 5.78 (q, J=4.4 Hz, 1H, CHCH,;), 7.45-7.56
(m, 2H, Ar), 7.58-7.64 (m, 1H, Ar), 7.84-7.89 (m, 1H, Ar), 7.99-8.04 (m,
1H, Ar), 8.14-8.24 (m, 1H, Ar), 8.90-8.95 ppm (m, 1H, Ar); *C NMR
(CDClLy): 6=21.3, 60.6, 73.1, 82.2, 124.4, 125.7, 126.2, 126.5, 127.9, 128.5,
130.5, 131.4, 133.7, 133.8, 166.3 ppm; elemental analysis: calcd for
C;sH;,0,: C 80.34, H 5.39; found: C 80.50, H 5.67.

(8)-7: Yield: 53%. M.p.: 172.0-173.0°C; [a]p=—124.8° (¢=0.10 gdL" in
CHCL); IR (KBr): #=3259, 3055, 2981, 2935, 2113, 1705, 1254, 1219,
1111, 741 cm™'; 'THNMR (CDCly): 6=1.75 (d, J=6.8 Hz, 3H, CHCH,),
2.56 (s, 1H, C=CH), 5.84 (q, /=6.6 Hz, 1H, CHCHj,), 7.46-7.50 (m, 3H,
Ar), 7.99 (s, 1H, Ar), 8.08 (s, 1H, Ar), 8.20 (d, /=8.5Hz, 1H, Ar), 8.30
(d, J=7.1 Hz, 1H, Ar), 8.47 (s, 1H, Ar), 9.62 ppm (s, 1 H, Ar); ®*C NMR
(CDCly): 6=21.4, 50.8, 60.6, 73.1, 82.3, 123.6, 125.2, 126.0, 126.1, 127.1,
127.8, 128.6, 129.1, 131.2, 131.4, 131.8, 132.8, 134.4, 166.2 ppm; elemental
analysis: calcd for C,gH,O,: C 72.49, H 9.95; found: C 72.00, H 9.70.

Polymerization

A solution of [(nbd)Rh]*[n’-C¢HsB(C¢Hs)s]™ (5.1 mg, 10 umol) in dis-
tilled THF (0.5 mL) was added to a solution of the monomer (1.0 mmol)
in distilled THF (0.5 mL) under dry nitrogen, and the resulting solution
was kept at 30°C for 24 h. The resulting mixture was poured into a large
amount of methanol to precipitate the polymer, which was separated by
filtration and dried under reduced pressure.

Poly[(S)-1]: IR (KBr): #=2985, 2935, 1739, 1373, 1242, 1072, 1041 cm™";
'"HNMR (CDCl,): 6=1.24 (br, 3H, CHCH,), 2.03 (br, 3H, COCH,),
5.63 (br, 1H,=CCH), 6.41 ppm (br, 1H, C=CH).

Poly[(S)-3]: IR (KBr): #=2975, 2934, 1726, 1481, 1282, 1158, 1073 cm™!;
"H NMR (CDCl;): 6=1.19 (br, 9H, CH(CH,)), 1.48 (br, 3H, CHCH,),
5.70 (br, 1H, =CCH), 6.45 ppm (br, 1 H, C=CH).

Poly[(S)-4]: IR (KBr): #=2908, 2854, 1724, 1454, 1234, 1072 cm!;
'HNMR (CDCl;): §=1.48 (br, 3H, CHCH,), 1.64-2.13 (m, 15H, ada-
mantyl), 3.55 (br, 1H, =CCH), 6.16 ppm (br, 1H, C=CH).

Poly[(S)-5]: IR (KBr): #=2981, 2935, 1720, 1601, 1269, 1107, 710 cm™';
'HNMR (CDCly): 6=1.14 (br, 3H, CHCHS), 5.95 (br, 1H, =CCH), 6.67
(br, 1H, C=CH), 7.19-7.22 (m, 2H, Ph), 7.30-7.34 (m, 1H, Ph), 8.03-
8.05 ppm (m, 2H, Ph).

Poly[(S)-6]: IR (KBr): #=3051, 2978, 1712, 1593, 1242, 1134, 779 cm™};
'"H NMR (CDCl;): 6 =1.22 (br, 3H, CHCH,), 6.06 (br, 1 H, =CCH), 6.84
(br, 1H, C=CH), 7.07 (br, 1H, Ar), 7.30 (br, 2H, Ar), 7.53 (br, 1H, Ar),
7.61 (br, 1H, Ar), 8.37 (br, 1H, Ar), 8.96 ppm (br, 1 H, Ar).

Poly[(S)-7]: IR (KBr): #=3051, 2978, 2931, 1709, 1616, 1257, 1219, 1111,
879, 733 cm™'; 'TH NMR (CDCl;): 6 =1.38 (br, 3H, CHCH,), 6.22 (br, 1H,
=CCH), 6.96 (br, 1H, C=CH), 7.05-7.09 (br, 3H, Ar), 7.47-7.54 (m, 3H,
Ar), 8.47 (br, 1H, Ar), 9.45 ppm (br, 1H, Ar).
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Vinylic C—H Borylation of Cyclic Vinyl Ethers with Bis(pinacolato)diboron
Catalyzed by an Iridium(I)-dtbpy Complex

Takao Kikuchi, Jun Takagi, Hironori Isou, Tatsuo Ishiyama,* and Norio Miyaura**!

Abstract: Borylation of the vinylic
C—H bond of 1,4-dioxene, 2,3-dihydro-
furan, 3,4-dihydro-2H-pyran and their
v-substituted analogs was carried out in
the presence of bis(pinacolato)diboron
(B,pin,) and a catalytic amount of Ir™
dtbpy (dtbpy=4,4'-di-tert-butyl-2,2'-bi-
pyridine) complex. The two boron
atoms in B,pin, participated in the cou-
pling, thus giving two equivalents of
the coupling product from one equiva-

at room temperature. The borylation of
2,3-dihydrofurans at 80°C in octane
suffered from low regioselectivity, and
gave a mixture of a- and B-coupling
products even for hindered vy-disubsti-
tuted analogs, but y-substituted analogs
of 3,4-dihydro-2H-pyran achieved high
a-selectivity, giving single coupling

Keywords: boron - C—H activation -
cross-coupling - iridium - regioselec-

products. This protocol was applied to
the syntheses of a key precursor of
vineomycinone B2 methyl ester and
other C-substituted p-glucals by bory-
lation of protected b-glucals with
B,pin, to give a-boryl glucal followed
by cross-coupling with haloarenes,
benzyl bromide, and allyl bromide. A
catalytic cycle that involves the oxida-
tive addition of sp* C—H bond to
iridium(III)-trisboryl intermediate as

lent of B,pin,. The borylation of 1,4-di-

) : ) tivity
oxene in hexane resulted in 81 % yield

Introduction

Organoboron derivatives are an important class of com-
pounds that have been utilized as synthetic intermediates,
functional molecules, functional polymers, '°B carriers for
neutron capture therapy, and biologically active com-
pounds.!! Traditional methods for their synthesis are based
on the reactions of trialkylborates with organo-lithium or
-magnesium compounds with B(OR),.”! Pd-catalyzed cross-
coupling of aryl and vinyl halides or allyl acetates with bis-
(pinacolato)diboron (B,pin,)® or pinacolborane (HBpin,
pin=0,C,Me, )" is a milder variant for most of the func-
tional groups. Transition metal-catalyzed C—H borylation of
alkanes and arenes with HBpin or B,pin,, studied extensive-
ly by Hartwig,”! Marder,’®! and Smith,” is highly attractive
as a direct, economical, and environmentally benign process
to synthesize organoboronic esters without using any halo-

[a] T. Kikuchi, Dr. J. Takagi, H. Isou, Prof. Dr. T. Ishiyama,

Dr. N. Miyaura

Division of Chemical Process Engineering

Graduate School of Engineering

Hokkaido University

N13WS8, Sapporo 060-8628 (Japan)

Fax: (+81)11-706-6562

E-mail: ishiyama@eng.hokudai.ac.jp
miyaura@eng.hokudai.ac.jp

WILEY .
nterScience®

2082

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

the rate-determining step has been pro-
posed.

genated starting materials. Among the catalysts developed
to date, we have demonstrated the efficiency of an [Ir-
(OMe)(cod)],-dtbpy  (dtbpy =4,4"-di-tert-butyl-2,2'-bipyri-
dine) catalyst which allowed stoichiometric borylation of
arenes at room temperature® ! and silylation of arenes at
120°C.["” However, a simple extension of this protocol to vi-
nylic C—H borylation of typical alkenes resulted in the for-
mation of a complex mixture of boron compounds.™ The
reaction of rhodium(I) or iridium(I) complexes ([M]-X')
with catecholborane (HBcat), HBpin, or B,pin, yields sever-
al species that are effective for catalyzed hydroboration of
alkenes and alkynes (2, X=H),'¥ dehydrogenative coupling
with alkenes to give (E)-1-alkenylborates (3),' diboration
of alkenes and alkynes (2, X=B <),¥and C—H borylation
of arenes (4)°*! [Eq. (1)]. Thus, the difficulty in achieving
selective C—H coupling for alkenes can be attributed to the
high ability of typical alkenes for insertion into 2 and 3 prior
to the formation of a trisboryl species (4) required for C—H
activation. Electron-rich alkenes such as vinyl ethers, which
are slow towards insertion, can be used as substrates that
allow selective vinylic borylation. Although simple vinyl
ethers such as butyl vinyl ether resulted in around 30% of
(E)-BuOCH=CHBpin along with several boron-containing
byproducts, cyclic vinyl ethers were found to be the best
substrates for achieving selective coupling at the sp* C—H
bond.['"!
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where X =H, B <; X'=halogen, OR, alkyl; M=Rh/, Ir".

Borylation of the vinylic C—H bond of five- and six-mem-
bered cyclic vinyl ethers such as 1,4-dioxene, 2,3-dihydrofur-
ans, and 3,4-dihydro-2H-pyrans (5) with B,pin, and HBpin
selectively occurred at the vinylic C—H bond in the presence
of an iridium(I)-dtbpy catalyst which gave the best results in
aromatic borylation and silylation [Eq. (2)]."¥ The two
boron atoms in B,pin, participated in the coupling, thus al-
lowing the formation of two equivalents of 1-alkenylboro-
nates (6) from one molar amount of B,pin,. Indeed, HBpin
was also effective for borylation of 5, though B,pin, resulted
in much higher yields than those of HBpin. In this paper,
we report the effect of the catalysts, scope and limitation,
and synthetic applications as well as the mechanism of the
catalytic cycle.

B,pin, or HBpin

[Ir(OMe)(cod)],/2dtbpy
hexane, 25-80 °C

0
l(lx: j\B\/O‘t @)
o
6

5 X= 0, CH, CHR, CR?
n=0,1
O\ /O /O
B-B, H-B{
o o o]
Bypiny HBpin

Results and Discussion
Reaction Conditions

For optimizing the conditions, the reaction between two
equivalents of 1,4-dioxene (6a) and B,pin, was carried out
in hexane for 8 h at 25°C (Table 1, [Eq. (3)]). The halide
(entry 1) and cationic iridium(I) complex (entry 3) did not
catalyze the reaction at room temperature, but an iridium(I)
complex possessing a methoxy ligand facilitated completion
of the reaction within 8 h to provide 6a as the sole product
(entry 2). The high catalyst efficiency of an (alkoxo)iridium
complex even at room temperature can be attributed to its
more facile conversion into a mono(boryl)iridium complex
(3), which is the precursor of the tris(boryl)iridium(III) com-

Abstract in Japanese:

AU LY AD-dbpy B EFE FTER (BFaF—k) YRurzfns

14-UA X, 23-VE K752, 34-Uk FE2H-E' T VB LUZE Oy
BRFBEAEO = VC-HEB DR VHELEIT>7e. BRIZBIT514-VAFED
BT RIS %I R THEIT Ui, —F, 80°CItB 5Pk Fu 75 ook y#H it
a-BEOP-H v 7V V% 5 AL EBREICRIT A8, y-B®YE Freo v
BRI o v ) TR E XD, RIEED-I VI —A DR U FELE ZRITE <
IRABy TV TRISCER L, ERAvA V) v AF VAT VORKEBEE
AR LI, Ein, FUROHEEERM T’ C-HEER R U R (RUA) AU P h
(D) FREICBR LA L CET T AR 2 V2 RE L,
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Table 1. Effect of catalysts on C-H borylation of 1,4-dioxene.l!

0 [ 0 0
7 B,pin, \ 4(
2 Q Ir' catalyst B /J )
0 o (o]
6a

hexane,RT, 8 h

5a
X X 4 X 3 3 X, 7a: 3,3-Me,
— J IVI- _ Tb:44'Me,
7\ N 5£ \ 4_/>5 7c: 5,5'-Me,
=N N e N N—%  7d:66-Me,
bpy: X=H 7e: 4,4'-(OMe),
dtbpy: X=tBu 7. 4,4-Cl,
79: 4,4-(NO,),
Entry Ir complex Ligand Yield [%]™
1 [Ir(Cl)(cod)], dtbpy 0
2 [Ir(OMe)(cod)], dtbpy 81
3 [Ir(cod),|BF, dtbpy 0
4 [Ir(OMe)(cod)], bpy 50
5 [Ir(OMe)(cod)], 7a 0
6 [Ir(OMe)(cod)], 7b 75
8 [Ir(OMe)(cod)], Te 55
9 [Ir(OMe)(cod)], 7d 0
10 [Ir(OMe)(cod)], Te 71
11 [Ir(OMe)(cod)], 7f 0
12 [Ir(OMe)(cod)], 7g 0
13t [Ir(OMe)(cod)], dtbpy 69

[a] A mixture of B,pin, (1 mmol), 1,4-dioxene (2 mmol), iridium complex
(0.015 mmol, 3 mol%), and ligand (0.03 mmol, 3 mol%) in hexane
(6 mL) was stirred for 8 h at 25°C. [b] GC yields based on two boron
atoms in B,pin,. [c] HBpin (1 mmol) was used in place of B,pin,.

plex (4) by oxidative addition of B,pin,. Among the bipyri-
dine derivatives employed, dtbpy was a better ligand than
unsubstituted bpy because of its high solubility in hydrocar-
bons (entries 2 and 4). 3,3-Dimethylbipyridine (7a), which
features a twist between the two pyridyl units, was not effec-
tive (entry 5), and a 6,6'-dimethyl derivative (7d) did not
promote the reaction at all because of the increased steric
hindrance around the iridium metal center (entry9). The
electronic effect showed the superiority of the electron-rich
bipyridines containing methyl, methoxy or fert-butyl groups
at 4,4'-positions (entries 2, 6, and 10) compared to the elec-
tron-withdrawing groups (entries 11 and 12), which indicates
the enhanced ability of an electron-rich catalyst for C—H ox-
idative addition.'®! On the other hand, the formation of 6a
in 69% yield with HBpin suggested that both B,pin, and
HBpin participate in the catalytic cycle.

Scope and Limitation

The reactions of cyclic monoethers such as 2,3-dihydrofur-
ans and 3,4-dihydro-2H-pyrans were significantly slower
than 1,4-dioxene activated by two oxygen atoms. Thus, those
reactions were carried out in octane at 80°C using 3 equiva-
lents of substrates (5) in the presence of one equivalent of
B,pin, or 1.5 equivalents of HBpin (Table 2). The borylation
of dihydrofurans suffered from low regioselectivity, and
gave a mixture of a- and B-coupling products even for y-dis-
ubstituted 5d (entries 1-3). The six-membered dihydropyr-
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ans were much more sensitive to steric hindrance of the sub-
stituents than the five-membered rings. Although unsubsti-
tuted dihydropyran resulted in a 75:25 selectivity, mono-sub-
stitution at the y-carbon achieved a perfect a-selectivity (en-
tries 4-7). Two models are shown in Equation 4. To avoid
steric interaction of the axial R" and H, in the upper face of
dihydropyrans, the double bond will coordinate from its
down face to the iridium metal center in which a-carbon is
less hindered than the (-carbon because of the presence of
C(5)—H, (9). On the other hand, steric interference at the a-
and P-carbons is very small even for disubstituted dihydro-
furans when the double bond coordinates from the less-hin-
dered upper face (8). Thus, all attempts to improve the re-
gioselectivity of 4-butyl-2,3-dihydrofuran (5¢) by steric hin-
drance of bpy analogs were unsuccessful. The use of 1,10-
phenathroline ligands possessing 2-methyl, 2-isopropyl, 2-
tert-butyl, 2,9-dimethyl and 2,9-diisopropyl groups resulted
in 61-85 % a-selectivity for Se.

H
o, , i
R 1 Jsge
| He Rg? )
o 1 |
R Ha qin
8 9

where R=alkyl; R'=H or alkyl.

Table 2. C—H borylation of cyclic vinyl ethers [Eq. (2)].1

T. Ishiyama, N. Miyaura et al.

Thus, D-glucals protected by three silyl ethers (5i and 5j),
a silyl ether and an acetone acetal (5k), and cyclic silyl
ether (51), selectively afforded a-coupling products in high
yields (entries 8-11). The reactions were carried out for 16 h
at 80°C because of the slow coupling of the greatly hindered
glucals. The three substituents, namely at the 3-, 4-, and 5-
carbon, will occupy all equatorial positions and thus, the
model giving a-coupling products could be the same as that
of 9.

Synthetic Use

1-Alkenylboron compounds are of great value as reagents
for the syntheses of biologically active compounds through
C—C bond-forming reactions such as cross-coupling reac-
tion™ and conjugate addition reactions.”” Pinacol esters of
typical 1-alkenylboronic acids are stable for isolation by
chromatography on silica gel; however, o-boryl ether (6a)
obtained from 1,4-dioxene was very sensitive to hydrolytic
protodeboronation. Thus, in situ preparation of 6a was di-
rectly followed by cross-coupling reactions with organic hal-
ides without isolation of 6a [Eq. (5)]. Diene 10, the starting
material previously used for the synthesis of the C1—C7
fragment of forskolin,”!! was obtained by a one-pot, two-
step reaction when borylation of 14-dioxene (entry?2 in
Table 1) was directly followed by the cross-coupling reac-
tion. The preparation of 1.5 equivalents of 6a toward vinyl

triflate resulted in 64 % yield

because of competitive C—B

bond cleavage, but the use of

Entry Cyclic vinyl ether Product No.

Yield [% ]! (a/B)

- two equivalents of 6a finally
Yield [%]* (a/B)

Cd
1 o 5b 6b

achieved 86 % yield of 10.
C-Glucals are an important

75 (49:51)

class of compounds because of
2 Bu—@) 5¢ 6c 71 (86:14) the frequent occurrence of
Me these fr:;lzggents in natural
5 R sd 6d 73 (95:5) products.2%l A key skeleton
4-CIPh (13) used as a precursor of vi-
. CO se co 64 (7525) 36 (6931) meomycinone B2 methyl
' : ester™ was synthesized in
— ] ] 83% vyield when the prepara-
> Me@@ St of 61(100:0) 30 (100:0) tion of 1.1 equivalents of 12
Me, /= was directly followed by cross-
6 Me><:/\o Sg 6g 65 (100:0) coupling reaction [Eq. (6)].
— The syntheses of other C-aryl,
7 C@O 5h 6h 81 (100:0) 55 (100:0) C-benzyl, and C-allyl glucals
also took place smoothly for 2-
ro-< o methylbromobenzene (81%),
8ld! 5i: R, R, R*=TBS  6i 72 (100:0) 4-bromoanisole (87%), 2-bro-
R20  —OR® mothiophene (87 %), 1-bromo-
oLl 5j: R, R, R*=TIPS  6j 80 (100:0) cyclohexene (82%), benzyl
101 ;‘;111;‘ =gﬁ’52 6k 74 (100:0) bromide (85%), and allyl bro-

1 51, R'— TIPS 61 80 (100:0) 61 (100:0) mide (78 %).

R?, R*=Si(Bu),

[a] A mixture of vinyl ether (3 mmol), [Ir(OMe)(cod)], (0.015 mmol, 3 mol %), dtbpy (0.03 mmol, 3 mol %)
and B,pin, (1 mmol) or HBpin (1.5 mmol) in octane (6 mL) was stirred at 80°C for 8 h in a sealed tube.
[b] GC yields based on two boron atoms in B,pin,. [c] GC yields based on HBpin. [d] For 16 h.
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Vinylic Borylation Catalyzed by Iridium Complex

O [Ir(OMe)(cod)] PdCl,(dppf)
10, 86%

dtbpy KsPO,

hexane DMF, 60 °C
25°C,8h 45

)

OTBS OTBS
B,pin o}
/) -oTBS ———— 8— ) -OTBS
o} [Ir(OMe)(cod)] o 0
Me dtlipy Me
octane,
1" 80°C, 16 h 12
O OMOM OTBS
Al )
MOMO -OTBS
[PACL(PPh,),]
KsPO, 13,83%  Me
dioxane
80°C, 8 h

©)

vineomycine B2 methyl ester

where Arl=2-iodo-1,5-bis(methoxymethoxy)anthracene.

Catalytic Cycle

It is well-known that the catalytic cycle of C—H borylation
of alkanes and arenes involve oxidative addition of a C—H
bond to (boryl)metal species such as 4, obtained from [M]-
X' and HBpin or B,pin, [Eq. (1)]. The synthesis, characteri-
zation, bonding, and reactivity of these catalytically impor-
tant species have been reviewed. There have also been ex-
tensive theoretical studies on the M—B bond and its role in
catalytic cycles.”™ The formation of monoboryl and trisboryl
rhodium and iridium complexes (2, 3) from interaction be-
tween [Ir(n’-CyH;)(cod)] and HBpin or catecholborane,
or [Rh(Me)(PMe;);] and B,pin,*! was first reported by
Marder. Among these iridium(I) and iridium(III) com-
plexes, fac-[Ir(Bpin);(PMe;);] was proposed by Smith as the
active component involved in the catalytic cycle of C-H
borylation, though both [Ir(Bpin)(PMes),] and fac-[Ir(Bpin);
(PMe;);] undergo borylation of benzene at room tempera-
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ture.¥ Mechanistic studies by Hartwig have also shown that
such an Ir'™-tris(boryl) complex is an active component in
the catalytic cycle.® "H NMR spectroscopy for the reaction
of B,pin, in benzene at a high catalyst loading of 1/2[IrCl-
(cod)],/dtbpy showed the formation of a dtbpy-ligated tris-
(boryD)Ir™ complex, which was finally isolated and charac-
terized by X-ray analysis. Thus, iridium(III)-tris(boryl) com-
plexes (3) have been shown to be chemically and kinetically
competent as an intermediate involved in the catalytic pro-
cess, which was fully supported by the theoretical calculation
of Sakaki.®!

A proposed catalytic cycle analogous to that of aliphatic
and aromatic C—H borylation’*3! is shown in Scheme 1. A

HBpin

Bpln Bpi
. N. .-Bpin
_~Bpin ( T
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H Bpin 15
14 H,
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6e
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16

Scheme 1. Proposed catalytic cycle.

tris(boryl)Ir™ intermediate (15) can be first produced by ox-
idative addition of B,pin, to Ir(Bpin)(dtbpy) generated by
oxidative addition/reductive elimination between B,pin, and
Ir(OMe)(dtbpy). [Ir(OMe)(cod)], is a better precursor than
[IrCl(cod)],, since it smoothly yields Ir(Bpin)(dtbpy) at
room temperature because of the higher bond energy of the
resulting B—O bond than that of the B—Cl bond. Thus, the
catalyst activity parallels the order of basic strength of the
anionic ligand on the iridium(I) precursor: MeO >HO >
PhO > AcO > CL.[*I Oxidative addition of a vinyl ether, such
as dihydropyran (5e), yields an Ir¥ species (16) that reduc-
tively eliminates a vinylboronate (6e). Oxidative addition of
B,pin, to 17 can be followed by reductive elimination of
HBpin to regenerate 15. The resulting HBpin may partici-
pate in the catalytic cycle through a sequence of oxidative
addition to 17 and reductive elimination of 15 and H, from
an 18-electron IrY intermediate (18). Along this catalytic
cycle, electron donation to the metal center by two nitrogen
atoms of a bipyridine ligand, as well as small steric hin-
drance by a planar bipyridine ligand, three Bpin rings, and
an sp’> C—H bond of 5, can be crucial for the formation of
such sterically hindered hepta-coordinated Ir¥ intermediates
(16) under mild conditions.®
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Competitive reactions of an equimolar amount of 5g (X=
H, D) and 5f suggested the rate-determining role of C—H
oxidative addition among the four processes involved in the
catalytic cycle [Eq.(7)]. The isotope effect, determined
from the yields of 5g (X=H) and 5g (X=D), was 3.2,
which is similar to the value of 3.6 previously observed in ar-
omatic C—H borylation.®? The reaction rate is first-order
toward alkene substrates. There was a linear dependency be-
tween the concentration of 5g and the yield of 6g [Eq. (8)].

pinB /
o (0]
59 B.pin, 6g

[I(OMe)(cod), * @
pinB /
o)

2dtbpy, octane
5f 6f

80°C, 8 h
Kuo= 3.2 H= H 6g/6f=44/41
X=D 6g/6f=20/60

B,pin,
59 ————— 6g (8)
[Ir(OMe)(cod)] .
2dtbp: octane2 Sg/Bypin, = 3 (16%)
Y, octal 5g/B,pin, = 6 (33%)
80 °C, 10 min

59/B,pin, = 12 (62%)

Another probable catalytic cycle is a sequence that pro-
ceeds through insertion of [Ir]-B species (3) to the C=C fol-
lowed by B-hydride elimination. This cycle, which is analo-
gous to Heck coupling, has been used for rhodium-catalyzed
borylation of alkenes!" with HBpin or HBcat [Eq. (9)].
However, this route should be ruled out because of the pres-
ence of isotropic effect for 5g and no formation of 20 for Se

[Eq. 9)].

/
[M]-B H
\ ! IV
2 (i -[M]-H
() (1 —C ®
o o B~ o B
H |

5e 19 20

Conclusions

In conclusion, we have demonstrated that one-step boryla-
tion of a vinylic C—H bond provides simple access to a-
boryl cyclic vinyl ethers including a-boryl glucals, which
have traditionally been prepared by transmetalation be-
tween lithium reagents and trialkyl borates.! Because of
the simple experimental procedure under mild conditions,
extension of this protocol to other substrates will be the
topic of further accounts from this laboratory.
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Experimental Section

General Methods

All the experiments were carried out under nitrogen atmosphere. 'H and
BC NMR spectra were recorded as a CDC, solution on a JEOL EX-400
spectrometer (400 or 100 MHz) and Me,Si or residual protiated solvent
was used as the internal standard. High-resolution mass spectra were re-
corded on a JEOL JMS-DX303 spectrometer. GC analysis was per-
formed on a Hitachi G-3500 instrument equipped with a glass column
(OV-101 on Uniport B, 2 m).

Materials

Methoxo-1,5-cyclooctadiene iridium(I) dimer, chloro-1,5-cycloocta-
diene iridium(I) dimer,?®! bis(1,5-cyclooctadiene) iridium(I) tetrafluoro-
borate,®! dichloro [1,1’-bis(diphenylphosphino)ferrocene] palladium,?!
and dichloro bis(triphenylphosphine) palladium®! were prepared by the
literature procedure. The preparation of bis(pinacolato)diboron®* and
pinacolborane”®™® were reported previously. 2,2"-Bipyridine, 4,4'-dimethyl-
2,2'-bipyridine, 5,5'-dimethyl-2,2"-bipyridine, 6,6'-dimethyl-2,2"-bipyridine,
4,4'-di-tert-butyl-2,2"-bipyridine, and 2,9-dimethylphenanthroline were
commercially available. 3,3'-Dimethyl-2,2"-bipyridine,**! 4,4'-dimethoxy-
2,2-bipyridine,*?! 4.4'-dichloro-2,2'-bipyridine,**! 4,4'-dinitro-2.,2"-bipyri-
dine,*>! 2-methyl-1,10-phenanthroline,®*!!  2-isopropyl-1,10-phenanthro-
line,*2!! 2-tert-butyl-1,10-phenanthroline,™! and 2,9-diisopropyl-1,10-phe-
nanthroline!® were prepared by the literature procedure. Hexane,
octane, and dioxane were distilled from sodium, and DMF was distilled
from molecular sieves before use. 2-methylbromobenzene, 4-bromoani-
sole, 2-bromothiophen, benzyl bromide, and allyl bromide were commer-
cially available. 1-bromocylohexene,* vinyltriflate,**®! and aryliodide/®*!
were prepared by the literature procedure.l,4-Dioxene, dihydropyran,
and dihydrofuran were commercially available. Noncommercially avail-
able vinyl ethers®! and p-glucals®! were prepared according to literature
procedure.

General Procedure for Reaction using Nitrogen Bubbler

A 25 mL-flask equipped with a magnetic stirring bar, a septum inlet, and
a condenser connected to a nitrogen bubbler was charged with [Ir(OMe)-
(cod)], (3 mol %, 0.015 mmol), dtbpy (3 mol %, 0.030 mmol), and B,pin,
(1.0 mmol) and then flushed with nitrogen. Hexane or octane (6 mL) and
substrate (2.0-3.0 mmol) were added, and the mixture was stirred at
80°C (25°C for 5a) for 8-16 h. The product was isolated by kugelrohr
distillation to give an analytically pure sample.

The following vinylboranes were prepared by the above general proce-
dure.

6a: 5-(4,45,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-1,4-diox-
ine: '"HNMR (400 MHz, CDCL): 6=6.57 (s, 1H), 4.13-4.10 (m, 2H),
4.07-4.04 (m, 2H), 1.28 ppm (s, 12H); ®C NMR (100 MHz, CDCL,): 6=
138.73, 83.74, 65.06, 63.95, 24.60 ppm; MS (EI): m/z (%): 212(100) [M]*,
169(17), 126(13); HRMS (EI): m/z caled for [C,H;;BO,]: 212.1220;
found: 212.1223.

6i: 1,5-Anhydro-2-deoxy-3,4,6-tris-O-[(1,1-dimethylethyl)dimethylsilyl]-1-
C-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-p-arabino-hex-1-enitol:
'"HNMR (400 MHz, CDCL): 0=5.46 (dd, J=43Hz, J=1.6Hz, 1H),
4.07-4.01 (m, 1H), 3.89-3.83 (m, 3H), 3.77 (dd, J=11.1 Hz, J=5.0 Hz,
1H), 1.27 (s, 12H), 0.879 (s, 9H), 0.873 (s, 9H), 0.857 (s, 9H), 0.0841 (s,
3H), 0.0753 (s, 3H), 0.0676 (s, 3H), 0.0637 (s, 3H), 0.044 (s, 3H),
0.0170 ppm (s, 3H); "CNMR (100 MHz, CDCLy): 6=114.69, 84.03,
79.10, 69.62, 66.38, 61.06, 26.00, 25.88, 24.75, 24.63, 18.34, 18.08, 18.02,
—4.25, —4.40, —4.45, —4.64, —5.21, —5.25 ppm; MS (EI): m/z (%): 599-
(0.3) [M—CHs;]*, 557(5), 501(2), 425(3), 337(3), 301(22), 171(24), 147(21),
73(100); HRMS (FAB): m/z caled for [C;HgBOGSi;+Nal: 637.3923;
found: 637.3929.

6j: 1,5-Anhydro-2-deoxy-3,4,6-tris-O-(triisopropylsilyl)-1-C-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)-p-arabino-hex-1-enitol: '"H NMR
(400 MHz, CDCLy): 6=5.58 (dd, J=5.4Hz, J=1.7Hz, 1H), 4.31 (ddd,
J=13Hz, J=73Hz, J=1.7Hz, 1H), 413 (d, /J=1.7Hz, 1H), 3.95 (dd,
J=83Hz, J=83Hz, 1H), 3.94 (d, J=7.3 Hz, 1H), 3.86 (dd, /=10.7 Hz,
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J=5.6Hz, 1H), 1.27 (s, 6H), 1.25 (s, 6H), 1.10-1.00 ppm (m, 63H);
BC NMR (100 MHz, CDCl,): 6=113.85, 83.93, 79.57, 69.71, 64.93, 61.58,
24.88, 14.17, 18.18, 18.10, 18.09, 18.05, 12.51, 12.37, 11.97 ppm; HRMS
(FAB): m/z caled for [C3Hg BO4Si; + Na]: 763.5332; found: 763.5323.

6k: 1,5-Anhydro-2-deoxy-3-O-(triisopropylsilyl)-4,6-O-(1-methylethyli-
dene)-1-C-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-p-arabino-hex-1-
enitol: '"H NMR (400 MHz, CDCl,): 6 =5.45 (d, J=2.0 Hz, 1H), 4.43 (dd,
J=73Hz, J=19Hz, 1H), 4.02 (dd, J=11.4Hz, /=59 Hz, 1H), 3.87
(dd, J=11.4 Hz, /=10.2 Hz, 1H), 3.81 (dd, /=103 Hz, J=7.8 Hz, 1H),
3.67 (ddd, /=108 Hz, J=10.2 Hz, /=59 Hz, 1H), 1.48 (s, 3H), 1.38 (s,
3H), 127 (s, 12H), 1.14-1.06 ppm (m, 21H); “CNMR (100 MHz,
CDCly): 6=119.55, 99.33, 84.36, 72.89, 69.76, 68.30, 62.01, 28.96, 24.68,
24.66, 18.87, 18.06, 17.99, 1233 ppm; MS (EI): miz (%): 453(2)
[M—CH;]*, 425(76), 367(74), 311(53), 239(28), 155(27), 101(27), 83(100);
HRMS (FAB): m/z caled for [C,,H,;sBO(Si+Na]: 491.2976; found:
491.2992.

61: 1,5-Anhydro-2-deoxy-3-O-(triisopropylsilyl)-4,6-O-[bis(1,1-dimethyl-
ethyl)silylene] -1-C-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-p-arabi-
no-hex-1-enitol: "H NMR (400 MHz, CDCl,): 6 =5.45 (d, J=2.2 Hz, 1H),
442 (dd, J=7.1Hz, J=22Hz, 1H), 426 (dd, /J=10.4 Hz, J=4.9 Hz,
1H), 4.00 (dd, /=10.5Hz, /=104 Hz, 1H), 3.99 (dd, /=104 Hz, J=
7.1Hz, 1H), 3.77 (ddd, /=103, /=102 Hz, /=48 Hz, 1H), 1.26 (s,
12H), 1.15-1.08 (m, 21H), 1.04 (s, 9H), 0.97 ppm (s, 9H); “C NMR
(100 MHz, CDCly): 0=119.26, 84.27, 77.20, 72.86, 71.29, 66.23, 27.41,
26.90, 24.67, 24.61, 22.71, 19.80, 18.20, 18.17, 12.49 ppm; MS (EI): m/z
(%): 568(0.1) [M]*, 525(2), 355(6), 317(4), 207(100); HRMS (EI): m/z
calced for [C,0Hs,BOgSi,]: 568.3787; found: 568.3798.
12:1,5-anhydro-2,6-dideoxy-3,4-bis-O-[(1,1-dimethylethyl)dimethylsilyl]-
1-C-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-p-arabino-hex-1-enitol:
"H NMR (400 MHz, CDCl,;): §=5.43 (d, J=2.9 Hz, 1H), 4.10 (ddd, J=
5.4 Hz, J=34Hz, J=1.0Hz, 1H), 3.88 (dq, /J=6.8 Hz, J=6.3 Hz, 1H),
3.53 (dd, /=73 Hz, J=54Hz, 1H), 1.32 (d, J=6.8 Hz, 3H), 1.28 (s,
6H), 1.27 (s, 6H), 0.91 (s, 9H), 0.88 (s, 9H), 0.12 (s, 3H), 0.096 (s, 3H),
0.094 (s, 3H), 0.073ppm (s, 3H); *CNMR (100 MHz, CDCl,): 6=
117.12, 84.12, 75.03, 74.74, 70.19, 26.12, 25.98, 24.83, 24.54, 18.20, 18.07,
17.32, —3.58, —3.77, —4.09, —4.19 ppm; MS (EI): m/z (%): 484(0.3) [M]*,
427(54), 313(100), 255(24), 159(20), 147(18.4), 115(33); HRMS (EI): m/z
caled for [C,,H4oBOsSi,]: 484.3211; found: 484.3224.

General Procedure for Reaction using Resealable Schlenk Tube

A resealable Schlenk tube containing [Ir(OMe)(cod)], (3 mol%,
0.015 mmol), dtbpy (3 mol%, 0.030 mmol), and B,pin, (1.0 mmol) was
flushed with nitrogen and then charged with octane (6 mL) and substrate
(3.0 mmol). The tube was sealed with a Teflon screwcap, and the mixture
was stirred at 80°C for 8 h. The product was isolated by kugelrohr distil-
lation to give an analytically pure sample.

The following vinylboranes were prepared by the above general proce-
dure.

6b: 5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-furan:
'"HNMR (400 MHz, CDCl;): (a-boryl isomer) 6=5.73 (t, J=2.9 Hz,
1H), 432 (t, J=9.8Hz, 2H), 2.65 (dt, J=10.2Hz, J=2.9 Hz, 2H),
1.29 ppm (s, 12H); (S-boryl isomer) 6=6.84 (t, J=1.9 Hz, 1H), 4.36 (t,
J=9.5Hz, 2H), 2.68 (dt, J=9.8 Hz, J=2.0 Hz, 2H), 1.26 ppm (s, 12H);
BCNMR (100 MHz, CDCly): (a-boryl isomer) d=116.55, 84.16, 69.89,
30.85, 24.73 ppm; (B-boryl isomer) 6=158.40, 82.87, 71.54, 30.10,
24.73 ppm. MS (EI): (a-boryl isomer) m/z (%): 196(100) [M]*, 181(21),
151(22), 123(21), 110(16); (B-boryl isomer) m/z (%): 196(100) [M]*,
181(35), 139(29), 123(17), 96(32); HRMS (EI): m/z caled for
[C(H,,BO;]: 196.1271; found: 196.1273.

6¢:  3-Butyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-
furan: '"HNMR (400 MHz, CDCL): (a-boryl isomer) 0=5.71 (d, J=
2.68 Hz, 1H), 4.36 (dd, J=10.0 Hz, /=9.0 Hz, 1H), 3.93 (dd, /=8.8 Hz,
J=73Hz, 1H), 3.01-2.91 (m, 1H), 1.46-1.31 (m, 6H), 1.28 (s, 12H),
0.87 ppm (t, /J=6.8 Hz, 3H); (B-boryl isomer) 0=6.82 (d, J=1.5 Hz,
1H), 4.33 (t, J=9.3 Hz, 1H), 4.08 (dd, J=8.8 Hz, J=5.6 Hz, 1H), 3.01-
291 (m, 1H), 1.46-1.31 (m, 6H), 1.25 (s, 12H), 0.87 ppm (t, J=6.8 Hz,
3H); B*CNMR (100 MHz, CDCl,): (a-boryl isomer) 6=121.30, 84.19,
75.65, 43.87, 34.66, 29.66, 24.75, 24.66, 22.68, 14.00 ppm; (S-boryl isomer)
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0=158.00, 82.64, 66.98, 43.05, 34.75, 29.96, 24.55, 22.85, 14.06 ppm. MS
(EI): (a-boryl isomer) m/z (%): 253(56) [M+1]*, 195(71), 151(35),
101(24), 83(100); (B-boryl isomer) m/z (%): 252(100) [M]*, 195(45),
151(21), 83(40); HRMS (EI): m/z caled for [C,,H,sBO;]: 252.1897; found:
252.1893.

6d: 3-(4-Chlorophenyl)-3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)-2,3-dihydro-furan: 'HNMR (400 MHz, CDCl;): (a-boryl
isomer) 6=7.29-7.22 (m, 4H), 5.83 (s, 1H), 4.33-4.23 (m, 2H), 1.51 (s,
3H), 1.33 ppm (s, 12H); (B-boryl isomer) 6=6.97 (s, 1H), 4.01 (t, J=
5.4 Hz, 2H), 7.29-7.22 (m, 4H), 6.95 (s, 1H), 4.33-4.23 (m, 2H), 1.61 (s,
3H), 1.27 ppm (s, 12H); *C NMR (100 MHz, CDCL,): (a-boryl isomer)
0=145.42, 132.00, 128.33, 125.38, 84.36, 83.85, 51.28, 26.77, 24.68; (f-
boryl isomer) not assigned. MS (EI): (a-boryl isomer) m/z (%): 320(13)
[M]*, 305(61), 205(69), 170(35), 141(63), 128(45), 115(100), 89(32); (-
boryl isomer) m/z (%): 320(21) [M]*, 305(100), 205(79), 179(11),
141(10), 115(13), 83(26); HRMS (EI): m/z caled for [C;;H»BClO;):
320.1351; found: 320.1349.

6e: 6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-dihydro-2 H-
pyran: 'HNMR (400 MHz, CDCl,): (a-boryl isomer) 6=5.58 (t, J=
39Hz, 1H), 3.99 (t, J=5.4Hz, 2H), 2.08-2.03 (m, 2H), 1.98-1.85 (m,
2H), 1.28 ppm (s, 12H); (B-boryl isomer) 6=6.97 (s, 1H), 4.01 (t, J=
5.4 Hz, 2H), 2.08-2.03 (m, 2H), 1.98-1.85 (m, 2H), 1.24 ppm (s, 12H);
BCNMR (100 MHz, CDCly): (a-boryl isomer) d=116.42, 83.91, 65.58,
24.68, 22.11, 20.66 ppm; (S-boryl isomer) 6=155.06, 82.63, 66.19, 24.68,
22.20, 20.11. MS (EI): (a-boryl isomer) m/z (%): 211(100) [M+1]*, 193-
(0.8), 167(15), 153(16), 137(0.7), 109(10), 83(16); (B-boryl isomer) m/z
(%): 210(100) [M]*, 195(16), 151(11), 137(13), 124(41), 109(30), 83(18);
HRMS (EI): m/z caled for [C,;H;,BO;]: 210.1427; found: 210.1410.

6f: 4-Methyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-dihydro-
2H-pyran: '"H NMR (400 MHz, CDCL,): 6=5.47 (d, J=2.7 Hz, 1H), 4.03
(ddd, /=109 Hz, J=6.0 Hz, J=3.2 Hz, 1H), 3.92 (ddd, /J=10.9 Hz, /=
8.7Hz, J=2.5Hz, 1H), 2.33-2.26 (m, 1H), 1.92-1.84 (m, 1H), 1.53-1.43
(m, 1H), 128 (s, 12H), 1.0l ppm (d, J=7.0Hz, 3H); “CNMR
(100 MHz, CDCly): 0=122.53, 83.99, 64.30, 30.49, 25.96, 24.80, 24.64,
21.38 ppm; MS (EI): m/z (%): 224(47) [M]*, 209(100), 124(35), 83(45);
HRMS (EI): m/z calcd for [C,H,BO;]: 224.1584; found: 224.1583.

6g: 44-Dimethyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-dihy-
dro-2H-pyran: '"H NMR (400 MHz, CDCl;): 6=5.40 (s, 1H), 3.97 (ddd,
J=54Hz, J=42Hz, J=1.5Hz, 2H), 1.62 (ddd, J=5.6 Hz, J=5.4 Hz,
J=1.0Hz, 2H), 1.29 (s, 12H), 1.05 ppm (s, 6H); *C NMR (100 MHz,
CDCl;): 6=126.84, 83.99, 62.89, 36.84, 29.99, 28.31, 24.73 ppm; MS (EI):
miz (%): 238(12) [M]*, 223(100), 141(20); HRMS (EI): m/z calcd for
[C3H,;BO;]: 238.1740; found: 238.1737.

6h: 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-isochromene :
'HNMR (400 MHz, CDCL,): 6=7.21 (dd, J=5.8 Hz, J=2.4 Hz, 1H),
7.20 (dd, J=5.9 Hz, J=2.2 Hz, 1H), 7.04-6.98 (m, 2H), 6.57 (s, 1H), 5.05
(s, 2H), 1.33ppm (s, 12H); "CNMR (100 MHz, CDCL): 6=129.63,
129.41, 128.04, 127.87, 123.99, 123.72, 118.50, 84.40, 67.58, 24.73 ppm; MS
(EI): m/z (%): 258(100) [M]*, 201(13), 175(16), 157(16), 129(32); HRMS
(EI): m/z caled for [CsH;yBO;]: 258.1427; found: 258.1421.

Competition Experiments

A resealable Schlenk tube containing [Ir(OMe)(cod)], (3 mol%,
0.015 mmol), dtbpy (3 mol %, 0.030 mmol), and B,pin, (1.0 mmol) was
flushed with nitrogen and then charged with octane (6 mL), 5g (X=H or
D, 10.0 mmol), and 5f (10.0 mmol). The tube was sealed with a Teflon
screwcap, and the mixture was stirred at 80°C for 8 h. Volatile materials
were removed under reduced pressure and mesitylene (0.33 mmol) was
added as an internal standard. The resulting mixture was analyzed by
"H NMR spectroscopy in CDCl,.

Reaction Order Experiments

A resealable Schlenk tube containing [Ir(OMe)(cod)], (3 mol%,
0.015 mmol), dtbpy (3 mol%, 0.030 mmol), and B,pin, (1.0 mmol) was
flushed with nitrogen and then charged with octane (6 mL) and 5g (3.0
12.0 mmol). The tube was sealed with a Teflon screwcap, and the mixture
was stirred at 80°C for 10 min. Tridecane (100 uL) was then added to the
resulting mixture as an internal standard, and analyzed by GC.
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One-pot Synthesis of Conjugated Dienyl Ether

A 25 mL-flask equipped with a magnetic stirring bar, a septum inlet, and
a condenser connected to a nitrogen bubbler was charged with [Ir(OMe)-
(cod)], (3 mol%, 0.018 mmol), dtbpy (3 mol%, 0.036 mmol), and B,pin,
(1.2 mmol) and then flushed with nitrogen. Hexane (2 mL) and 1,4-diox-
ene (2.4 mmol) were added, and the mixture was stirred at 25°C for 8 h
to give a solution of the corresponding boronate. To this solution PdCl,
(dppf) (3 mol%, 0.03 mmol), K;PO, (3.0 mmol), DMF (4 mL), and tri-
flate (1.0 mmol) were added. The resulting mixture was then stirred at
60°C for 16 h. The product was extracted by ether, washed with water,
and dried over MgSO,. Column chromatography over silica gel provided
analytically pure sample.

One-pot Synthesis of C-Aryl Glucal

A 25 mL-flask equipped with a magnetic stirring bar, a septum inlet, and
a condenser connected to a nitrogen bubbler was charged with [Ir(OMe)-
(cod)], (3 mol%, 0.011 mmol), dtbpy (3 mol%, 0.022 mmol), and B,pin,
(0.72 mmol) and then flushed with nitrogen. Octane (2mL) and 11
(2.2 mmol) were added, and the mixture was stirred at 80°C for 16 h to
give a solution of corresponding boronate. To this solution PdCL,(PPh;)
(3mol %, 0.03 mmol), K;PO, (3.0 mmol), dioxane (4mL), and iodide
(1.0 mmol) were added. The resulting mixture was then stirred at 80°C
for 8 h. The product was extracted by ether, washed with water, and
dried over MgSO,. Column chromatography over silica gel provided ana-
lytically pure sample.

General Procedure for One-pot Synthesis of C-Aryl Glucals with Various
Bromides.

A 25 mL-flask equipped with a magnetic stirring bar, a septum inlet, and
a condenser connected to a nitrogen bubbler was charged with [Ir(OMe)-
(cod)], (3 mol%, 0.010 mmol), dtbpy (3 mol%, 0.020 mmol), and B,pin,
(0.69 mmol) and then flushed with nitrogen. Octane (2mL) and 51
(2.1 mmol) were added, and the mixture was stirred at 80°C for 16 h to
give a solution of the corresponding boronate. To this solution PdCl,
(PPh;) (3 mol%, 0.03 mmol), K;PO, (3.0 mmol), dioxane (4 mL), and
bromide (1.0 mmol) were added. Resulting mixture was then stirred at
80°C for 8 h. The product was isolated by kugelrohr distillation to give
an analytically pure sample.

The following vinylboranes were prepared by the above general proce-
dure.
1,5-Anhydro-2-deoxy-3-O-(triisopropylsilyl)-4,6-O-[ bis(1,1-dimethyl-
ethyl)silylene] -1-C-(2-methlphenyl)-D-arabino-hex-1-enitol: 'H NMR
(400 MHz, CDCL): 6=7.31 (dd, /J=6.4Hz, J=2.0 Hz, 1H), 7.23 (ddd,
J=7.8Hz, J=6.3 Hz, J=2.0Hz, 1H), 7.16 (d, J=7.3 Hz, 1H), 7.15 (dd,
J=7.3Hz, J=6.3 Hz, 1H), 4.82 (d, J=2.4 Hz, 1H), 4.57 (dd, /J=6.8 Hz,
J=2.4Hz, 1H), 422 (dd, J=9.3 Hz, J=3.9 Hz, 1H), 4.13 (dd, J=9.8 Hz,
J=6.8 Hz, 1H), 4.04 (dd, /J=10.2Hz, J=8.8Hz, 1H), 3.99 (ddd, J=
103 Hz, J=9.8 Hz, J=4.4Hz, 1H), 235 (s, 3H), 1.20-1.10 (m, 21H),
1.09 (s, 9H), 1.02 ppm (s, 9H); *C NMR (100 MHz, CDCl,): 6 =152.85,
136.56, 134.89, 130.40, 129.00, 128.74, 125.58, 104.92, 77.63, 73.08, 71.73,
66.12, 27.50, 26.99, 22.78, 20.25, 19.87, 18.18, 12.47 ppm; MS (EI): m/z
(%): 532(0.7) [M]*, 489(10), 319(22), 171(100); HRMS (EI): m/z caled
for [C;)Hs,0,S1,]: 532.3404; found: 532.3414.
1,5-Anhydro-2-deoxy-3-O-(triisopropylsilyl)-4,6-O-[ bis(1,1-dimethyl-
ethyDsilylene] —1-C-(4-methoxyphenyl)-D-arabino-hex-1-enitol: 'H NMR
(400 MHz, CDCly): 0=7.45 (d, J=8.3 Hz, 2H), 6.85 (d, J=8.8 Hz, 2H),
512 (d, /=2.0Hz, 1H), 4.58 (dd, /=6.8 Hz, /=2.0 Hz, 1H), 4.31 (dd,
J=102Hz, /=49 Hz, 1H), 410 (dd, /=10.2 Hz, /=9.8 Hz, 1H), 4.09
(dd, J=10.6 Hz, J=6.8 Hz, 1H), 3.97 (ddd, /=10.6 Hz, /=102 Hz, J=
49 Hz, 1H), 3.81 (s, 3H), 1.21-1.13 (m, 21H), 1.08 (s, 9H), 1.02 ppm (s,
9H); "CNMR (100 MHz, CDCly): 6=159.95, 150.86, 126.83, 113.53,
99.63, 77.60, 72.89, 71.81, 66.14, 55.26, 27.46, 26.95, 22.76, 19.87, 18.20,
18.18, 12.50 ppm; MS (EI): m/z (%): 548(5) [M]*, 539(11), 521(13),
505(9), 399(11), 375(16), 335(32), 291(20), 187(53), 135(100); HRMS
(EI): m/z calcd for [C3Hs,O5S1,]: 548.3353; found: 548.3343.
1,5-Anhydro-2-deoxy-3-O-(triisopropylsilyl)-4,6-O-[bis(1,1-dimethyl-
ethyl)silylene]  -1-C-(2-thiophenyl)-D-arabino-hex-1-enitol: 'H NMR
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(400 MHz, CDClL;): 6=7.21 (dd, /=49 Hz, J=1.0 Hz, 1H), 7.16 (dd, J=
39Hz, J=1.0Hz, 1H), 6.97 (dd, J=5.4Hz, J=3.8 Hz, 1H), 5.17 (d, /=
2.4Hz, 1H), 4.55 (dd, /=68 Hz, /J=2.4 Hz, 1H), 4.29 (dd, /=10.3 Hz,
J=49Hz, 1H), 410 (dd, J=103Hz, J=6.8Hz, 1H), 4.09 (dd, J=
102 Hz, /J=9.8 Hz, 1H), 3.99 (ddd, /=103 Hz, J=10.2Hz, J=4.4 Hz,
1H), 1.19-1.11 (m, 21H), 1.08 (s, 9H), 1.00 ppm (s, 9H); *C NMR
(100 MHz, CDCl;): 0=146.82, 137.89, 127.21, 125.35, 124.12, 100.63,
7745, 73.15, 71.50, 65.98, 27.45, 2694, 22.76, 19.87, 18.17, 18.14,
12.47 ppm; MS (EI): m/z (%): 524() [M]*, 499(12), 481(23), 351(17),
311(49), 201(17), 163(100), 111(81); HRMS (EI): m/z caled for
[C;HsSO,Si,]: 524.2812; found: 524.2798.
1,5-Anhydro-2-deoxy-3-O-(triisopropylsilyl)-4,6-O-[bis(1,1-dimethyl-
ethyl)silylene] -1-C-(1-cyclohexenyl)-D-arabino-hex-1-enitol: 'H NMR
(400 MHz, CDCly): 6=6.19 (t, J=3.9 Hz, 1H), 4.73 (d, /=2.0 Hz, 1H),
448 (dd, J=6.8Hz, J=1.7Hz, 1H), 4.22 (dd, J=10.2Hz, J=4.9 Hz,
1H), 4.03 (dd, J=10.3 Hz, /=102 Hz, 1H), 3.99 (dd, /=102 Hz, J=
7.3 Hz, 1H), 3.82 (ddd, J=10.3 Hz, J=10.2 Hz, J=4.9 Hz, 1H), 2.16-2.06
(m, 4H), 1.72-1.62 (m, 2H), 1.62-1.52 (m, 2H), 1.17-1.09 (m, 21 H), 1.06
(s, 9H), 0.98 ppm (s, 9H); "CNMR (100 MHz, CDCL,): 6=151.47,
129.90, 125.77, 99.90, 77.68, 72.48, 71.92, 66.17, 27.43, 26.93, 25.35, 24.45,
22.73, 22.59, 22.03, 19.85, 18.16, 18.13, 12.46 ppm; MS (EI): m/z (%):
522(4) [M]*, 495(10), 479(8), 399(9), 177(27), 161(100); HRMS (EI): m/z
calcd for [CyHs,0,S1,]: 522.3560; found: 522.3564.
1,5-Anhydro-2-deoxy-3-O-(triisopropylsilyl)-4,6-O-[ bis(1,1-dimethyl-
ethyl)silylene] -1-C-benzyl-p-arabino-hex-1-enitol: 'H NMR (400 MHz,
CDCly): 6=7.28 (dd, J=7.8 Hz, J=7.3 Hz, 2H), 7.22 (d, J=7.8 Hz, 1H),
7.21 (d, J=8.2Hz, 2H), 4.41 (d, J=1.0 Hz, 1H), 438 (dd, J=6.8 Hz, /=
1.0 Hz, 1H), 4.13 (dd, /J=10.2 Hz, J=4.9 Hz, 1H), 3.98 (dd, J=10.7 Hz,
J=6.8Hz, 1H), 3.94 (dd, /J=10.8 Hz, /=10.2 Hz, 1H), 3.77 (ddd, J=
10.3 Hz, /=102 Hz, /=49 Hz, 1H), 3.28 (s, 2H), 1.10-1.03 (m, 21 H),
1.05 (s, 9H), 0.97 ppm (s, 9H); *C NMR (100 MHz, CDCl;): 6=153.33,
137.53, 128.95, 126.42, 102.22, 77.59, 72.85, 71.43, 66.11, 39.49, 27.46,
26.93, 22.72, 19.82, 18.10, 18.08, 12.38 ppm; MS (EI): m/z (%): 532(1)
[M]*, 489(7), 319(15), 171(100); HRMS (EI): m/z caled for [C3Hs5,0,Si,]:
532.3404; found: 532.3403.
1,5-Anhydro-2-deoxy-3-O-(triisopropylsilyl)-4,6-O-[bis(1,1-dimethyl-
ethyl)silylene] -1-C-allyl-D-arabino-hex-1-enitol: 'H NMR (400 MHz,
CDCly): =5.79 (dddd, J=17.1Hz, /J=10.24 Hz, J=6.8 Hz, J=6.8 Hz,
1H), 5.09 (dddd, /J=17.1 Hz, J=2.0 Hz, J=1.5 Hz, J=1.5 Hz, 1H), 5.07
(dddd, J=83Hz, J=15Hz, J=15Hz, J=14Hz, 1H), 448 (d, J=
2.0 Hz, 1H), 4.40 (dddd, J=6.8 Hz, J=2.0 Hz, J=1.5 Hz, J=1.4 Hz, 1H),
4.16 (dd, J=10.2Hz, J=5.4Hz, 1H), 3.97 (dd, J=10.2 Hz, /J=6.8 Hz,
1H), 3.96 (dd, J=10.7 Hz, J=10.3 Hz, 1H), 2.76-2.70 (m, 2H), 1.14-1.08
(m, 21H), 1.06 (s, 9H), 0.98 ppm (s, 9H); *C NMR (100 MHz, CDCl,):
0=152.64, 133.61, 117.09, 101.01, 77.63, 72.79, 71.45, 66.14, 37.41, 27.46,
22.73, 19.85, 18.16, 18.14, 12.45 ppm; MS (EI): m/z (%): 482(0.7) [M]™,
457(1), 439(11), 269(14), 121(100); HRMS (EI): m/z caled for
[Cy6HsO,Si,]: 482.3247; found: 482.3250.
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Pt" Complexes with 6-(5-Trifluoromethyl-Pyrazol-3-yl)-2,2'-Bipyridine
Terdentate Chelating Ligands: Synthesis, Characterization, and Luminescent

Properties

Jing-Lin Chen,"” Sheng-Yuan Chang,”™ Yun Chi,** Kellen Chen,"” Yi-Ming Cheng,™
Chun-Wei Lin," Gene-Hsiang Lee,™ Pi-Tai Chou,*”! Chen-Hao Wu,'! Ping-I Shih,'! and

Abstract: A series of Pt" complexes Pt-
(fpbpy)Cl (1), Pt(fpbpy)(OAc) (2), Pt-
(fpbpy)(NHCOMe)  (3),  Pt(fpbpy)-
(NHCOEt) (4), and [Pt(fpbpy)-
(NCMe)](BF,) (5) with deprotonated
6-(5-trifluoromethyl-pyrazol-3-yl)-2,2'-
bipyridine terdentate ligand are pre-

Ching-Fong Shu*!‘!

version from 3 to 1 is regulated by the
addition of HCI solution, showing the
reaction sequence 1—5—3—1. Multi-
layer OLED devices are successfully
fabricated by using triphenyl-(4-(9-
phenyl-9H-fluoren-9-yl)phenyl) silane
(TPSi-F) as host material and with

doping concentrations of 1 varying
from 7 to 100%. The electrolumines-
cence showed a substantial red-shifting
versus the normal photoluminescence
detected in solution. Moreover, at a
doping concentration of 28%, the
device showed a saturated red lumines-

pared, among which 1 is converted to
complexes 2-5 by a simple ligand sub-
stitution. Alternatively, acetamide com-
plex 3 is prepared by hydrolysis of ace-
tonitrile complex 5, while the back con-

OLEDs

Introduction

Square-planar d®*-Pt" complexes have attracted a great deal
of interest because of their intriguing spectroscopic and pho-
tophysical properties, as well as their promising applications
in optical-power limiting,!! electroluminescence,”’ chemo-
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cence with a maximum external quan-
tum yield of 8.5% at 20 mAcm? and a
peak luminescence of 47543 cdm™ at
185 V.

transfer .
platinum -

sensors,”’) anticancer medicine,* and photocatalysis.”! These
Pt" complexes exhibit bright emission in solution, attributed
to a combination of ligand-centered mm* and metal-to-
ligand charge transfer (MLCT) transitions.”! Moreover,
owing to the higher tendency in forming Pt---Pt and m---;t in-
teractions in the condensed phase, the respective emission
often shows a clear red shift relative to the emission record-
ed in a dilute solution. These transitions are often denoted
as either metal-metal-to-ligand charge transfer (MMLCT)!"!
or excimeric ligand-to-ligand charge transfer emission.®!
Among the chelating ligands documented in the literature,
2,2'-bipyridine (Figure 1) is the most popular neutral ligand,
and it can interact with a metal atom using simple dative
bonding involving N-donor atoms. On the other hand, 2-
phenylpyridine is known for its capability of undergoing a
cyclometalation reaction, by supplying the anionic bonding
character with respect to the central metal atom.! In sharp
contrast, C-linked 2-pyridyl azoles, such as pyrazoles, are
known to serve as both neutral chelating ligands'” or anion-
ic chelates by deprotonation of the pyrazolyl-NH bond.!"!
The latter process is conceptually related to the cyclometala-
tion. In fact, these functionalized C-linked 2-pyridyl pyra-
zoles have served as excellent candidates in stabilizing and

Chem. Asian J. 2008, 3,2112-2123
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2,2'-bipyridine 2-phenyl pyridine 2-pyridyl pyrazole
=
|
| ~ N = )—CFs
_N HN\N

6-phenyl-2,2'-bipyridine fpbpyH

Figure 1. Chemical structures of some common chelating ligands.

fine-tuning the chemical and
photophysical properties  of
metal complexes."?

Parallel to the chemistry of
bidentate cyclometalating che-
lates, 6-phenyl-2,2"-bipyridine is
probably the most widely inves-
tigated terdentate cyclometalat-
ing ligand for stabilization of
the Pt'-metal framework."!
Significant study has also been
related to the system involving
symmetrical  1,3-di(2-pyridyl)-
benzene, for which the cyclo-
metalated ligand is located at
the central position of the terdentate ligand."¥ Encouraged
by the success of these attempts, we decided to focus on dis-
tinctive bidentate chelates, such as 2-pyridyl pyrazole,™ and
terdentate ligands, like 6-(5-trifluoromethyl-pyrazol-3-yl)-
2,2"-bipyridine, denoted as fpbpyH.'! It is noted that the
electron-withdrawing CF; substituent of fpbpyH not only in-
creases the pyrazolic N—H acidity and activity, but also mini-
mizes the unwanted side reaction by blocking coordination
to the adjacent nitrogen atom, allowing a stable and desig-
nated terdentate bonding. The resulting tailor-made ligand

Na,CO; in ethanol, reflux.

Abstract in Chinese:
AXRE-ZALSFETHEFLOZTF E SR M A
6-(5-trifluoromethyl-pyrazol-3-y1)-2, 2’-bipyridine 44 & /& & 4
M1-5-54H]1 TodBEMRMARKR BRERLBAH2-5-
LREAGE S D BERMRETHBEAN I missbdh 3 AEH
R TTRkA#EEGD ] BrssbzlAE Ll 5553 > 18
Bith e AWEF G HEY I ABRRPEAABARBEYARE
gt aht (604nm) e KM > 4544 1 88 mRRErE 5 2R %1
HE O BETASTRAROPLPt RS - ABLERLBEFEY
Pt-Pt gedE (3.385A) - 4444 1 £ 8 &7 i £ A4 % 08 KM (675
) AHEGEFEERESTHE 024 113 s> EE XG5 F
Pl E M A o A TPSI-FAFE B4 s sd 6dh | a9 B8R A X
% 2] 100% HAET — 450 %)% &40y OLED T - KE 5455008 K 0938
R AHHHACER R -  RELGERABRRE 280 L&
RSN FFRERZEN L 8.5% (20 mi/em’)  # 47543 cd/n’
(18.5 V) thfafnic e Bh ok -
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environment would then render extensive stabilization to
the Pt" complexes with the general formula Pt(fpbpy)X, in
which X is an anionic or neutral ligand.

In this study, we focused on the preparation, characteriza-
tion, and potential OLED application of a series of Pt" com-
plexes derived from Pt(fpbpy)Cl (1). As shown in Scheme 1,
Pt" complexes 2, 3, and 4 can be isolated by simple substitu-
tion of the chloride in 1 by acetate, acetamide, and propio-
namide, respectively. Intriguing photophysical properties of
complexes 1, 2, and 3, in both solution and solid phases
were investigated. Moreover, the acetamide complex 3 can
be obtained by in-situ hydrolysis of acetonitrile complex 5 in

(3), R=Me
(4), R = Et

Scheme 1. Schematic for Pt"" complexes 2, 3, and 4 isolated by simple substitution of the chloride in 1 by ace-
tate, acetamide, and propionamide, respectively. i) AgOAc in DMF, 100°C, ii) NH,COR (R=Me or Et),

basic media, and the release of acetamide by back-conver-
sion to 1 upon addition of dilute HCI solution. This pattern
of reactivity also revealed one additional case for the metal-
catalyzed hydrolysis of acetonitrile to acetamide. As a
result, the reaction sequence documented here can serve as
a useful mechanistic model for the Pt"-catalyzed hydrolysis
of organonitriles."” Finally, bright luminescence of 1 in the
solid state has also encouraged us to utilize this material as
a dopant for the fabrication of red-emitting phosphorescent
organic light-emitting diodes (OLED)s.

Results and Discussion
Synthesis and Characterization

The required terdentate chelate fpbpyH was obtained by a
Claisen condensation reaction employing 6-acetyl-2,2"-bipyr-
idine and ethyl trifluoroacetate, followed by treatment with
an excess of hydrazine hydrate in refluxing ethanol accord-
ing to procedures reported in the literature."*'® This ligand
has a high potential for forming the anionic tridentate che-
late by facile deprotonation during the reaction with a tran-
sition-metal reagent in basic media.

The key starting material, that is, complex 1, was synthe-
sized by heating the fpbpyH ligand and K,PtCl, reagent in a
1:1 mixture of acetonitrile and water. Single red crystals
were obtained by cooling the saturated mixture in DMSO
and acetone. Its molecular composition was initially con-
firmed by the detection of all aromatic fpbpy signals in the
'"H NMR spectrum. Moreover, the addition of concentrated
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HCI to 1 failed to protonate the noncoordinated pyrazolyl-
nitrogen atom on 1. This result is in sharp contrast to the re-
lated bidentate ligands, 2-pyridyl pyrazole and 1-isoquinolin-
yl indazole, which are capable of forming Pt" complexes
with the neutral chelating ligand.!"”!

Crystal structural analysis shows that complex 1 adopts a
distorted square-planar geometry as shown in Figure 2. The
N—Pt—N bond angles, N(1)—Pt—N(2)=80.0(4)°, N(2)—Pt—
N(3)=80.6(4)°, N(1)-Pt—N(3)=160.6(3)° (see Table 1) de-

Figure 2. ORTEP drawing of 1 showing atom-labeling scheme with 30 %
thermal ellipsoids and the Pt--Pt interaction in the crystal lattices.

viate slightly from the idealized values of 90° and 180° as a
consequence of the internal constraint imposed by the fpbpy
ligand. These results are common for Pt complexes with a
terdentate-cyclometalated chelate.”! All the Pt—N bond dis-
tances, Pt—N(1)=2.025(9) A, Pt—N(2)=1.931(9) A, and Pt—
N(3)=1.987(9) A, are comparable to those found in other
Pt"! complexes possessing a bipyridyl group.!! The central
Pt—N distance of the ligand fpbpy is shorter than those of
the outer nitrogen atoms, mainly because of the steric
demand as documented in the literature.'¥ The Pt—CI(1)
distance of 2.314(3) A is comparable to that of the other

Table 1. Selected bond length (A) and angles (°) for complexes 1 and 3.

Complex 1

Pt—N(1) 2.025(9) Pt-N(2) 1.931(9)
Pt—-N(3) 1.987(9) Pt-CI(1) 2.314(3)
Pt---Pt 3.385

N(2)—Pt—N(1) 80.6(4) N(2)-Pt-N(3) 80.0(4)
N(1)—Pt—CI(1) 97.5(3) N(3)-Pt-CI(1) 102.0(3)
N(3)—Pt—N(1) 160.6(3) N(2)-Pt-CI(1) 178.0(3)
Complex 3

Pt(1)-N(1) 2.043(6) Pt(1)-N(2) 1.951(6)
Pt(1)-N(3) 1.996(5) Pt(1)-N(5) 2.012(6)
Pt(1)--Pt(1) 4.587 4.968

N(2)—Pt(1)-N(1) 79.9(2) N(2)—Pt(1)-N(3) 80.4(2)
N(5)—Pt(1)-N(1) 104.2(2) N(3)—Pt(1)~N(5) 95.5(2)
N(3)—Pt(1)-N(1) 160.3(2) N(2)—Pt(1)-N(5) 173.5(2)
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Pt""chloride complexes.”? Furthermore, complex 1 exhibit-
ed a head-to-tail stacking along the b axis of the crystal lat-
tice, giving a zigzag [Pt], metal chain with intermolecular
Pt---Pt distances of 3.385 A and a Pt—Pt—Pt angle of 153.59°.
This stacking pattern is similar to those observed in other
linear-chain Pt" complexes that show intermolecular Pt--Pt
interaction and strong m--m stacking.”! However, there is a
reduced degree of - stacking between the fpbpy ligands
in 1 arising from the alternating arrangement of this chelate.

Reactivity studies showed that treatment of 1 with silver
acetate resulted in the formation of the acetate-substituted
derivative 2, for which the Ag* cation served as the chloride
scavenger, allowing the acetate to occupy the fourth coordi-
nation site of the Pt" cation. Similarly, treatment of 1 with
acetamide or propionamide in the presence of Na,CO; af-
forded the respective amido complexes 3 and 4 in refluxing
ethanol solution. Additional support was given by the
'"HNMR spectral analysis, from which the detection of
methyl and ethyl signals for 3 and 4 confirmed their exis-
tence, while the unique NH proton of the acetamide ligand
occurred at 0 5.58 (3) and 6 5.60 (4), which are within the
'HNMR spectral range (6 4.99-5.78) reported for other
Pt'“acetamide complexes.”"

The single crystals of 3 could be obtained by slow cooling
of the supersaturated solution in DMSO to room tempera-
ture. The solid-state structure of 3 is studied by X-ray dif-
fraction analysis. Figure 3 shows only one crystallographical-
ly independent molecule in the asymmetric unit. As shown

Figure 3. (a) ORTEP drawing of one crystallographic independent mole-
cule of 3 with 30 % thermal ellipsoids, and (b) the side view that depicted
the accompanying packing diagram in the crystal lattices.

Chem. Asian J. 2008, 3,2112-2123
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in Table 1, all metrical parameters are very similar to those
of 1, which shows virtually identical Pt—N bond distances, as
well as closely related bite angles, to the fpbpy ligand, while
the accompanying Pt—N,....mie. distances occur in the range
of 2.012(6)-2.010(6) A, which are comparable to those of
the Pt''“amidate complexes reported.”™ Moreover, 3 exhibit-
ed head-to-tail and zigzag stacking along the a axis, with
two pairs of alternating Pt--Pt nonbonding distances (3.569
and 5.683 A for distances between Pt(2) atoms, and 4.587
and 4.968 A for distances between Pt(1) atoms) which are
significantly longer than that of 1, but are akin to those ob-
served in other stacked Pt" complexes. It is notable that
the shortest Pt—Pt distance in 3 is far longer than the theo-
retical limit of 3.5 A, which is the maximum distance for ef-
fective overlap between Pt-d,? and -p, orbitals. As a result,
complex 3 showed the existence of only weakly bonded
dimers, if there is such nonbonding interaction at all in the
solid state. On the other hand, in sharp contrast to that of 1,
the fpbpy chelate of each Pt molecule exhibits a favorable
side-to-side stacking with one another (see Figure 3b). The
inter-planar distances are estimated in the range of 3.3—
3.5 A, which is below the upper limit of 3.8 A for typical
77t interactions detected for aromatic compounds.”?”

It is worthwhile to note that the chloride complex 1 react-
ed slowly with Na,COs; in refluxing acetonitrile. The suspen-
sion first turned into a transparent solution, showing the de-
pletion of the starting material and the formation of some
soluble intermediate. Then, a trace amount of precipitate
began to deposit from the solution. The result is consistent
with the sequential conversion from the intermediate, which
is highly soluble in acetonitrile, to the less soluble acetamide
complex 3. Finally, the solution turned into a turbid yellow
suspension, which showed the complete formation of the
end product 3. For further investigation and confirmation of
this stepwise transformation, reaction of 1 with one equiv of
AgBF, in anhydrous acetonitrile was conducted. A highly
soluble, orange-yellow complex identified as the acetonitrile
complex [Pt(fpbpy)(NCMe)](BF,) 5 was afforded. Complex
3 is attainable by treatment of 5 with a slight excess of
Na,CO; in mixed acetonitrile and water, confirming the
status of 5 as the intermediate for the aforementioned trans-
formation of 1 to 3 (Scheme 2). For the final confirmation,
the propionamide complex 4 was also accessible by treat-
ment of 1 with AgBF,, followed by the addition of both pro-

(ii)

R

(iii)
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pionamide and Na,CO; in DMF at elevated temperature,
while both 3 and 4 could be reverted to 1 by treatment with
HCI (2m) upon reflux, showing the sequential ligand trans-
formation from chloride, nitrile, acetamide, and back to the
chloride.

Photophysical Properties

The UV/Vis absorption and emission spectra of complexes
1, 2, and 3 in CH,CI, at 298 K are shown in Figure 4. All
pertinent spectroscopic data are tabulated in Table 2. To
gain further insight into the photophysical behavior of all
titled complexes, density functional theory (DFT) was also
applied to access molecular-orbital information. As a result,
those HOMO and LUMO that are mainly involved in the
lowest-lying transition are depicted in Figure 5 and the de-
scription of the energy gap of each transition is listed in
Table 3. It has been noticed that TDDFT (time-dependent
density functional theory) yields substantial errors for the
excitation energies of charge-transfer excited states, when
local functionals, such as LDA or GGA, are used. Never-
theless, it has been widely recognized as an efficient method
to explore the electronic structures of certain organometallic
complexes. Furthermore, the continuum-solvation model of
CH,Cl, (IEFPCM) used in this approach might also contrib-
ute to some errors, which leads to a further deviation of the
results obtained from the calculations as compared to those
from experiment. However, after a qualitative comparison
of Tables 2 and 3, the calculated energy gaps agree satisfac-
torily with the experimentally obtained photophysical data,
suggesting that the TDDFT calculations are able to predict
the photophysical behavior of these Pt" complexes to a cer-
tain degree.

For complex 1, there are several absorption bands ranging
from 250-370 nm with intense molar extinction coefficients
e>10"M'cm™ and a relatively weaker transition (e~2.4x
10°m'cm™) at longer wavelengths (maximized at
~400 nm). With reference to previous work on Pt com-
plexes possessing the C"N”AN and NAN~N terdentate li-
gands,”?! the absorptions at 250-370 nm most likely origi-
nate from the ligand-centered 'mst* transitions. Further sup-
port is given by the close matching of several absorption
bands in the high-energy region (<370 nm) in complexes 1,
2, and 3 with the same ligand, fpbpy. Moreover, as shown in
the highest occupied and lowest
unoccupied molecular orbitals
(HOMO and LUMO) of com-
plex 1 (see Figure 5), the elec-
tron density shifted from the
central metal ion to the ligands,
indicating a metal-to-ligand
charge transfer (MLCT) transi-
tion of the lowest singlet transi-
tion. Also, the MLCT character

Scheme 2. Schematic for complex 3 obtained by treatment of 5§ with slight excess of Na,CO; in mixed acetoni-
trile and water. i) AgBF, in MeCN, reflux; ii) Na,CO; in MeCN/H,0, reflux; iii) 2m HCl,q).
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‘ for the lowest singlet transition
of 1 was calculated to be 20.9 %
(see Table 3). Therefore, the
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the unoccupied m* orbital of
the ligand (fpbpy), mixed with
the intra-ligand mz* transition
inside fpbpy. The frontier orbi-
tals of the HOMO and LUMO
in complex 2 (not shown here)
are essentially similar to that of
1. This can be further supported
by the closely matched absorp-
tion and emission spectra be-
tween 1 and 2. Accordingly, for
2, the strong absorption bands
(<370 nm) are thus assigned to
the ligand-centered 'mm* transi-
tions, and the comparatively
weak absorption at around
410 nm is attributed to the

Alnm

Figure 4. UV/Vis absorption and emission spectra of 1 (-m-), 2 (-a-), and 3 (-¥-) recorded in a dilute CH,Cl,
solution at RT (see text). The gray lines with the open symbols (-0-2A-V-) depicted the emission spectra of the
respective single crystal samples. Note that the emission intensity is in arbitrary units.

HOMO -5 HOMO LUMO

\:, N N

| e
| T | 20 | dgT

{J AL g

Figure 5. The HOMO and LUMO for Pt" complexes 1 and 3.

broad-band absorption at ~400 nm can be reasonably as-
signed as the metal-to-ligand charge transfer transition
('MLCT) from the d, orbital of the (5d*) Pt-metal center to

Table 2. UV/Vis absorption and emission data of 1 and 3 in CH,Cl, at RT.

ligand-centered 'mm* transitions
mixed with a certain degree of
MLCT. On the same basis, the
intense absorption bands of 3 at
250-370 nm can thus be as-
signed as the intra-ligand 'mm*
transitions of the fpbpy ligand.
Moreover, the relatively weaker absorption at 418 nm can
be attributed to the spin-allowed 'MLCT transitions
(17.5%) mixed with the ligand-centered mz* transition (see
Table 3). However, it is interesting to note that the predomi-
nant ligand-centered mst* transition is ascribed to an inter-
ligand charge transfer transition from acetamide to the bi-
pyridyl fragment of fpbpy ligand according to the result
from the molecular-orbital analyses (see Figure 5).

In a dilute solution of CH,Cl,, 1 (8.46x107°m), 2 (7.33 x
107°m), and 3 (9.0x107%m) exhibited emission with a peak
wavelength at 560 nm, 557 nm, and 604 nm, respectively.
The radiative rate constant (k,) is defined by k,= ks X Pem,
in which, k., and @_, denote the observed decay rate con-
stant and emission quantum yield, respectively. Accordingly,
by using the data listed in Table 2, k, is calculated to be 7.5 x
10*s™! for 1, 1.1x10*s™! for 2, and 4.4x10*s™! for 3. This
result leads to the unambiguous confirmation that the emis-
sion is phosphorescence. The theoretical calculation also
showed satisfying results in predicting the T,-S, transition
gap of 1, which closely fits the emission band, with 19.4%
MLCT character (see Table 3). However, with regard to the
spectral features, complexes 1 and 2 revealed emission with

ADS Ay [nm] (ex107°m'em ™) Em A, [nm] 7 [ns] D, k,
1 273 (26.4), 317 (13.3), 343 (9.2), 363 (8.8), 400 (2.4) 524, 560 173 1.3x1072 7.3x10*
(675)k! 113y 0.2)P (1.7x10%)*
2 270 (27.5), 314 (14.0), 343 (10.0), 365 (8.9), 400 (2.1) 522, 557 187 2.1x107° 1.1x10*
(656)[a] (26.0)[a] (_)[c]
3 274 (27.1), 324 (15.7), 418 (2.9) 604 245 1.0x1072 44x10*

(505, 543, 582, 636)!

(202)1" )

[a] The data in the parentheses are obtained from the single crystalline samples. [b] The solid-state photophysical data of 1 was measured using a
vacuum-deposited thin film sample. [c] Sample decomposed during preparation of thin film.
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Table 3. The calculated energy levels and orbital-transition analyses of 1
and 3 in the continuum-solvation model of CH,Cl, (IEFPCM model, see
Experimental Section).

State Ay [nm]  f

Assignment MLCT %

1 T 512.9 HOMO—LUMO (93%) 194
HOMO-5—LUMO (7%)

S, 448.4 0.0022 HOMO—LUMO (88%)  20.9
HOMO-1—LUMO (6%)

30T, 519.8 HOMO—LUMO (95%)  19.8
HOMO-5—LUMO (5%)

S, 465.4 00342 HOMO—LUMO (93%) 175

notable vibronic progressions as opposed to a featureless
pattern in 3, despite complexes 1-3 all possessing the same
fpbpy ligand and a similar MLCT percentage at the triplet
manifold, that is, 19.4% for 1, 18.5% for 2, and 19.8% for
3. This drastic difference again evidenced the intrinsic differ-
ences in their frontier orbitals, being intra-ligand for 1 and 2
versus inter-ligand charge transfer for 3, involved in the
lowest lying transition.

As for the red-shifted lowest lying absorption of 3 with re-
spect to 1 and 2, one plausible explanation might lie in the
difference in bonding strength of the chloride or acetate
versus acetamide to the central Pt" cation. The anion could
probably contribute its electron densities to the d orbital of
the central Pt"-metal ion, leading to a stronger dative inter-
action. Consequently, the orbital energy of the central Pt"
ion could be increased arising from the conveying of elec-
tron density from this anion, and thereby decreasing the
electron-transition gap. Accordingly, the donor strength of
acetamide in 3 is believed to be stronger than that between
the chloride (acetate) and Pt" in 1 (or 2), resulting in a
smaller energy gap in 3.

It is also believed that the m-conjugation may also play a
certain role to account for the red-shifted emission of 3 with
respect to 1 and 2. As shown in Figure 5, for 3, the frontier
orbitals have been extensively extended to the acetamide.
Particularly, both the HOMO-5 and HOMO in 3 clearly in-
dicate the involvement of the nitrogen and the carbonyl
group of acetamide. With such an enlarged conjugated =
system, the HOMO-LUMO gap decreases, such that the
emission of 3 is red-shifted with respect to 1. For further
confirmation, Figure 6 depicts a plot of the partial density of
states, in which the contributions of different moieties to
specific frontier orbitals are illustrated. The large percentage
of the acetamide contribution in the HOMO assures its piv-
otal role in the mm* transition, and renders firm support for
its photophysical properties. As for complex 1 (or 2), the
electron-density distribution in the HOMO (see Figure 5)
indicates nearly no participation of the chloride (or acetate,
not shown here because of the similarity) to the overall con-
jugated system. As a result, its influence to the electron den-
sity of the Pt" ion is apparently smaller than that in 3. Ac-
cordingly, Figure 6 further illustrates the reduced electron-
density contribution of the chloride to the HOMO.

As shown in Figure 7, the emission profile of 1 exhibits
apparent concentration dependences. Upon increasing the
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Figure 6. The spectrum of partial density-of-states of complexes 1 (upper)
and 3 (bottom).

concentration of 1 in CH,Cl, from 8.46x107°m to 1.21x
10~*m, in addition to the ~560 nm emission peak (defined as
the F, band), a lower energy emission band maximum at
~660 nm (defined as the F, band) gradually increases, ac-
companied by a decrease of the F, band. The excitation
spectra monitored at either F, (e.g., 520 nm) or F, band
(e.g., 700 nm) are identical to each other (not shown here)
and to the absorption spectrum, indicating that both emis-
sion bands originate from the same ground-state species.
Knowing there exists a higher tendency for forming multiple
Pt---Pt interactions in the condensed phase, it is thus reason-
able to ascribe the F, band to originate from either metal-
metal-to-ligand charge transfer (MMLCT) or excimeric
ligand-to-ligand charge transfer emission.”"! Further evidence
is given by the emission spectrum of 1 recorded using a
single-crystal sample (see the Experimental Section). Com-
plex 1 exhibits a well-aligned head-to-tail stacking along the
b axis of crystal lattices, with intermolecular Pt---Pt distances

0.8 1

064

I/ arb.units

044

0.2 4

00

Alnm

Figure 7. The emission spectra of 1 excited at 284 nm in CH,Cl, solution
at RT by varying the concentrations from (a) 1.21 x10™*m (-e-), (b) 9.63x
107Mm, (c) 7.20x107° M, (d) 5.76 x107°m, (e) 4.43x107° M, (f) 223x107°m,
(g) 1.15x107°m, and (h) 8.46x10~°m (solid line). All emission spectra are
normalized at 565 nm.
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as short as 3.385 A (as mentioned previously). As a result, 1
as a single-crystal sample illustrated a stacking perturbed
emission maximum at 675 nm, the peak of which is consis-
tent with that of the excimeric-like emission, that is, the F,
band of 660 nm, for a solution of 1 in CH,Cl,. The concen-
tration-dependent emission features have also been ob-
served in 2 (not shown here), supporting its similar stacking
framework as that of complex 1. Conversely, in the case of
3, the emission feature remained unchanged up to 1x10™*m
in CH,Cl,. This can plausibly be rationalized by the relative-
ly small tendency for self-association in 3, as it forms only
dimers in the crystal lattices (see Figure 3), while complex 1
(or 2) showed strong aggregation to afford the [Pt], long-
chain arrangement. Thus, as opposed to the largely red-shift-
ed emission of 1 (the F, band) in crystal versus that ob-
served in CH,Cl, solution (the F; band), the emission of 3 in
solid crystal revealed a slightly blue-shifted emission (as
compared to the emission in solution), possessing notable vi-
bronic progression possibly caused by the space confine-
ment, that is, the rigidity of molecular geometry.

To gain more insights into the excimer formation, the re-
laxation dynamics of monomer and excimer were obtained
for an aerated solution of 1 in CH,Cl, (1.1x107*m). By
monitoring the emission at 500 nm, the lifetime of monomer
is fitted to a single exponential to give a decay of ~126 ns,
while the relaxation of the excimer monitored at 700 nm is
composed of a rise and decay component of 112 ns and
117 ns, respectively. The rise component, considering the un-
certainty arising from the spectral fitting, is the same as the
decay of the monomer. This result firmly supports the pre-
cursor—successor relationship between the monomer and the
excimer in the excited state.

Furthermore, assuming that the concentration of 1 in the
excited state is relatively small when compared to that of
the ground state, the mechanism of excimer formation can
be expressed using a pseudo first-order approximation:

AL A - A LAt A (1)
A*f, A (2)

Thus, the time-dependent concentrations of excited mono-
mer, A*, and excimer, (A—A)*, can be expressed as

A¥(t) = A%(0) - exp(—(ki[A]) + ky) (3)

x ki [A]A™(0)
A=A0 = U+ 1 &
)

where k,; denotes the bimolecular rate constant of excimer
formation, k, stands for the overall relaxation rate constant
except for the contribution from excimer formation, and k;
represents the relaxation rate constant of excimer. Note that
Equation (1) was derived under the assumption that the re-
verse process involving (A—A*)—A*+4+ A is energetically
prohibited.
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As a result, the plot of observed decay rate constant of
the excited monomer (A*) as a function of concentration
[A] reveals a straight line (see Figure 8). This result is ex-
pected because the observed decay rate constant of the mo-
nomer, in theory, is the sum of k[A]+k, [Eq.(3)]. The
slope and intercept are then deduced to be 7.2x10"m 's™!
(k) and 7.1 x10°s7! (k,), respectively.

9.5x10° l
9.0x10°

8.5x10°

kubs/ 3
—

8.0x10°

7.5%10° - |

7.0x10°

T T T
0.0 1.0x10* 2.0x10* 3.0x10*

[Complex 1]/m
Figure 8. The plot of observed decay rate constant of excited monomer 1

as a function of the concentration. The slope and intercept of the fitted
results are 7.2x 10° and 7.1 x 10°, respectively.

The efficiency of the excimer formation, @, is defined
as:

ki[A]
k

Py = )

obs

With the known emission quantum yield, @,,,,, of mono-
meric 1, the emission quantum yield of the excimer, ®,,, can
be expressed as:

(1= Poy) - Ln

@ q)eff - mon

- (6)

ex mon

where I, and I, denote the integrated emission intensity
of excited monomer and excimer, respectively.

As a simple approach, by knowing k;, ky (monomer),
and for example, [A]=1.1x10"*M, @ is then calculated to
be 10.6%. @, has been determined to be 0.01 in dilute so-
lution (see Table 2). Under [A]=1.1x10"*m, the deconvo-
luted 1,,/1,,, is calculated to be 0.28. As a result, @, is de-
duced to be 2.3%. The observed rate constant for the exci-
mer emission is measured to be 8.5x10°s™!. Therefore, the
radiative decay rate constant of the excimer emission is de-
duced to be 2.0x10°s™! and is larger than that (7.3x10%*s™!)
of the monomer emission. This result is fundamentally intri-
guing, indicating that the contribution of the metal-d; orbi-
tal increases upon excimer formation. Theoretically, this can
be rationalized by the formation of Pt"-Pt" d,. interaction
in the excited state, resulting in a raise of the d_. energy
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level (HOMO), and hence the reduction of the energy gap,
as well as the increase of the MLCT contribution. This pro-
posed mechanism is consistent with the packing arrange-
ment of 1 revealed in the single crystal, in which the & stack-
ing between two adjacent complexes is obscure in compari-
son to the major Pt"-Pt" interaction.

OLED Fabrication

The Pt" complex 1 exhibits excellent thermal stability and
good phosphorescence efficiency, which are desirable for
light-emitting diode applications. To study the device per-
formances of 1, the multilayer devices of the configuration
ITO/NPB(30 nm)/mCP (10 nm)/TPSi-F:1(40 nm)/BCP-

(10 nm)/TPBI(30 nm)/LiF(1 nm)/Al(100 nm) were prepared.
The abbreviations NPB, mCP, TPSi-F, BCP, and TPBI stand
for 4,4-bis(N-(1-naphthyl)-N-phenylamino)biphenyl, 1,3-
bis(9-carbazolyl)benzene, triphenyl-(4-(9-phenyl-9H-fluoren-
9-yl)phenyl) silane,*” 2.9-dimethyl-4,7-diphenyl-1,10-phe-
nanthroline, and 1,3,5-tris(N-phenyl benzimidazol-2-yl)ben-
zene, respectively, while doping concentrations of 1 are 7%,
14%, 28%, 50% and 100%. Very bright emission was ob-
served for all doping concentrations. Table 4 summarizes the
selected performance data for these OLED devices. The I-
V-L curves, plotted in Figure 9, show a trend of increasing
current density with increasing concentration of 1. This phe-
nomenon implies that the charges may be injected directly
to the Pt" complex; the dopant then serves as an additional
channel to transport charges by hopping between the
dopant sites.*!

Figure 10a shows the electroluminescence (EL) emission
profiles at various doping concentrations. The relative inten-
sity of the peaks at 528 and 572 nm decreases with increas-
ing concentrations. At the same time, the peak intensity at
higher wavelengths increases. According to the previous
photoluminescence (PL) data, it appears to us that the lumi-
nescence at 528 and 572 nm is derived from the monomeric
species, while the emission at the longer wavelengths origi-
nates from the aggregated forms and/or excimers. Arising
from the reduction of the monomeric species at the higher
concentrations, the full width at half maximum (FWHM) of
the EL signal decreased from 153 nm to 107 nm.

For a further comparison, the thin film samples of 1
doped in TPSi—F were prepared and their PL characteristics
measured. The concentration dependent red-shifting was
also displayed in the corresponding PL spectra (Figure 10b),

Table 4. Performance characteristics for [ITO/NPB/mCP/TPSi-F:1/BCP/TPBI/LiF/Al.
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Figure 9. I-V-L characteristics of OLED devices ITO/NPB/mCP/TPSi-
F:1/BCP/TPBI/LiF/Al as a function of dopant concentration.
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Figure 10. (a) EL spectra of OLED devices ITO/NPB/mCP/TPSi-F:1/

BCP/TPBI/LiF/Al as a function of dopant concentration, and (b) PL

spectra of 1 embedded to the TPSi-F matrix with variable dopant concen-

trations.

further substantiating the self-aggregation of the dopant.
This tendency has been illustrated by the well-aligned head-
to-tail stacking arrangement and the exceedingly short inter-
molecular Pt---Pt distances of 1. In fact, the phenomenon is
typical for the square-planar Pt" complexes, for which inter-
molecular -t and Pt---Pt interactions often result in molec-
ular stacking and the formation of aggregates and exci-
mers.®? Therefore, the detected luminescence would display
features involving both "MLCT
and *MMLCT excited states,
which are generated from the

Conc. (%) Max lum. ! E.Q.E. Luminous eff. Power eff. E. L. Ay (CLEY  monomer and the oligomeric
[edm™ (V)] [%]" [ed A7 [t W1 counterparts, respectively,2?>3!

7% 12021 (22.5) 33 (24) 69 (5.1) 14 (0.9) 530,618 (0.50,046)  Moreover, among the various

14% 28289 (21.0) 6.6 (4.9) 13.8 (10.3) 3.1 (1.9) 530,618 (0.32,047) 4ot concentrations, the best

28% 47543 (18.5) 8.5 (6.7) 18.5 (14.6) 49 (32) 530, 618 (0.53, 0.46) : tions,

50% 30056 (15.5) 7.6 (5.5) 11.4 (9.0) 3.9 (2.5) 532, 626 (0.56,0.42) device was achieved at the

100% 26888 (13.0) 6.5 (4.9) 10.1 (7.6) 42 (2.6) 630 (0.59, 0.41) 28 wt% doping level

[a] Values in the parentheses are the applied driving voltage. [b] Data collected under 20 mA cm™
values in the parentheses are the data collected under 100 mA cm 2 [c] Measured at the driving voltage of 8 V.
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(Figure 11), which rendered a
turn-on voltage of 6.7V (at
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Figure 11. Quantum efficiency of OLED devices ITO/NPB/mCP/TPSi-
F:1/BCP/TPBI/LiF/Al as a function of dopant concentration.

1 cdm™?) and maximum external quantum efficiency (EQE)
of 8.62 at 11.5V, CIE coordinates of (0.53, 0.46) at 8 V, and
maximum brightness of 47543 cdm™ at a driving voltage of
18.5 V. At higher dopant concentrations, the EQE decreases,
probably arising from triplet-triplet annihilation.'*" Tts per-
formance data are nevertheless very encouraging, showing
characteristics comparable to the best Pt"-based OLEDs
documented in literature,*" and giving a peak 7, of 8.5%
(corresponding to a luminance efficiency of 18.5cdA™), to-
gether with a brightness of 3700 cdm 2 at a current density
of 20mAcm2 Even at a higher current density of
100 mAcm™2, 80% of the peak efficiency (6.7 %) could still
be sustained, together with a fairly bright phosphorescence
of approximately 14570 cdm™. We attribute this superiority
to the higher emission QE and its shorter triplet lifetime.
The latter helped to minimize the degree of exciton quench-
ing through triplet—triplet annihilation occurring at high cur-
rent density.

Conclusions

In summary, facile syntheses are established for Pt" com-
plexes that possess the common terdentate chelating anion
fpbpy and a monodentate anion occupying the fourth coor-
dination site. From structural and spectroscopic characteri-
zation, it is demonstrated that the inter-conversion between
the chloride complex 1 and the acetamide complexes 3 and
4 can be achieved by organonitrile coordination, base-in-
duced organonitrile hydrolysis, and release of the respective
acetamide ligand by addition of HCL In dilute solution,
complexes 1, 2, and 3 exhibit orange (560 nm), orange
(557 nm), and red (604 nm) phosphorescence, respectively,
in which complexes 1 and 2 show strong concentration-de-
pendent emission originating from the excimeric type associ-
ation in the excited state, which is manifested in a strong
Pt-Pt interaction. For complex 1, the moderately strong
deep-red emission with quantum yield of ~0.2 and short life-
time of ~113 ns may find useful application in the field of
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red-emitting OLEDs. Work focusing on this aspect is cur-
rently in progress.

Experimental Section
General Information and Materials

All reactions were performed under a nitrogen atmosphere using anhy-
drous solvents or solvents treated with an appropriate drying reagent.
Mass spectra were obtained on a JEOL SX-102 A instrument operating
in electron-impact (EI) mode or fast-atom-bombardment (FAB) mode.
'"H and "FNMR spectra were recorded on Varian Mercury-400 or
INOVA-500 instruments. Elemental analyses were conducted at the NSC
Regional Instrumentation Center at National Chiao Tung University.

Steady-state absorption and emission spectra were recorded by a Hitachi
(U-3310) spectrophotometer and an Edinburgh (FS920) fluorimeter, re-
spectively. Solution samples, unless otherwise specified, were degassed by
three freeze-pump-thaw cycles. A confocal microscope (Witec oo SNOM)
connected with an intensified charge-coupled detector (PI-MAX) by the
optical fiber was used to measure the emission spectra of single crystal
samples. Coumarin 480 (®=0.93 in EtOH)™! was used as a reference to
determine the luminescence quantum yields of the studied compounds in
solution, using Equation (7):

L) )

in which @, and @, are the quantum yields of the unknown and reference
samples, respectively, # is the refractive index of the solvent, A, and A,
are the absorbance of the reference and the unknown samples at the ex-
citation wavelength, and /; and /, are the integrated areas under the emis-
sion spectra of interest, respectively. An integrating sphere (Lab sphere)
was applied to measure the quantum yield in the solid state. The solid
thin film was prepared by direct vacuum deposition and was excited by
an argon-ion laser at 363 nm. The resulting luminescence was acquired
with an intensified charge-coupled detector for subsequent quantum
yield analyses according to a reported method.""!

Synthesis

Pt(fpbpy)Cl (1) (Method A): A mixture of K,PtCl, (300 mg, 0.72 mmol)
and 6-(5-trifluoromethyl-pyrazol-3-yl)-2,2'-bipyridine (fpbpyH) (210 mg,
0.72 mmol) in a 1:1 mixture of water and acetonitrile (30 mL) was vigo-
rously refluxed for 48 h, giving a red-violet precipitate. After cooling the
suspension to room temperature, the precipitate (1, 319 mg, 0.61 mmol,
85%) was filtered, washed with diethyl ether, and dried under vacuum.
X-ray crystals were afforded by cooling the saturated solution of 1 in a
1:3 mixture of DMSO and acetone.

(1) (Method B): To a suspension of Pt(fpbpy)(NHCOMe) (3) (40 mg,
0.071 mmol) in a 3:1 mixture of acetonitrile and water (20 mL), was
added a small amount of HCl (2m) to afford a clear solution. The solu-
tion was refluxed for 6 h, giving a red-violet suspension. After cooling to
room temperature, the precipitate (1, 32 mg, 0.061 mmol, 86 %) was fil-
tered, washed with diethyl ether, and dried under vacuum.

Spectral data of 1: "HNMR (400 MHz, [D,]DMSO, 298 K, TMS): 6=
8.95 (d, Jun=>5.6Hz, 1H), 8.49 (d, Jyu;=7.6 Hz, 1H), 8.39 (td, Jy1 =78,
1.6 Hz, 1H), 8.30-8.22 (m, 2H), 7.99 (dd, Jy;y=7.6, 1.2 Hz, 1 H), 7.86 (td,
Jun=6.6, 1.3 Hz, 1H), 7.29 ppm (s, 1H); "F NMR (470 MHz, [D,]DMF,
298 K): 6 =—60.47 ppm (s, 3F, CF;); MS (FAB, '"Pt): m/z (%) calcd for
C,,H;CIF;N,Pt: 519.00 [M]*; found: 519.00; elemental analysis: calcd
(%) for C,;HyCIE;N,Pt: C 3235, H 1.5, N 10.78; found: C 32.44, H 1.74,
N 10.32.

Pt(fpbpy)(OAc) (2): A mixture of 1 (50 mg, 0.096 mmol) and silver ace-
tate (65 mg, 0.389 mmol) in DMF (15mL) was stirred at 110°C for
50 min to give an orange suspension. After cooling to room temperature,
the solution was filtered, the filtrate was concentrated under vacuum,
and the residue was dissolved in a small amount of DMF. Large excess of
diethyl ether was added to induce the precipitation. The orange precipi-
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tate (2, 42 mg, 0.077 mmol, 80%) was collected, washed with diethyl
ether, and dried under vacuum.

Spectral data of 2: '"H NMR (500 MHz, [Dg]DMSO, 298 K, TMS): 0=
8.51 (d, Jyy=8.0 Hz, 1H), 8.49 (d, J;z=5.0 Hz, 1H), 8.42 (td, Jyz=7.9,
1.3 Hz, 1H), 8.28 (t, Jyy=8.0 Hz, 1H), 8.22 (d, Jyy=7.8 Hz, 1H), 7.99
(d, Jup=7.5Hz, 1H), 7.86 (td, Jyx=06.9, 1.5Hz, 1H), 7.30 (s, 1H),
205ppm (s, 3H); “FNMR (470 MHz, [D¢DMSO, 298K): o=
—59.23ppm (s, 3F, CF;); MS (FAB, "Pt): m/z (%) caled for
C,H,,F;N,O,Pt: 544.05 [M+1]*; found: 544.00; elemental analysis:
caled (%) for C;¢H; FsN,O,Pt: C35.37, H2.04, N 10.31; found: C 34.94,
H 2.37, N 10.59.

Pt(fpbpy)(NHCOMe) (3) (Method A): A mixture of 1 (50 mg,
0.096 mmol), acetamide (57 mg, 0.965 mmol), and Na,CO; (102 mg,
0.962 mmol) in ethanol (30 mL) was refluxed overnight. After cooling to
room temperature, the solvent was removed under vacuum, and the resi-
due was dissolved in a small amount of DMF. The crystalline product (3,
39 mg, 0.072 mmol, 75%) was recrystallized from a mixture of DMF and
diethyl ether. Single crystals suitable for X-ray diffraction analysis were
obtained by placing the saturated solution of 3 in DMSO at room tem-
perature for several days.

(3) (Method B): A mixture of 1 (60 mg, 0.116 mmol) and Na,CO; (13 mg,
0.123 mmol) in a 1:1 mixture of water and acetonitrile (20 mL) was re-
fluxed overnight, giving a yellow precipitate. After cooling the suspension
to room temperature, the precipitate (3, 60 mg, 0.107 mmol, 92%) was
filtered, washed with diethyl ether, and then dried under vacuum.

(3) (Method C): A mixture of 5 (55 mg, 0.090 mmol) and Na,CO; (13 mg,
0.123 mmol) in a 3:1 mixture of acetonitrile and water (20 mL) was re-
fluxed overnight, giving a yellow precipitate. After cooling the suspension
to room temperature, the precipitate (3, 42 mg, 0.075 mmol, 83%) was
filtered, washed with diethyl ether, and dried under vacuum.

Spectral data of 3: '"H NMR (400 MHz, [Dg]DMSO, 298 K, TMS): 0=
9.48 (d, Jyy=5.0 Hz, 1H), 8.42 (d, Jyy,y=7.6 Hz, 1 H), 8.30 (td, J; s =7.8,
1.6 Hz, 1H), 8.22-8.15 (m, 2H), 7.91 (dd, Jy;;=5.8, 3.0 Hz, 1H), 7.70 (td,
Jun=6.7, 15Hz, 1H), 7.25 (s, 1H), 5.58 (s, 1H), 2.00 ppm (s, 3H);
E NMR (470 MHz, [D,]DME, 298 K): 6= —60.33 (s, 3F, CF;); MS (FAB,
1%Pt): m/z (%) caled for CigH,F;NsOPt: 542.06 [M]™; found: 542.00; ele-
mental analysis: caled (%) for CH,F;N;OPt-H,0O: C34.29, H2.52,
N 12.50; found: C 34.24, H 2.78, N 12.21.

Pt(fpbpy)(NHCOEt) (4): A mixture

of 1 (41 mg, 0.079 mmol), propiona-
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found: 557.00; elemental analysis: caled (%) for C,;H;,F;N;OPt-H,O:
C35.55, H2.81, N 12.19; found: C 35.47, H 3.08, N 12.11.

[Pt(tpbpy)(NCMe)](BF,) (5): A mixture of 1 (60 mg, 0.115 mmol) and
AgBF, (23 mg, 0.118 mmol) in anhydrous acetonitrile (15 mL) was re-
fluxed for 4 h to give a yellow suspension. The solution was filtered and
the filtrate was concentrated to approximately 3 mL. Yellow crystalline
material (5, 57 mg, 0.093 mmol, 80 % )was obtained by a slow diffusion of
diethyl ether into the acetonitrile solution.

Spectral data of 5: '"H NMR (400 MHz, [Dg]DMSO, 298 K, TMS): 0=
9.24 (d, Jyu=5.6 Hz, 1H), 8.68 (d, Jyy;=8.0 Hz, 1H), 8.57-8.46 (m, 3H),
823 (d, Jyuu=7.6Hz, 1H), 805 (t, Jyu=68Hz, 1H), 7.54 (s, 1H),
2.06 ppm (s, 3H); “F NMR (470 MHz, [D¢]DMSO, 298 K): 6 = —60.09 (s,
3F, CF;), —148.22 ppm (s, 4F, BF,); MS (FAB, '"Pt): m/z (%) calcd for
C,6H,,F5NPt: 525.06 [M-BF,]*; found: 525.00; elemental analysis: calcd
(%) for CyH, BE:N;Pt2H,0: C29.65, H 2.33, N 10.80; found: C29.92,
H 2.30, N 10.60.

X-ray Diffraction Studies

Single crystal X-ray diffraction data of 1 and 3 were measured on a
Bruker SMART Apex CCD diffractometer using (Mog,) radiation (A=
0.71073 A). The data collection was executed using the SMART program.
Cell refinement and data reduction were performed with the SAINT pro-
gram. The structure was determined using the SHELXTL/PC program
and refined using full-matrix least squares. Their crystallographic refine-
ment parameters are summarized in Table 5. CCDC 93182 and 693183
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.

DFT Calculation Method

Molecular orbital and time-dependent calculations are based on the
structures from the X-ray crystal studies at B3LYP level in the continuum
solvation model of CH,Cl, (IEFPCM). The basis set is a double-{ quality
basis set consisting of Hay and Wadt’s quasi-relativistic effective core po-
tentials (LANL2DZ) for Pt" atom;*" a 6-31G* basis set was employed
for the H, C, N, F, and O atoms. Typically, the lowest three triplet and
singlet roots of the nonhermitian eigenvalue equations were obtained to
determine the vertical excitation energies. Oscillator strengths were de-

mide (91 mg, 1.245mmol), and TableS5. Crystal data and refinement parameters for complexes 1 and 3.

Na,CO; (150 mg, 1.415 mmol) in etha-

nol (15 mL) was refluxed for 24 h, and

then cooled to room temperature. The
solvents and excess propionamide
were removed under vacuum, and the
residue was dissolved in small amount
of DMF. Large excess of water was
added to induce precipitation. The
yellow precipitate was collected,
washed with diethyl ether, and dried
under vacuum. The crystalline product
(4, 19 mg, 0.034 mmol, 43%) was ob-
tained from a mixture of DMF and di-
ethyl ether.

Spectral data of 4: 'HNMR
(500 MHz, [D¢JDMSO, 298 K, TMS):
6=9.75 (d, Jyy=5.0Hz, 1H), 8.48 (d,
Jun=7.5Hz, 1H), 836 (td, Jyn=7.9,
1.3 Hz, 1H), 827-8.23 (m, 2H), 7.98
(dd, Jyu=60, 2.5Hz, 1H), 7.77 (ud.
Jun=68, 1.5Hz, 1H), 732 (s, 1H),
560 (s, 1H), 228 (q, Jun=7.5Hz,
2H), 1.08 ppm (1, Jyu=7.3 Hz, 3H).
ENMR  (470MHz, [D,JDMSO,
298 K): 0=-59.24 ppm (s, 3F, CF;);
MS (FAB, 'Pt): m/z (%) caled for
CyHFN;OPt:  557.08  [MA+1]*;
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1 3
Empirical formula C,;H,,CIF;N,OPt C,sH gF3N5;O,PtS
Formula weight 577.86 620.52
Temperature [K] 150(2) 220(2)
Crystal system Monoclinic Triclinic
Space group P2,/m P1
a[A] 9.3098(7) 7.8258(5)
b [A] 6.5917(5) 13.7404(8)
c[A] 15.1612(11) 19.1996(11)
al’] 87.338(1)
Bl 106.399(2) 78.825(1)
y[°] 88.222(1)
V[AY 892.55(12) 2022.7(2)
VA 2 4
Peatea [2em ] 2.150 2.038
u [mm™] 8.055 7.093
F(000) 548 1192
Crystal size [mm”] 0.20x0.15%0.02 0.40x0.12x0.07
Reflns. collected 5436 21419

Independent reflections

Max., min. transmission
Data/restraints/parameters
GOF

Final R indices [/>20(])]

R indices (all data)

Largest different peak and hole

1713 [R(int) = 0.0459]
0.8555, 0.2957
1713/0/168

1.202

R,=0.0401, wR,=0.0918
R,=0.0428, wR,=0.0930
4.946 and —2.156 ¢ A?

9241 [R(int) =0.0418]
0.6366, 0.1636
9241/0/548

1.088

R,=0.0456, wR,=0.0956
R,=0.0601, wR,=0.1093
2.653 and —1.416 ¢ A?

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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duced from the dipole-transition matrix elements (for singlet states only).
All the calculations were performed with the Gaussian 03 package.™
Compositions of molecular orbitals, overlap populations between molecu-
lar fragments, and density-of-states spectra were calculated using the
AOMix program.”!

Fabrication of Light-Emitting Devices

The EL devices were fabricated by vacuum deposition of the materials at
10° Torr onto a clean glass that was pre-coated with a layer of indium
tin oxide with a sheet resistance of 25 Q square'. Various organic layers
were deposited sequentially at a rate of 1-2 As~'. Phosphorescent dopant
was co-evaporated with TPSi-F by two independent sources. A thin layer
of LiF (1 nm) and a thick layer of Al (150 nm) were sequentially deposit-
ed as the cathode. The active area of the emitting diode was 9.00 mm?.
The current-voltage-luminance of the devices was measured in ambient
conditions with a Keithley 2400 Source meter and a Newport 1835C Op-
tical meter equipped with an 818ST silicon photodiode. The EL spectrum
was obtained using a Hitachi F4500 spectrofluorimeter.
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Biomimetic Approach to the Formation of Titanium Dioxide Thin Films by
Using Poly(2-(dimethylamino)ethyl methacrylate)

Sung Ho Yang, Kyungtae Kang, and Insung S. Choi*!*!

Abstract: We demonstrate that the bio-
mimetic method—which has been used
for the formation of silica thin films—
also could be applied directly to the
formation of titanium dioxide (TiO,)
thin films, which are technologically
important materials because of their
applications to photocatalytic purifiers,
photochemical solar cells, and others.
After generation of poly(2-(dimethyl-
amino)ethyl methacrylate) (PDMAE-
MA) films on gold surfaces by surface-
initiated  polymerization, titanium

used as a precursor of TiO,. The TiO,/
PDMAEMA films were successfully
formed on the surfaces in aqueous so-
lution at neutral pH (pH 6.7) and room
temperature, and were characterized
by X-ray photoelectron spectroscopy,
Fourier transform infrared spectrosco-
py, atomic force microscopy, scanning
electron microscopy, and X-ray diffrac-

Keywords: biomineralization - bio-
silicification - biomimetic synthesis -
thin film - titanium dioxide

tometry. The formed TiO, films have
an amorphous nature and large area
uniformity in thickness. The degree of
crystallization was controlled by an-
nealing. We also investigated the pH
effect and the phosphate incorporation
in the films by using phosphate-buf-
fered solutions. The TiO, films were
formed in all the employed pH values
in the range of 2 to 12, but phosphate
anions were found to be incorporated
into the films facilely only at low pH.

bis(ammonium lactato)dihydroxide was

Introduction

While many inorganic materials are often synthesized chem-
ically under extreme temperature and pressure,["? the bio-
logical formation of inorganic minerals found in nature (bio-
mineralization) occurs under ambient conditions in aqueous
solutions.”) Biomineralization has recently drawn a great
deal of interest in the field of materials sciences, as a poten-
tial alternative to the chemical method requiring harsh reac-
tion conditions.**! The approach of biomimetic mineraliza-
tion has successfully been applied to the formation of vari-
ous nanostructured biominerals, such as calcium carbonate,
calcium phosphate, silica, and iron oxide.*'” In addition,
fundamental studies of biomineralization processes them-
selves have led to the biomimetic synthesis of abiological
materials.""”) For example, ferritin, an iron oxide-producing
protein,'” has been used to form abiological inorganic mate-
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rials, such as oxohydroxides of cobalt, manganese, and
nickel, under physiological conditions.'""*! Silicateins, silica-
forming proteins,?” have also been used for forming titani-
um dioxide and gallium oxide.['*!!

Among various biominerals, silica, the second most abun-
dant biomineral, has been studied intensively, because not
only does biosilicification (found in diatoms® and glass
sponges®!) occur under ambient conditions at slightly acidic
pH values, but the formed silica structures are also precisely
controlled at the nanometer scale. Biosilicification in di-
atoms is reported to be achieved by specific interactions be-
tween silicic acid derivatives and biopolymers, such as cat-
ionic peptides named silaffins.® Silaffins are posttransla-
tionally modified peptides, where many lysine residues are
modified to e-N-dimethyllysines or oligo-N-methylpropyl-
eneimine-linked lysine residues, and serine residues are
modified to phosphorylated serine residues. The self-assem-
bled structure of the peptides is thought to act as a template
for in vivo polycondensation of silicic acid derivatives cata-
lyzed by the long-chain polyamines in diatoms.?*2 It is also
suggested that the self-assembly of the peptides is mediated
by electrostatic interactions between cationic long-chain
polyamines and phosphate anions in silaffins.”?**"!

Based on the aforementioned finding, silica nanospheres
have been synthesized biomimetically in vitro with various
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polyamines, such as poly-L-lysine,”" poly-L-histidine,"”~ poly-
L-arginine,™ poly(allylamine hydrochloride),”***! amine-
terminated dendrimers (PPI and PAMAM),*** and
others.”**! In addition to the nanospheres, we for the first
time reported the formation of silica thin films with poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) as a
synthetic counterpart of silaffins, based on the fact that most
of the amines in silaffins are tertiary.“**! Several abiological
materials also have been synthesized based on the proposed
mechanism of biosilicification in diatoms. Clarson et al. have
shown that microparticles of amorphous germanium oxide
could be formed at neutral pH by using poly(allylamine hy-
drochloride) and poly-L-lysine as synthetic counterparts of
silaffins.!"®! Naik et al. have demonstrated the formation of
titanium oxide-coated, single-walled carbon nanotubes by
using a bifunctional fusion peptide (P1R5) composed of a
single-walled carbon nanotube-binding part (P1) and inor-
ganic-precipitating part (R5).”l Wright et al. have produced
TiO, nanoparticles with R5 peptide and poly-L-lysine under
ambient conditions,® and Kroger etal. have synthesized
TiO, crystals with recombinant silaffins.***! A series of the
previous reports indicate that the very same process of bio-
mimetic silica formation, utilizing amine-containing poly-
mers as a catalytic template, can be applied directly to the
synthesis of various abiological metal oxides under ambient
conditions.

Among the abiological inorganic materials synthesized by
the biomimetic approach, TiO, is one of the highly impor-
tant materials because of its applications to photocatalytic
purifiers,“! photochemical solar cells,””**! and others. For
the high functional efficiency of TiO,-based materials, TiO,
is generally formed as thin films, and the TiO, thin films
have been prepared by various techniques, including evapo-
ration,®! chemical vapor deposition,”™*! sputtering deposi-
tion,”>> jon beam-assisted processes,** and sol-gel process-
es.””l While successful, these techniques generally need het-
erogeneous conditions that require high temperatures and
pressures as well as caustic chemicals.”**! In addition, the
uniformity of the thickness over a large area is relatively
poor. As an alternative, a solution-based approach for de-
positing TiO, films onto surfaces has been attempted. Self-
assembled monolayers (SAMs) terminating in sulfonate or
hydroxyl groups were formed on Si/SiO, to control surface
functionality, and TiO, films were grown on the surfaces
with either highly acidic titanium tetrachloride®!! or anhy-
drous titanium isopropoxide!® as a precursor. Micropatterns
of TiO, films also have been generated on the patterned
SAMs by the solution-based deposition method.[! Baskaran
etal. reported the deposition of relatively uniform TiO,
films under mild deposition conditions by using titanium
bis(ammonium lactato)dihydroxide (TBALDH) as a precur-
sor: The control of TiO, deposition on surfaces was ach-
ieved by using acid decomposition of TBALDH at 70°C.[*¥
To the best of our knowledge, there has been no report on
the use of silaffins or their synthetic substitutes for the bio-
mimetic formation of TiO, films.
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We reasoned that our previously reported method for
forming silica thin films could be applied to the formation
of TiO, thin films under ambient conditions (i.e., neutral pH
and room temperature); in this work, we used films of
PDMAEMA and quaternized PDMAEMA ,“*4%] which we
had used for the formation of silica thin films, as biomimetic
templates for the formation of TiO, thin films. As a precur-
sor for TiO,, TBALDH was employed, because this com-
pound has successfully served as a TiO, source in previous
reports.##4464 Because it was reported that a TiO, film
was not formed from TBALDH in solution at neutral pH
and ambient temperature in the absence of amine-based cat-
alytic templates,*! we believed that TBALDH would be a
suitable candidate for investigating biomimetic formation of
TiO, films with PDMAEMA and quaternized PDMAEMA
as catalytic platforms. The formed TiO, films were charac-
terized by Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, atomic force microscopy, scan-
ning electron microscopy, and X-ray diffractometry.

Results and Discussion

As mentioned above, the biosilicification in diatoms is ach-
ieved by specific interactions between cationic silaffins and
silicic acid derivatives. Silaffins contain long-chain poly-
amines composed of methylated tertiary and quaternary
amines. Previously, we biomimetically produced silica thin
films and their micropatterns with a tertiary amine-contain-
ing polymer, PDMAEMA .**#l In addition, we also reported
the formation of superhydrophobic surfaces based on the
biomimetic silicification with quaternized PDMAEMA (q-
PDMAEMA)." Based on this work, we expected that
PDMAEMA and/or -PDMAEMA films could be used for
formation of abiological inorganic thin films in the presence
of properly chosen precursors that substitute for silicic acid
derivatives. We chose titanium bis(ammonium lactato)di-
hydroxide (TBALDH) as a precursor of TiO,, because the
compound is stable and soluble in water, and has mainly
been used as a TiO, precursor for the biomimetic formation
of TiO,.“*“* TBALDH has also been used as a TiO,
source in the processes of thermal®! and acid decomposi-
tion.!*¥

Formation of TiO,/PDMAEMA Films in Aqueous
Solutions

We first used PDMAEMA films as a catalytic platform for
TiO, formation, simply because PDMAEMA acted as an ef-
ficient platform for SiO, formation in our and others’ previ-
ous reports.*%4:%67 Formation of TiO/PDMAEMA thin
films was carried out by placing a PDMAEMA-coated sub-
strate in 1 mL aqueous solution (pH 6.7) of TBALDH
(50 mm) for 1 h at room temperature.

The presence of TiO, species in the resulting films was
confirmed by X-ray photoelectron spectroscopy (XPS) and
IR spectroscopy. Figure 1 shows the XPS spectra of

Chem. Asian J. 2008, 3, 2097 -2104
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Figure 1. XPS spectra of a)the PDMAEMA film and b)the TiO,/
PDMAEMA film. TiO, was formed in an aqueous solution of TBALDH
(50 mm).

PDMAEMA and TiO,/PDMAEMA films. A Ti 2p peak ap-
peared at 458 eV (Figure 1b), in addition to the peaks of
O1s (531eV), N1s (402eV), and C1s (287 eV) observed
from PDMAEMA (Figure 1a). The IR spectrum of the
PDMAEMA film showed characteristic peaks at 1732 (C=0
stretching), 1461 (-CH,- bending), and 1155cm™'(C-N
stretching; Figure 2a). After the TiO, formation, a new
peak was observed at about 800 cm™' in the IR spectrum.

(©

s
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Figure 2. IR spectra of a) the PDMAEMA film, b) the TiO,/PDMAEMA
film, and c) the TiO,/PDMAEMA film after annealing. TiO, was formed
in an aqueous solution of TBALDH (50 mm).
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The peak was rather broad, ranging from 450 to 1000 cm™!

(Figure 2b).1%! Although the previous work by others!*+!
did not report any IR data of the biomimetically grown
TiO, species, the IR peaks of TiO, (Ti—O bonds) were re-
ported to appear in the range of 400-1000 cm™.[72 We
thought that the observed peak broadening resulted from an
amorphous nature of TiO, thin films that would be caused
by incorporation of water and/or carbon species into the Ti—
O bond network. Incorporation of water was inferred by the
presence of another new peak at 1650 cm™' in Figure 2b (as-
signed as H,0O deformation). In accordance with our infer-
ence, when we annealed the substrate at 600°C under N,
for 5h, the intensity of the peak at 1650 cm™' decreased,
and the peak from the Ti—O bond became narrowed and
sharpened at 810 cm™' (Figure 2¢). The spectroscopic data
confirmed that the TiO,/PDMAEMA films were successful-
ly generated in aqueous solution at neural pH (6.7) and
room temperature. As control experiments, we formed films
of poly(methyl methacrylate) (PMMA) and poly(N-isopro-
pylacrylamide) (PNIPAAm). Neither PMMA nor PNI-
PA Am induced TiO, formation.

Surface morphology of the films was investigated by
atomic force microscopy (AFM; Figure 3a,b). The PDMAE-
MA film was noticeably uniform as reported before:*” The
root-mean-square (rms) value of the 140 nm-thick film was
0.45nm (Figure 3a). After the TiO, formation, the films
became roughened: The rms value increased to 9.59 nm,
and 100 nm-sized lumps were also observed (Figure 3b).
The field-emission scanning electron microscopy (FE-SEM)
micrographs also confirmed the presence of TiO, films (Fig-
ure 3c—¢). In the cross-sectional views, we observed that the
thickness of the TiO,/PDMAEMA film increased to 230 nm
(from the 140 nm-thick PDMAEMA film), and the film
became rougher after TiO, formation (Figure 3¢,d). The top

Figure 3. AFM micrographs of a) the PDMAEMA film and b) the TiO,/
PDMAEMA film. SEM micrographs of c¢) the PDMAEMA film (cross-
sectional view), d) the TiO,/PDMAEMA film (cross-sectional view), and
e) the TiO,/PDMAEMA film (top view). TiO, was formed in an aqueous
solution of TBALDH (50 mm). Scale bar: 200 nm.
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view showed that the surface of the TiO,/PDMAEMA film
was relatively uniform over the entire area imaged, although
composed of lumps (Figure 3e). The indistinguishable layer
of PDMAEMA and TiO, would be evidence for carbon in-
corporation into the Ti—O bond network. The hybrid nature
of the inorganic materials and organic polymers is in agree-
ment with previous reports on the biomimetic formation of
silica and TiO,.B%40-44

Formation of TiO,/PDMAEMA Films in Phosphate-
Buffered Solutions

It is well-known that the pH values of reaction media affect
processes of biomimetic silicification.”>” Briefly, there are
the optimal pH ranges for biomimetic silicification, and the
size of the precipitated silica spheres strongly depends on
pH. We studied the pH effect on TiO, formation in our
system by controlling the acidity of the reaction solutions
with phosphate buffer. The employed pH values ranged
from 2 to 12 with a single-digit increment. In addition to the
pH effect, this experimental setting was also expected to
give important information on the participation of anions
(phosphates) in the biomimetic processes.

The IR spectra of the resulting samples formed at pH 5
and 10 are shown as representatives in Figure 4. We found
that the TiO, films contained a considerable amount of
phosphate anions when formed in the pH range 2-6. For ex-
ample, when we performed the reaction at pH 5, the result-
ing TiO, films showed a strong peak at 1063 cm™' assigned
as a PO, out-of-phase stretch, in addition to the broad
peak at about 800 cm ™' resulting from Ti—O bonds in amor-
phous TiO, (Figure 4a).>7 We did not observe this peak
when the TiO, formation was performed in aqueous solu-
tion (Figure 2b). In the XPS spectrum, the peak correspond-
ing to P 2p was observed at 135 eV (see the Supporting In-
formation, Figure S1a). In contrast, the IR peak for phos-
phate anions was not observed when the reactions were per-
formed in the pH range 7-12 (Figure 4b), although a weak
peak of the incorporated phosphate ions could be detected

(@

(b)
I T T T T T T T T T T T T T T
2000 1800 1600 1400 1200 1000 800 600

Wavenumber / cm™

Figure 4. IR spectra of the TiO)/PDMAEMA films formed in the phos-
phate-buffered solutions: a) pH 5, b) pH 10.
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in the XPS spectra (Figure S1b in the Supporting Informa-
tion). The results indicate that phosphate anions were incor-
porated into the TiO,/PDMAEMA films to a lesser extent
under basic conditions (at high pH). Connor et al. reported
that phosphate anions were strongly adsorbed onto TiO,
films at low pH, but not at high pH, which is in agreement
with our results.”” The observed pH dependency of phos-
phate adsorption could be reasoned by competitive adsorp-
tion of hydroxide (OH") at high pH."” Another possibility
would be pre-association of phosphate anions with
PDMAEMA. Because the pK, values of phosphoric acid
are about 2.12 (pK,,), 7.21 (pK,,), and 12.67 (pK,3), H,PO,~
and HPO,* predominantly exist in the phosphate-buffered
solutions (pH 2-12). The pK, value of PDMAEMA is about
8, and therefore a high portion of 2-(dimethylamino)ethyl
chains are protonated in the range of pH2-6 and could
make a complex with phosphate anions. Owing to deproto-
nation (or nonprotonation), 2-(dimethylamino)ethyl groups
are neutral at high pH value and presumably do not have
much tendency to associate with phosphate anions.

The presence of the phosphate anions did not alter the
broad IR peak at about 800 cm™' in the pH values studied,
which means that the pH value did not affect the formation
of TiO, thin films except for the adsorption of phosphate
anions in the phosphate-buffered solutions. In other words,
the formation of TiO, films occurred in all the pH values of
phosphate-buffered solutions studied (pH 2-12),*! with dif-
ferent chemical compositions and perhaps structures. It re-
mains to be seen how the pH values and the incorporation
of phosphate anions affect the reaction pathways (and
mechanisms) of TiO, film formation.

Crystallization of TiO,

We did not observe any characteristic peaks for crystal
structures of TiO, in the X-ray diffraction (XRD) spectra,
indicative of the amorphous nature of the formed TiO,
films (Figure 5a). The XRD data agreed well with the broad
IR peak described above. We attempted the conversion of
amorphous TiO, to anatase or rutile phase by annealing the
TiO,/PDMAEMA film, which had been formed in the aque-
ous solution without phosphate anions, at 600°C under N,
for 5 h. After annealing, we observed a new peak at 25.3°
(20) in the XRD spectrum (Figure 5b), in addition to
strong peaks from Au at 38.3° (111) and 44.7° (200) (for
wide-ranged XRD spectra, see Figure S2 in the Supporting
Information). The peak is one of the characteristic peaks for
the anatase phase, which is the dominant crystal structure of
TiO,. The other peaks from anatase were concealed by the
strong peaks from Au (Figure S2 in the Supporting Informa-
tion).

While phosphate anions did not affect the TiO, film for-
mation itself, it was found to affect the crystallization pro-
cesses of TiO, in our system. The XRD peak at 25.3° indi-
cative of the anatase phase, became relatively diminished
for the sample that had been generated at pH 10 (Fig-
ure 5¢), and nearly unobservable for the sample at pH 5

Chem. Asian J. 2008, 3, 2097 -2104
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Figure 5. XRD spectra of the TiO,/PDMAEMA films formed in an aque-
ous solution of TBALDH (50 mm): a) before annealing, b) after anneal-
ing. XRD spectra of the TiO,/PDMAEMA films formed in the phos-
phate-buffered solutions, after annealing: ¢) pH 10, d) pH 5.

(Figure 5d). The inhibitory effect of phosphate anions on
TiO, crystallization has previously been reported:*>7%%
Phosphate anions inhibit the transitions both from amor-
phous to anatase phase and from anatase to rutile phase, be-
cause phosphate anions that are incorporated into the crys-
tal lattice make it difficult for oxygen atoms to move freely
for the phase transition. The IR

spectra (Figure 4) indicate that @)

the amount of adsorbed phos-
phate anions at pHS5 was
higher than that at pH 10.
Therefore, the transition from
amorphous to anatase phase
was inhibited more at pHS
than at pH 10 in our system.
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(at 531.7 and 533.5 eV) were thought to come from oxygen
atoms of PDMAEMA, because the XPS spectrum of the
PDMAEMA film showed peaks at 529.8, 531.8, and
533.4 eV before TiO, deposition. Along with the XRD spec-
trum (Figure 5a), the XPS spectra indicated the formation
of amorphous TiO,.® The O/Ti ratio was calculated to be
about 2.01, based on the O 1s peaks only at 529.3 and
530.6 ¢V and the Ti2p peaks with their atomic sensitivity
factors (0.66 and 1.8).*Y1 The XPS characterization corre-
sponded well with the hybrid nature of inorganic materials
and polymers in biomimetic processes. After annealing, the
peak positions for Ti were shifted slightly to 464.1 and
458.4 eV (Figure 6¢). Of interest, only two peaks for O 1s
were observed at 529.7 and 531.1 eV, which were assigned as
oxygen in the TiO, lattice and dangling oxygen, respectively.
The peaks corresponded with previous reports on anatase
crystalline structures on the nanometer scale.*>!

Formation of TiO,/q-PDMAEMA Films

As described in the Introduction, silaffins in diatoms contain
modified lysine residues, which are mostly tertiary and qua-
ternary amines. Tertiary amines in silaffins are protonated
under physiological conditions, which implies that positively
charged amines—protonated tertiary amines and quaternary
amines—would play a crucial role in biosilicification in di-
atoms. We and others have utilized quaternized PDMAE-
MA and other positively charged amines as a synthetic
counterpart of silaffins for biomimetic silicification.%7)
The quaternization of the PDMAEMA film was achieved
simply by reaction with bromoethane,®! and the TiO, for-

The chemical nature of TiO,

before and after annealing was 450 455 450
further characterized by the de-
convoluted XPS spectra. Before
annealing, the XPS peaks from
Ti2p,, and Ti2p;, were ob-
served at 464.5 and 458.8 ¢V, in
a good agreement with the re-
ported values for TiO, (Ti‘t;
Figure 62a).*"% The O 1s peaks
were deconvoluted to 529.3,
530.6, 531.7, and 533.5 eV (Fig-

ure 6b): The peak at 529.3 eV

was assigned as oxygen in the  ,f; 455 450
TiO, lattice and the peak at
530.6 eV as dangling oxygen
(OH). The two remaining peaks
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Figure 6. Narrow-scanned XPS spectra of the TiO2/PDMAEMA film. a) Ti2p region before annealing,
b) O 1s region before annealing, c) Ti 2p region after annealing, and d) O 1s region after annealing.
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mation was performed on the g-PDMAEMA film by follow-
ing the same procedure as that for the PDMAEMA film
(50mm TBALDH, 1h at room temperature). The q-
PDMAEMA film also acted as a catalytic platform for the
biomimetic TiO, formation at surfaces. The IR spectrum of
the TiO,/q-PDMAEMA film showed a broad peak in the
range of 450 to 1000 cm™' with a maximum at 780 cm™'. The
relative intensity of the peak, however, was much higher
than that for the TiO,/PDMAEMA film (Figure 7a, bottom
spectrum), which indicates that the relative amount of de-
posited TiO, was greater on the ¢-PDMAEMA film than on
the PDMAEMA film.®™ After annealing the TiO,/g-
PDMEAMA film, we observed the same trend in the IR
spectrum as the TiO,/PDMAEMA film (Figure 7 a, top spec-
trum). Other characteristics, such as pH dependency and in-
corporation of phosphate anions, were also the same (Fig-
ures S3 and S4 in the Supporting Information). -PDMAE-
MA is intrinsically positively charged, which means that g-
PDMAEMA, in principle, could complex with phosphate
anions in the entire range of pH (pH 2-12). The observed
pH dependency of phosphate incorporation, therefore,
would support the association of phosphate anions with
TiO, and competitive adsorption of hydroxide at least in the
case of g-PDMAEMA.

The AFM micrograph of the TiO,/q-PDMAEMA film
showed more heterogenized and increased roughness com-
pared with the TiO,/PDMAEMA film: The rms value in-
creased from 0.67 to 21.01 nm (Figure 7b). This increase in
the roughness was much greater than that for the PDMAE-
MA film (045 to 9.59 nm). The SEM micrographs also
showed the highly roughened TiO,/q-PDMAEMA film. The
qg-PDMAEMA film was quite uniform, and the thickness
was measured to be about 200 nm (Figure 7¢). In contrast,
the TiO,/q-PDMAEMA film was too rough to measure the

(a)

2000 1600 1200 800
Wavenumber / cm™’

Figure 7. a) IR spectra of the TiO,/q-PDMAEMA film before (bottom)
and after annealing (top). b) AFM micrograph of the TiO,/q-PDMAE-
MA film. SEM micrographs of c) the -PDMAEMA film (cross-sectional
view), d) the TiO,/q-PDMAEMA film (cross-sectional view), and e¢) the
TiO,/q-PDMAEMA film (top view).
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exact thickness in the SEM micrographs, and the thickness
was only estimated to be 300 nm at the minimum (Fig-
ure 6d). In addition, the structure was much more disor-
dered than the TiO,/PDMAEMA film (Figure 7¢). To the
best of our knowledge, similarities and differences of terti-
ary and quaternary amines in biomimetic TiO, formation
have not been investigated in detail. As a related work,
Armes et al. have reported that quaternization of PDMAE-
MA affected the processes of silica formation in solution, al-
though the exact reason or mechanism was unclear because
of various competing factors, such as accessibility of silicic
acid and catalytic efficiency of cationic chains.*) They
found that quaternization of PDMAEMA was beneficial for
producing thicker silica shells as well as controlling silica
deposition.””! In addition, our previous report also showed
thicker and rougher SiO, films from the q-PDMAEMA
film."! Taken together, it is concluded that the use of g-
PDMAEMA led to the formation of thicker films of SiO,
and TiO, in a somewhat uncontrollable way; it is beneficial
in the formation of thick silica shells, but not for the forma-
tion of uniformly deposited TiO, films. In the case of TiO,
films, the overall uniformity in thickness and morphology is
more important than the amount of deposition. It can be in-
ferred that the quaternization of PDMAEMA resulted in
the increased ability of complexing with TiO, precursors
and inducing TiO, formation. However, as seen often in
nature, structural optimization is not always directed by the
highest efficiency. There would be an optimal condition for
biomineralization in the aspect of the degree of quaterniza-
tion (charge development), anion complexation, and deposi-
tion efficiency, which is our next research thrust.

Conclusions

The extreme synthetic conditions of some inorganic materi-
als have limited potentially synergistic combination of inor-
ganic materials and biological entities, and subsequent appli-
cations. As an alternative to the chemical method, the bio-
mimetic approach has been attempted to expand the range
of applications of inorganic materials. In this paper, we re-
ported the formation of abiological TiO, thin films under
ambient conditions by using PDMAEMA and q-PDMAE-
MA as biomimetic templates. This report is the first exam-
ple of biomimetic formation of abiological inorganic thin
films at neutral pH and room temperature by using tertiary
and quaternary amine-containing polymers, and suggests
that biosilicification processes found in diatoms could be ap-
plied to the fabrication of thin films of various abiological
metal oxides, such as titanium oxide, gallium oxide, and ger-
manium oxide.

We found that there were no optimal pH ranges for bio-
mimetic TiO, formation at surfaces in phosphate-buffered
solutions; TiO, thin films were formed in the entire pH
range employed (pH 2 to 12). The chemical composition of
the composite layers was, however, found to be dependent
upon pH. Phosphates were incorporated into the composite
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layers under acidic conditions, but the incorporation became
less as the pH values were increased. The morphological
variation of the composite films was also achieved by the
quaternization of PDMEMA films.

Experimental Section
Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA, 98%, Sigma-Al-
drich), copper(I) bromide (CuBr, 99.999 %, Sigma-Aldrich), 2,2'-dipyrid-
yl (>99%, Sigma-Aldrich), bromoethane (C,HsBr, 99+ %, Sigma-Al-
drich), bis(ammonium lactato)dihydroxide (50 wt% solution in water,
Sigma-Aldrich), aluminum oxide (AlOs;, activated, basic, Brockmann I,
standard grade, 150 mesh, Sigma-Aldrich), nitromethane (CH;NO,,
96 %, Sigma-Aldrich), and absolute ethanol (99.8 %, Merck) were used
as received. Ultrapure water (18.3 MQcm) from the Human Ultrapure
System (Human Corp., Korea) was used. The polymerization initiator
BrC(CH;),COO(CH,),;S), was synthesized by following the reported
procedure.®

Formation of PDMAEMA and Quaternized PDMAEMA Films

The self-assembled monolayers (SAMs) of the polymerization initiator
were formed by immersing a gold-coated silicon wafer in a 1 mm ethanol
solution of (BrC(CH;),COO(CH,),;S), for 24h at room temperature.
After formation of the SAMs, the gold substrate was rinsed with ethanol
several times and then was dried under a stream of argon. The formation
of the SAMs was confirmed by polarized infrared external reflectance
spectroscopy: 1737 (C=O stretching), 1465 (-CH,- bending), and
1169 cm™ (C-O stretching). Before performing surface-initiated, atom
transfer radical polymerization (SI-ATRP) of DMAEMA, DMAEMA
was purified by column chromatography on basic aluminum oxide, and
water was degassed and purged with argon. All the polymerization steps
were carried out in argon atmosphere. The initiator-coated gold substrate
(4x6 cm?) was placed in a reaction mixture of degassed water (60 mL),
purified DMAEMA (60 mmol), CuBr (0.6 mmol), and 2.2'-dipyridyl
(1.2 mmol). The resulting mixture was kept without stirring for 4 h at
room temperature, and then the PDMAEMA-coated gold substrate was
taken, rinsed with water and ethanol, and dried under a stream of argon.
The formation of the PDMAEMA film was confirmed by a previously
reported method.*”! Briefly, the IR spectrum of PDMAEMA (140 nm in
thickness by ellipsometric measurement) showed peaks at 1732 (C=0
stretching), 1461 (-CH,- bending), and 1155 cm™' (C—N stretching). On
the other hand, quaternization of the PDMAEMA film was performed
by placing a PDMAEMA-coated substrate (4x3 cm?) in the mixture of
bromoethane (10 mL) and nitromethane (10 mL) for 12 h at room tem-
perature.[“] The substrate was taken, rinsed with dichloromethane and
ethanol, and finally dried under a stream of argon. The formation of qua-
ternized PDMAEMA (q-PDMAEMA) was confirmed by ellipsometry
and contact-angle measurement. The ellipsometric thickness of the g-
PDMAEMA film increased to 200 nm (from the 140 nm-thick PDMAE-
MA film). The water contact angle of the PDMAEMA film was 53°, but
that of the -PDMAEMA film was reduced to 38°.

Biomimetic Formation of TiO, Films

The substrates coated with PDMAEMA or q-PDMAEMA were cut into
pieces (ca. 1x0.5 cm?), and a piece was placed in 50 mm aqueous solution
of titanium bis(ammonium lactato)dihydroxide (TBALDH; 1 mL). After
1h at room temperature, the substrate was rinsed with water several
times and dried under a stream of argon. To investigate the pH effect on
TiO, formation, the substrates were placed in a 1 mL aqueous mixture of
phosphate buffer (50 mm, various pH values) and TBALDH (50 mm) for
1 h at room temperature.

Characterization

The thickness of monolayers and polymeric films was measured with a
Gaertner L116s ellipsometer (Gaertner Scientific Corporation, IL)
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equipped with a He-Ne laser (632.8 nm) at a 70° angle of incidence. A
refractive index of 1.46 was used for all the films. The X-ray photoelec-
tron spectroscopy was performed with a VG-Scientific ESCALAB 250
spectrometer (United Kingdom) with a monochromatized Al K, X-ray
source (1486.6 V). Emitted photoelectrons were detected by a multi-
channel detector at a takeoff angle of 90° relative to the surface. During
the measurements, the base pressure was 10~°-107"" Torr. Survey spectra
were obtained at a resolution of 1 eV from one scan, and high-resolution
spectra were acquired at a resolution of 0.05 eV from five scans. Infrared
spectra were obtained with an IFS66 V/S (Bruker Optiks, Germany) at
an 80° angle of incidence. Atomic force microscopy imaging was per-
formed in a tapping mode on a Nanoscope IIla multimode scanning
probe microscope (Veeco, United States) with a tapping mode etched sil-
icon probe. Field-emission scanning electron microscopy micrographs
were obtained with Sirion (FEI Co., Netherlands) after platinum coating.
Crystal phases of TiO, films were characterized with a D/MAX-2500
(18 kW) multipurpose attachment X-ray diffractometer (Rigaku, Japan).
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Abstract: A highly efficient copper-catalyzed enantioselective ring opening of oxa-

bicylic alkenes with Grignard reagents has been developed by using chiral spiro
phosphine ligands. Excellent trans selectivities, good yields, and high enantioselec-
tivities are obtained for a broad range of Grignard reagents under mild reaction
conditions. The catalyst system shows an extraordinary activity and the TON of

the reaction reaches 9000.

Introduction

The transition-metal-catalyzed enantioselective C—C bond-
formation reaction, which employs organometallic reagents,
is one of the most useful methods in organic synthesis. With
the development of chiral ligands and catalysts, a broad
range of organometallic compounds including organozinc,
organoboron, organoaluminum, organosilane, and organo-
stannane reagents have been applied successfully in a varie-
ty of enantioselective reactions."! In sharp contrast, the
Grignard reagent, which is the most accessible organometal-
lic reagent, has limited applications in catalytic asymmetric
reactions. The main limitations of the Grignard reagent are
its high reactivity, which results in a rapid, uncatalyzed back-
ground reaction, and its sensitivity to reaction conditions.”!
In the past several decades, only a few transition metal-cata-
lyzed enantioselective transformations with a Grignard re-
agent have been reported. In 1988, Hayashi and Ito de-
scribed a Ni-catalyzed, asymmetric cross-coupling reaction
with Grignard reagents to produce chiral binaphthyl com-
pounds in up to 95% ee,”) which represented the first cata-
lytic, highly enantioselective reaction with Grignard re-
agents. In 1993, Hoveyda and co-workers reported a zirconi-
um-catalyzed, asymmetric allylic alkylation with Grignard
reagents in excellent enantioselectivities.! Recently, Cu-cat-
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alyzed, highly enantioselective conjugate addition and allyl-
ic-alkylation reactions with Grignard reagents were devel-
oped by Feringa® and Alexakis,® respectively. Although im-
pressive progress has been made in those reactions,” the ap-
plication of Grignard reagents in other catalytic asymmetric
reactions is scarce.l®! Therefore, the development of highly
enantioselective catalytic reactions with the Grignard re-
agent remains a challenge and has a great impact on asym-
metric synthesis from both conceptual and practical points
of view.

The enantioselective ring-opening reaction of meso-oxabi-
cyclic alkenes with organometallic reagents is a powerful
method to construct cyclic compounds with multiple chiral
centers while simultaneously generating a new C—C bond.”)
Investigated by Lautens et al., this asymmetric reaction has
been accomplished successfully with various organometallic
reagents, such as organozinc,!”! organoaluminum,™ and or-
ganoboron!'” in the presence of palladium, nickel, thodium,
copper, and zirconium catalysts (see Figure 1). Although
Grignard reagents have been used as nucleophiles in non-
asymmetric ring-opening reactions,'’! there is only one ex-
ample of the asymmetric ring-opening reaction of bicyclic

ZrCly

(nmInd),ZrCl, (S,S,S)-SIPHOS-PE

Figure 1. Catalyst and ligands for asymmetric ring opening of oxabicylic
alkenes with Grignard reagents.
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alkene with Grignard reagents:
the reaction of 2,4-dimethyl-3-
(benzyloxy)-8-oxabicyclo-6-

octene and ethyl magnesium
bromide catalyzed by chiral
zirconium catalyst

((nmlInd),ZrCl,) gave the ring-
opening product in 27 % yield
with 48% ee.' In our study
of catalytic enantioselective re-
actions of the Grignard re-
agent, we reported copper-cat-
alyzed enantioselective ring

@ J(f)
C

6a-g 7d-g

opening of meso-oxabicyclic
alkenes with Grignard re-
agents using chiral spiro phos-
phoramidite ligand (SIPHOS-
PE) in enantioselectivities of
up to 88% ee.'l Although this
result is an improvement over
previous data, it is still far removed from the practical de-
mands of organic synthesis. Therefore, a more efficient cata-
lyst system is desirable. In the present study, we describe a
highly efficient catalyst system composed of a copper salt
and electron-rich chiral monodentate phosphine ligands 6.
This catalyst offers superb catalytic activity, broad substrate
generality, mild reaction conditions, and excellent selectivi-
ties in the enantioselective ring-opening reaction of oxaben-
zonorbornadienes with Grignard reagents.

toluene, 55°C, 61-85%.

Results and Discussion
Synthesis of Chiral Spiro Phosphine Ligands 6

The phosphine ligands 6 with different R groups on the
phosphorous atom were prepared according to our previous-
ly reported strategy™ with some modifications (Scheme 1).
Thus, optically pure diol (R)-1 was first converted to the di-
triflate (R)-2 in high yield. Compound (R)-2 was then direct-
ly subjected to an esterification with methanol and carbon
monoxide in the presence of a palladium catalyst to produce
compound (R)-3 in high yield.'""! Reduction of diester (R)-3
with LiAlH, to diol (R)-4 followed by chlorination with
SOC(], afforded the dichloride (R)-5. Finally, dichloride (R)-
5 was condensed with different phosphines 8 to afford the li-
gands 6. For the synthesis of ligands 6a—c, the condensation
was performed directly in THF in good yields. However, for
ligands 6d-g, the condensation of dichloride (R)-5 with
phosphines proceeded very slowly in THF because of the
high steric hindrance (for 8d, 8e, 8g) and the reduced nucle-
ophilicity (for 8f) of the corresponding phosphines. There-
fore, we changed the solvent from THF to DMSO, which
greatly improved the rate and yield of condensation. Be-
cause ligands 6d-6g are sensitive to air and are partially de-
composed during purification, BH;-Me,S was added after
condensation to form phosphine-boron complexes, which
were sufficiently stable to be purified by column chromatog-

2106 www.chemasianj.org
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Scheme 1. Synthesis of chiral spiro phosphine ligands 6. Reagents and conditions: a) Tt,0O, pyridine, CH,Cl,,
—10°C-RT, 98%; b) 15mol% Pd(OAc),, 15mol% dppp, Et;N, MeOH, CO (1 atm), DMSO, 80°C, 98 %;
c) LiAlH,, Et,0, —15°C-reflux, 95%; d) SOCL, pyridine, CHCl;, 0°C-RT, 88 %; ¢) RPH, (8a-c), NaH, THF,
—78°C-reflux, 72-84 %; f) RPH, (8d-g), NaH, DMSO, 15°C-40°C and then BH;-Me,S, 65-83 %; g) DABCO,

raphy. The phosphine-boron complexes were deprotected
with 1,4-diazabicyclo[2.2.2]octane (DABCO) in toluene to
provide pure ligands 6d-g in good yields.!"”

Ring Opening of Oxabenzonorbornadienes with Grignard
Reagents

In our studies of the ring-opening reaction of oxabicyclic al-
kenes and Grignard reagents, we found that the electron-
rich monodentate spiro phosphine ligand 6a has high reac-
tivity. By using (R)-6a as the ligand, the Cu(OTf),-catalyzed
reaction of EtMgBr with oxabenzonorbornadiene 9 was
completed in 4 h with high diastereoselectivity and moder-
ate enantioselectivity (Table 1, entry 1). The reaction rate
was much faster than that obtained previously with the
SIPHOS-PE ligand under its optimal conditions, and the de
and ee values of the ring-opening product were compara-
ble.™ To attain higher enantioselectivity and reactivity, a
broad survey of reaction conditions was undertaken with

Table 1. Cu-Catalyzed asymmetric ring opening of 9 with EtMgBr: The
influence of the copper salts.

3.0 mol%[Cu] C?)H
6.3 mol% (R)-6a
+ EtMgBr S -
(3 equiv) tBuOMe, 0 °C, 4h
9 10
Entry Copper salt Yield [%]® trans/cis® ee [%]
1 Cu(OTY), 83 >99/1 54
2 CuBr, 90 >99/1 39
3 CuCl 84 >99/1 57
4 CuBr-Me,S 82 >99/1 45
5 Cul 83 >99/1 29
6 CuTcl 80 >99/1 45
7 [Cu(OTY)], Tol 83 >99/1 37

[a] Isolated yield. [b] Determined by HPLC. [c] ee of the trans product,
as determined by HPLC. The absolute configuration is (1R, 25).I")
[d] CuTec: copper thiophene-2-carboxylate.

Chem. Asian J. 2008, 3, 2105-2111
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ligand 6a. A variety of copper salts can be applied as cata-
lyst precursors in the reaction, and good yields and excellent
diastereoselectivities were obtained in all cases. Among the
copper precursors tested, Cu(OTf), (54% ee, Table1,
entry 1) and CuCl (57 % ee, Table 1, entry 3) gave the high-
est enantioselectivities.

It has been reported that catalytic additives could play a
crucial role in improving reactivities and enantioselectivities
in asymmetric reactions.”” Moreover, it has also been
shown that the catalyst activity could be increased remarka-
bly by changing the counterion of the catalyst in the copper-
catalyzed asymmetric Diels—Alder reaction.”! Accordingly,
we studied a number of additives such as AgBF,, AgSbF;,
AgPF,, and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate (NaBArF) in our reaction to improve the activity
and selectivity of the catalysts. The addition of silver salts
had a positive effect on enantioselectivity but retarded the
reaction rate and yield (Table 2, entries 1-3). The activity of
catalyst was enhanced significantly by the addition of
NaBATF, which provides a noncoordinating anion.”? The re-
action was completed in 1 h and gave the ring-opening prod-
uct 10 in 93 % yield and 74 % ee (Table 2, entry 4). The high
activity of catalyst may be rationalized by the generation of
more active cationic copper species through the exchange of
the counterion of the catalyst to the noncoordinating anion
BArF". In solvent experiments, better reactivity and enan-
tioselectivity were achieved in chlorinated solvent, and
CH,CICH,CI (DCE) was found to be the best choice of sol-
vent (Table 2, entries 5-10). Further study revealed that the
catalyst system was so active that the catalyst loading could
be reduced to 0.5mol% at 0°C without deterioration of

Table 2. Cu-Catalyzed asymmetric ring opening of 9 with EtMgBr: Optimizing reaction conditions.

Cu(OTRH,/(R)-6

CHEMISTRY

AN ASIAN JOURNAL

yield, diastereoselectivity, or enantioselectivity (Table 2,
entry 11).

To search for the most effective ligand, the chiral spiro
phosphines 6 were surveyed in the reaction. With all tested
ligands 6, the reaction proceeded smoothly and afforded the
desired ring-opening product in high yields and almost com-
plete trans selectivities. The electronic and steric properties
of the R group on the phosphorous atom of ligands 6 dis-
tinctly influenced the enantioselectivity. The aryl group with
electron-donating alkyl and alkoxy substituents is beneficial
to higher enantioselectivity; for instance, the ligands 6b, 6¢,
and 6d afforded trans ring-opening products in 87 %, 89 %,
and 91 % ee, respectively (Table 2, entries 12-14). However,
the ligands with an aryl group bearing bulky 3,5-di-tert-butyl
groups (6e) and an electron-withdrawing CF; group (6f)
showed lower enantioselectivities and activities. The reac-
tion required 4 h for complete conversion, and the product
10 was obtained in 81% ee (Table 2, entries 15 and 16).
Ligand 6g, with a fert-butyl group directly on the P-atom,
caused the lowest enantioselectivity (63 % ee, Table 2,
entry 17). Decreasing the reaction temperature from 0°C to
—20°C enhanced the enantiomeric excess of product from
91% to 93% in the reaction employing ligand 6d (Table 2,
entry 18).

To evaluate the scope of the reaction, we examined vari-
ous Grignard reagents under the optimal reaction condi-
tions, and the results are summarized in Table 3. The ring
opening of 9 was consummated in high yields, and excellent
enantio- and diastereoselectivities with a broad range of
alkyl Grignard reagents. The Grignard reagent with a small
Me group gave the ring-opening product in a slightly lower
ee (Table 3, entry 2). However,
the reaction of the aromatic
Grignard reagent PhMgBr

OH
: with 9 provided an almost rac-

additive : . .
+ EtMgBr emic product in the presence
. (o7
(3 equiv) solvent, 0 °C of 1.0mol% catalyst at 15°C
9 10 (Table 3, entry9). The func-
Entry [Cu] [mol%] Ligand Additive®®  Solvent Time [h]  Yield [%]®  trans/cis®  ee [% ] tionalized Grignard reagents
1 3 (R)-6a  AgBF, BuOMe 24 11kl 99/1 71 lncll@ng allyl.lc magnesium
2 3 (R)-6a  AgPF, BuOMe 24 220 99/1 73 bromide and vinyl magnesium
3 3 (R)-6a  AgSbF, fBuOMe 24 130l 99/1 71 chloride did not show activities
4 3 (R)-6a  NaBArF tBuOMe 1 93 >99/1 74 under the optimal reaction
5 3 (R)-6a  NaBArF Et,0 24 65k 99/1 40 conditions
6 3 (R)-6a  NaBArF THF 24 trace!®! ND! ND! )
7 3 (R)-6a NaBArF  Toluene 1 88 99/1 60 When catalyzed by Cu—6d—
8 3 (R)-6a  NaBArF n-Hexane 4 83 98/2 70 NaBArF, oxabenzonorborna-
9 3 (R)-6a  NaBArF  CH,Cl, 0.5 86 >99/1 80 dienes 18-22 reacted success-
10 3 (R)—6a NaBArF DCE 0.5 92 >99/1 83 fully Wlth typlcal alkyl
11 05 (R)-6a NaBArF  DCE 2 90 >99/1 83 Grienard Table 4
12 0.5 (R)-6b NaBArF  DCE 2 94 >99/1 87 nignard - reagents (Table 4).
13 0.5 (R)-6c NaBArF  DCE 2 94 >99/1 89 The reactions proceeded very
14 05 (R)-6d NaBArF  DCE 2 94 >99/1 91 efficiently and afforded the
15 05 (R)-6e NaBArF  DCE 4 91 >99/1 81 ring-opening products in good
16 05 (R)-6f  NaBArF DCE 4 8 9 81 ields and excellent diastereo-
17 05 (R)-6g NaBArF  DCE 4 89 99/1 63 y ; oo
18lel 0.5 (R)-6d  NaBArF DCE 6 03 ~99/1 93 and enantioselectivities. The

[a] Additive/Cu(OTf),) is 2.5/1. [b] Isolated yield. [c] Determined by HPLC. [d] ee of the trans product, as de-
termined by HPLC. The absolute configuration is (1R, 25). [e] Compound 9 could not be completely convert-

ed. [f] Not determined. [g] At —20°C.

Chem. Asian J. 2008, 3, 2105-2111
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electronic property of the oxa-
benzonorbornadiene substrates
had an apparent effect on the
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Table 3. Asymmetric ring opening of 9 with various Grignard reagents.!

OH
Cu(OTH/(R)-6d/NaBA(F R
ol ;
(3 equiv) DCE, -20 °C

9 10-17
Entry R'MgX. Product Time [h] Yield [%]" transicis') ee[%]1
1 EtMgBr 10 4 94 >99/1 93kl
2l MeMgBr 11 12 88 99/1 80
3 nBuMgBr 12 4 87 >99/1 95
4 nBuMgCl 12 6 89 >99/1 89
5 iBuMgBr 13 6 92 >99/1 93
6 iPrMgBr 14 6 95 >99/1 93
7 tBuMgCl 15 1 76 >99/1 90
8 BnMgCl 16 8 71 99/1 87
olfl PhMgBr 17 12 78 99/1 5
[a] Reaction conditions: 0.5mol% Cu(OTf),, 1.1mol% (R)-6d,

1.25mol % NaBArF, DCE, —20°C. [b] Isolated yield. [c] Determined by
HPLC. [d] ee of the trans product, as determined by HPLC. [e] The abso-
lute configuration is (1R, 25). [f] The reaction was carried out at 15°C in
the presence of 1.0 mol % catalyst.

reactivity and enantioselectivity of the reaction. The reac-
tions of substrates 18 and 19, which contain methoxy groups
on the 5,8-positions, with R'MgX proceeded at —20°C in

Q.-L. Zhou et al.

the presence of 1.0 mol% Cu(OTf),, 2.1 mol% (R)-6d, and
2.5mol% NaBArF (Method A) to provide ring-opening
products 23-32 in 78-94 % yields with 90-99.6 % ee (Table 4,
entries 1-10). The ring-opening reaction of 6,7-dibromo-sub-
stituted oxabenzonorbornadiene 20 needed to be carried out
at 0°C, and the enantioselectivities (86-92 % ee) were slight-
ly lower than for other oxabenzonorbornadiene substrates
(Table 4, entries 11-15). For the substrates 21 and 22, which
bear two methyl groups, the use of CuCl instead of Cu-
(OTf), improved the reactivity. Under the optimal reaction
conditions, oxabenzonorbornadienes 21 and 22 reacted
smoothly with R'MgX in the presence of catalyst generated
from 1.0mol% CuCl, 2.1 mol% (R)-6d, and 1.1 mol%
NaBATrF (Method B). The corresponding ring-opening prod-
ucts 38-47 were obtained in 76-91 % yields with 86-97 % ee
(Table 4, entries 16-25).

The high efficiency of the present copper catalyst with
ligand (R)-6d is highlighted by the reaction of substrate 21
at a low catalyst loading (Scheme 2). The ring opening of 21
with EtMgBr proceeded in the presence of only 0.01 mol %
of the catalyst at 10°C to give product 38 with 90 % conver-
sion, 75% yield, and 90 % ee. The turnover number (TON)
of the reaction reached 9000, which to our knowledge repre-

Table 4. Asymmetric ring opening of oxabenzonorbornadienes 18-22 with alkyl Grignard reagents.!

OH
1
2 RiMox  _ICUVRIBANaBAF ) @i),R
+ g >
(3 equiv) DCE, -20°C
18-22 23-47
Entry X Method Substrate Product R1 Yield [%]® ee [%]
1 Br OMe OMe OH Et (23) 94 94
2 Br R nBu (24) 93 91
3 Br Oa iBu (25) 93 92
4 Br A iPr (26) 93 96
5 cl OMe e Bu (27) 78 98
18
6 Br OMe ex OH Et (28) 85 9%
7 Br ;L nBu (29) 91 94
8 Br O" O‘ iBu (30) 85 90
9 Br A iPr (31) 79 98
10 cl OMe /Bu (32) 80 99.6
19 ©

111 Br Br OH Et (33) 83 86
121 Br Br R nBu (34) 95 87
134 Br A iBu (35) 83 88
144 Br B Yo B iPr (36) 89 88
151 Cl tBu (37) 72 92
16 Br OH Et (38) 83 93
17 Br “~ R nBu (39) 82 91
18 Br B OG’ O‘ iBu (40) 78 86
19 Br iPr (41) 82 92
20 al 2 Bu (42) 76 97
21 Br OH Et (43) 86 91
22 Br R nBu (44) 89 90
23 Br B iBu (45) 91 91
24 Br 22 iPr (46) 77 93
25 cl (Bu (47) 76 97

[a] Experiment conditions: Method A: for substrates 18, 19, and 20, 1.0 mol % Cu(OTf),, 2.1 mol % (R)-6d, 2.5 mol% NaBArF, 1-12 h. Method B: for
substrates 21 and 22, 1.0 mol% CuCl, 2.1 mol% (R)-6d, 1.1 mol % NaBArF, 0.5-12 h. [b] Isolated yield. In all cases trans/cis are >99/1. [c] ee of trans

product, as determined by HPLC (see Supporting Information). [d] At 0°C.
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0.01 mol% CuCl

0.021 mol% (R)-6d .?OH
0.011 mol% NaBArF
m + EtMgBr >
(3 equiv) DCE, 10°C, 48 h

21 38

90 % conv., 73 % yield
trans/cis: 99:1, 90 % ee
TON = 9000

Scheme 2. High activity of the catalyst in ring-opening reaction of sub-
strate 21 with EtMgBr.

sents one of the highest TONs reported in the asymmetric
C—C bond-formation reaction employing Grignard reagents.

Ring Opening of Unsymmetrical Oxabenzonorbornadienes

Under standard reaction conditions, the kinetic resolution of
racemic unsymmetrical substrate 48 with EtMgBr afforded
the trans ring-opening product 49 with 86 % ee at 46 % con-
version and the unreacted 48 with 60% ee (Scheme 3). No
regio isomer 50 was obtained, indicating that the reaction
has excellent regioselectivity.

1.0 mol% CuCl OH
2.1 mol% (R)-6d ; OH
1.1 mol% NaBArF
+ EtMgBr — = oi "
(3 equiv) DCE, -20 °C
48 49 50

46 % conv. not detected
86 % ee

Scheme 3. The kinetic resolution of rac-48 with EtMgBr.

Ring Opening of Nonaromatic Oxabicyclic Alkenes with
EtMgBr

We also examined the less reactive nonaromatic oxabicyclic
alkene, 5,6-bismethoxymethyl-7-oxa-bicyclo[2.2.1]-2-heptene
(51) in the reaction with EtMgBr (Scheme 4). However,
only the starting substrate was recovered under our reaction
conditions. Raising the reaction temperature from room
temperature to 60°C did not result in ring opening.

5.0 mol% Cu(OTf),
0 11 mol% (R)-6d

15 mol% NaBArF
M OMe + EtmgBr >

OMe (3 equiv) DCE, RT or 60 °C
51

No reaction

Scheme 4. Ring opening of oxabicyclic alkene 51 with EtMgBr.

Mechanism Hypothesis

A proposed mechanism for the copper-catalyzed ring open-
ing of oxabenzonorbornadienes is summarized in Scheme 5.
Though the exact effect of NaBATrF is unclear, we speculate
that it will exchange the counterion of complex A to form
an active catalyst B. The cationic copper catalyst B ap-
proaches the substrate from the exo direction to form the -
complex C. The complex C reacts with Grignard reagent
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Scheme 5. Proposed mechanism of the ring opening of oxabenzonorbor-
nadienes with Grignard reagents.

quickly to generate intermediate D, in which the magnesium
atom coordinates with oxygen to activate the C—O bond of
substrate. The formation of m-complex D is possibly fol-
lowed by an intramolecular rearrangement to o-complex E
with an oxa-ring opening. This step is irreversible because of
the release of ring strain, and it is also an enantiodiscrimi-
nating step. The R! group attacks the carbon?2 from the
backside of copper in the intermediate E, which explains
the trans selection of the reaction.

Conclusions

In summary, we have developed a highly efficient catalyst
consisting of copper, chiral spiro phosphine ligand, and
NaBATF for the enantioselective ring opening of oxabicyclic
alkenes with Grignard reagents. In the presence of the cata-
lyst, the ring-opening reaction is consummated under mild
conditions with various Grignard reagents. The ring-opening
products, cyclic alcohols with two chiral centers, are ob-
tained in high yields and excellent trans diastereoselectivi-
ties and enantioselectivities. The remarkable efficiency of
the catalyst suggests potential widespread applications in
other copper-catalyzed asymmetric transformations.

Experimental Section

General

All the manipulations which are sensitive to moisture or air were per-
formed in an Argon-filled glove box (VAC DRI-LAB HE 493 or
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MBRAUN labstar) or by using standard Schlenk techniques unless other-
wise noted. NMR spectra were recorded on a Varian Mercury Plus-400
spectrometer at 400 MHz (‘HNMR), 100 MHz (*CNMR), and
162 MHz (*'P NMR), or a Bruker AV-300 spectrometer at 300 MHz
('HNMR), 75MHz (“CNMR), and 121.5MHz (*'P NMR). Chemical
shifts (8) were reported in ppm downfield from internal Me,Si and exter-
nal 85% H;POA4, respectively. Melting points were measured on an RY-I
apparatus and uncorrected. Optical rotations were recorded on a Perkin—
Elmer Model-341 polarimeter in a 10 cm cell. HPLC analyses were per-
formed using a Hewlett—Packard Model HP-1100 Series, and supercritical
fluid chromatography (SFC) analyses were performed on a Berger Ana-
lytix SFC instrument. High resolution mass spectra were recorded on a
Bruker APEX II spectrometer or VG ZAB-HS mass spectrometer.

Syntheses

Representative procedure for the preparation of the ligand (R)-6a from
(R)-5!: To a solution of (R)-5 (400 mg, 1.6 mmol) and NaH (116 mg,
4.8 mmol) in anhydrous THF (40 mL) was added phenylphosphine (8a,
180 mg, 1.6 mmol) dropwise at —78°C under N, atmosphere. The mixture
was returned to room temperature spontaneously and stirred for 24 h.
After additional phenylphosphine (18 mg, 0.16 mmol) was added, the
mixture was heated at reflux for 24 h. The solvent was removed under
vacuum and the residue was purified by flash column chromatography on
silica gel with petroleum ether/ethyl acetate (15:1) to afford (R)-6a as a
white solid (472 mg, 84% yield). M.p.: 148-149°C; '"H NMR (400 MHz,
CDCl): 6=7.30-7.07 (m, 7H), 7.00-6.93 (m, 2H), 6.70 (t, /=72 Hz,
1H), 5.71 (d, J=7.6 Hz, 1H), 3.11-2.82 (m, 6H), 2.74 (t, /=10.8, 1H),
2.54 (dd, /=14.0, 8.4 Hz, 1H), 2.30-2.19 (m, 2H), 2.05-1.83 ppm (m,
2H).

Representative procedure for the preparation of (R)-7d from (R)-5: To a
solution of (R)-5 (400 mg, 1.6 mmol) and NaH (96 mg, 4.0 mmol) in an-
hydrous DMSO (50 mL) was added (3,5-dimethyl-4-methoxyphenyl)-
phosphine (8d, 303 mg, 1.8 mmol) dropwise at room temperature under
N, atmosphere. The mixture was heated to 50°C and stirred at this tem-
perature. BH;-Me,S (2.0m in THF, 1.6 mL, 3.2 mmol) was added to the
solution at 0°C after the dichloride compound disappeared (monitored
by TLC). The mixture was left to react at room temperature overnight.
Water (30 mL) was added and the mixture was extracted with ethyl ace-
tate (50 mL, 3 times), and washed with brine solution (25 mL). The or-
ganic phase was dried, filtered, and concentrated. The residue was puri-
fied by column chromatography on silica gel with petroleum ether/ethyl
acetate (6:1) to afford (R)-7d (580 mg, 85% yield) as a white solid. M.p.:
161-162°C; [a]y =+82.1 (c=1.0, CHCL); '"HNMR (400 MHz, CDCL,):
0=7.25-7.15 (m, 4H), 6.88 (t, J=7.2Hz, 1H), 6.72 (d, J=9.6 Hz, 2H),
6.06 (d, J=7.2Hz, 1H), 3.71 (s, 3H), 3.54 (dd, /=16.4 and 13.2 Hz, 1H),
3.26 (dd, /=14.4 and 8.4 Hz, 1H), 3.05-2.85 (m, 4H), 2.73 (dd, /=12.8
and 5.2 Hz, 1H), 2.56 (dd, /J=14.0 and 6.0 Hz, 1H), 2.31-1.85 (m, 4H),
2.18 (s, 6H), 0.87-0.47 ppm (br, 3H); “C NMR (100 MHz, CDCl;): 0=
160.1, 147.8, 147.7, 147.5, 147.4, 143.8, 143.4, 133.9, 133.8, 131.3, 131.0,
130.9, 130.3, 130.2, 128.0, 127.9, 127.4, 127.3, 126.7, 124.5, 124.4, 124.0,
121.4, 120.9, 62.1, 59.9, 38.3, 38.1, 30.5, 30.1, 29.8, 26.2, 25.9, 16.2 ppm;
P NMR (162 MHz, CDCL;): 6=16.0-15.7 ppm (m); HRMS (EI): m/z
(%) calcd for [C,3H3;,BOP-BH;]: 412.1956; found: 412.1957.
Representative procedure for the preparation of the ligand (R)-6d from
(R)-7d: In a flame-dried flask (R)-7d (200 mg, 0.47 mmol), DABCO
(350 mg, 3.12 mmol) and anhydrous toluene (15 mL) were added. The so-
lution was heated to 50°C and stirred for 12 h. Solvent was removed
under vacuum and the residue was purified by flash column chromatogra-
phy on neutral Al,O; with petroleum ether/ethyl acetate (20:1) to afford
(R)-6d (164 mg, 85% yield) as viscous oil and was solidified slowly by
standing. [a]X=+50.9 (c=1.0, benzene); 'HNMR (300 MHz, CDCl,):
0=7.21-7.01 (m, 4H), 6.76 (t, J=7.5Hz, 1H), 6.51 (d, J=6.9 Hz, 2H),
5.75 (d, J=7.5Hz, 1H), 3.71 (s, 3H), 3.08-2.81 (m, 6H), 2.63 (t, /=
11.1 Hz, 1H), 2.44 (dd, J=13.8 and 8.7 Hz, 1H), 2.31-1.82 (m, 4H),
2.18 ppm (s, 6H); *CNMR (75 MHz, [Dg]benzene): 0=158.5, 148.2,
148.1, 147.0, 143.0, 142.5, 134.1, 133.9, 133.0, 132.9, 131.8, 131.5, 130.3,
130.2, 130.0, 129.9, 129.4, 129.1, 127.8, 126.1, 123.1, 123.0, 122.4, 61.7,
59.3, 38.8, 37.9, 30.7, 30.6, 30.1, 29.7, 27.0, 26.8, 16.0 ppm; *'P NMR
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(162 MHz, [Dg]benzene): 6 =—-20.0 (s); HRMS (ESI): m/z (%) calcd for
[CsH,,OP+H]: 413.2029; found: 413.2023.

General procedure for the asymmetric ring opening of oxabicylic alkenes
9 with Grignard reagents: A solution of Cu(OTf), (1.0 mg, 0.0028 mmol),
(R)-6d (2.4 mg, 0.0058 mmol), and NaBATrF (6.3 mg, 0.0069 mmol) in an-
hydrous DCE (4 mL) was stirred at room temperature for 3 h. Oxaben-
zonorbornadiene 9 (80 mg, 0.56 mmol) was added to this colorless solu-
tion. After being stirred for 5 min at room temperature, the solution was
cooled to —20°C, and Grignard reagent was added dropwise to the mix-
ture. The solution was stirred at —20°C until the end of the reaction
(monitored by TLC). After quenching with an aqueous solution of
Na,COj; (1.0M, 3 mL), the reaction mixture was extracted with ether (3x
10 mL). The organic phase was dried, filtered, and concentrated to give a
crude product, which was subjected to flash chromatography on silica gel
with petroleum ether/ethyl acetate/triethyl amine (75:15:1) to afford
product 10 as a white solid (91 mg, 94 % yield). HPLC condition: Chiral-
cel OD-H column, n-hexane/iPrOH=98:2, 1.0 mLmin~!, UV detector
(254 nm); retention time: fz=15.9 min and #z=18.2 min (major); m.p.:
64-65°C; 93% ee; [a]h=+361 (c=1.0, CHCL); 'HNMR (400 MHz,
CDCly): 0=735 (d, J=6.8Hz, 1H), 7.29-7.22 (m, 2H), 7.10 (d, J=
6.8 Hz, 1H), 6.49 (d, J=9.6 Hz, 1H), 6.00 (dd, /=9.6, 4.8 Hz, 1H), 4.51
(s, 1H), 2.47-2.26 (m, 2H), 1.51-1.29 (m, 2H), 0.97 ppm (t, /J=7.6 Hz,
3H).
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tion, see: Refs. [10e] and [10f].
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Efficient Synthesis of Chromone and Flavonoid Derivatives with Diverse

Heterocyclic Units
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Abstract: Chromones and flavonoids
are important bioactive compounds.
We envisioned that new heterocyclic-
substituted chromones or flavonoids
might act as new bioactive compounds.
To obtain diverse molecules, we devel-
oped an efficient one-pot synthesis by
Michael aldol reaction of chromone

substituted chromones were obtained
in one step. Moreover, the use of sub-
stituted benzaldehydes and subsequent
addition of heterocyclic aldehydes gave
3-pyridyl-substituted flavones. We also

Keywords: chromones - flavonoids -
Michael aldol - one-pot synthesis -

examined these one-pot reactions in
the solid phase. To introduce an addi-
tional point of diversity into the mole-
cules, Suzuki-Miyaura coupling was
performed. Furthermore, we identified
the cytotoxicity of the synthesized com-
pounds against cancer cells (PANCI1
and HeLa cells). Several compounds

and flavonoid derivatives bearing het-

. . . pyridine
erocyclic units. The 2,3-heterocyclic-

Introduction

Natural products have a biological role, so the synthesis of
small molecules based on their scaffolds would be of chemi-
cal relevance to living cells and organs,"! binding to proteins,
absorption, distribution, metabolism, and excretion. In this
study, we envisioned new heterocyclic-substituted chro-
mones or flavonoids that would act as bioactive compounds
(Figure 1). Flavonoids are important bioactive compounds
isolated from a wide range of plants.”! Many studies have
suggested that flavonoids have biological activity, such as
antiviral action, anti-inflammatory effects, and a beneficial
influence on multiple cancer-related biological pathways. In
addition, pyridinyl-substituted flavanone derivatives have re-
ceived attention recently.!

To find new bioactive chromones and flavonoids, an effi-
cient synthesis method in which it is easy to add molecules
with structural or substitutional diversity is important. Con-
struction of small molecules with complexity and diversity
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were cytotoxic to these cancer cells.
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I heterocycles
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flavanone
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heterocycles

Figure 1. Synthesis of chromones and flavonoids with heterocycles.

would increase the number of protein-binding elements. Ef-
ficient one-pot syntheses of flavones with disubstituents at
the 2- and 3-positions have yet to be developed. Chawla and
Sharma reported the first one-pot synthesis of 3-arylidene-
flavonoids from 2'-hydroxyacetophenones with aromatic al-
dehydes in aqueous NaOH.M Dhara et al. reported an im-
proved one-pot synthesis of 3-arylideneflavonoids and 2,3-
disubstituted chromanones by using furfural or thiophen-2-
aldehyde.”) The Baker-Venkataraman rearrangement is an-
other important one-pot method for synthesizing 3-acyl fla-
vonoids from 2’-hydroxyacetophenones, and a 3-acyl flavo-
noid with pyridine units was synthesized in this manner.®)
Herein, practical, useful syntheses of heterocyclic-substi-
tuted chromones and flavonoids are described (Scheme 1).
A one-pot synthesis by Michael aldol reaction of chromone
and flavonoid derivatives bearing heterocycle units was de-
veloped. The 2,3-heterocyclic-substituted chromones were

Chem. Asian J. 2008, 3, 2056 —2064
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Scheme 1. One-pot synthesis by Michael aldol reaction of chromone and
flavonoid derivatives bearing pyridine units.

obtained in one step. Moreover, the use of substituted ben-
zaldehydes 9 (aldehyde A) and subsequent addition of het-
erocyclic aldehydes 2 (aldehyde B) gave 3-pyridyl-substitut-
ed flavones in one step. We also examined the application of
these one-pot reactions to solid-phase synthesis to establish
a library synthesis of diverse molecules with the naturally
occurring scaffolds chromone and flavone. Suzuki-Miyaura
coupling was performed to introduce an additional point of
diversity into the molecules.

Results and Discussion

One-Pot Synthesis of Heterocyclic-Substituted Chromones
and Flavonoids

The one-pot synthesis by Michael aldol reaction of chro-
mone derivatives bearing pyridine units was optimized as
shown in Table 1. 4-Benzyloxy-2'-hydroxyacetophenone (1)
reacted with 6-bromo-2-pyridinecarboxaldehyde (2a) to give
2,3-disubstituted chromone 3a in 81 % yield under KOH
conditions (Table 1, entry 1). To our knowledge, there are
no previously published examples of 2,3-dipyridinyl-substi-
tuted chromone scaffolds. The reaction rate was increased at
40°C with comparable yield (Table 1, entry 2). We examined
the effects of base (Table 1, entries 3-6), and Cs,CO; was
found to give the best yield (90%), and the reaction rate
was also improved. Changing the solvent does not alter the
main product, although the use of aprotic solvents such as
THF and CH,CI, (Table 1, entries 9, 10) decreased the yield.
Because of the Cannizzaro reaction, we decided to use
excess (10 equiv) aldehyde under the final conditions.”

Abstract in Japanese:

R CAHHETMEERE> 7 2 € 27 58 4 FOM s L. ZEEE
~ 7 u BRI A7+ 545 £ Michael-aldol &t G & v, 7 ¥ F 2 b
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Table 1. Optimization of the reaction conditions.

o] | -
o0 wAUN | Br o N
/@fl\ 2 /©5K/C
Bno OH  conditions BnO no o Ny
1 4a =

Entry®)  Base Solvent ~ T[°C]  t[h]  Yield[%]™

3a 4a
(endo) (ex0)
1 KOH EtOH RT 117 81 0
2 KOH EtOH 40 11 80 0
3 NaOH EtOH 40 11 75 0
4 K,CO; EtOH 40 11 10 60
5lel Ba(OH), EtOH 40 11 0 0
6 Cs,CO; EtOH 40 8 90 0
7 Cs,CO; MeOH 40 11 91 0
8 Cs,CO; iPrOH 40 11 73 0
9 Cs,CO; THF 40 11 45 0
10 Cs,CO; CH,(Cl, 40 11 53 0

[a] All reactions were carried out with 2a (10 equiv) and base (5 equiv)
in solvent (0.16M). [b] Yields of isolated products based on 1. [c] Only
chalcone was obtained, in 49 % yield.

We examined the influence of different substituents on
the pyridine aldehydes (Table 2). The one-pot reaction pro-
ceeded smoothly with pyridinecarboxaldehydes 2b-h
(Table 2, entries 1-7). Endo olefinic products 3 were ob-
tained in good yield in all cases apart from for 2e. In some
cases, exo products were obtained when the reactions were
quenched after a shorter reaction time. The position of the

Table 2. Synthesis of chromones bearing heterocycles.

o
o HJ\R O R O R
BnO OH Cs,CO, BnO 0" R BnO 0" R
1 EtOH, 40 °C

3b- 4b-l
0 0 0 o Br o} 0
H IN\H ‘\NH ‘\NH l\NH |\ HJ:O
Pz = > Z N g ~=N
2 2 24 % 2 2f 2g
9 [e] (@] fe) (o]
H XN 0. O _Br S LS. g
| L7 WY Wy oW W
“Br
2h 2i 2j 2k 21

Entryl® Aldehyde t [h] Yield [%]™
3 (endo) 4 (exo)

1 2b 47.5 3b 65 4b 0
2 2¢ 21.5 3¢ 66 4c 0
3 2d 15.5 3d 82 4d 0
4 2e 26 3e 0 4e 93
5 2f 12 3f 90 4f 0
6 2g 5 3g 84 4g 0
7 2h 42 3h 60 4h 0
8 2i 73 3i 91 4i 0
9 2j 74 3j 8 4j 71
10 2k 144 3k 90 4k 0
11 21 63 31 84 41 0

[a] All reactions were carried out with 2 (10 equiv) and Cs,CO; (5 equiv)
in EtOH (0.16m). [b] Yields of isolated products based on 1.
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CHO or Br group on the pyridine ring did not affect the
yield. Furfural (21i) also gave the endo product in 91 % yield
(Table 2, entry 8), whereas its Br derivative 2j gave mainly
the exo product (Table 2, entry9). The one-pot reaction
with thiophen-2-aldehyde (2k) (Table 2, entry 10) and its Br
derivative 21 (Table 2, entry 11) gave heterocyclic-substitut-
ed chromones. In every case when heterocyclic aldehydes
(2a-1) were used, chalcone formed spontanecously when 1
and aldehyde 2 were mixed.

A plausible mechanism based on the Michael aldol reac-
tion is outlined in Scheme 2. In the presence of Cs,CO;, 1
reacts with aldehyde 2a to produce an intermediate chal-

0 o H,0 0
BnO OH = on NS
2a

Cs,CO, BnO
1

3a (endo)

4a (exo) Br

Br

Scheme 2. Plausible mechanism for the construction of chromones from 1
and aldehydes.

cone derivative 5. This step is fast, and in most cases 1 was
consumed within minutes. The intermediate chalcone 5 then
undergoes intramolecular cyclization and subsequent aldol
reaction with another aldehyde. The mono-2-substituted
chromone was not obtained, revealing that the Michael
aldol reaction occurs in a tandem manner. Thus, the exo
olefin product 4a is produced first and then isomerizes to
form the endo olefin product 3a.

Next, we studied the synthesis of flavonoids bearing dif-
ferent substituents (Table 3). Chalcone 6 was synthesized by
the reaction of 1 and benzaldehyde with Cs,CO,.®) Michael
aldol reaction of 6 with pyridinecarboxaldehydes 2a-d,f
proceeded very smoothly to give the flavonoid derivatives 7
and 8.

With these results in hand, we attempted the one-pot syn-
thesis of 3-pyridyl-substituted flavonoids (Table 4). After
chalcone formation between 1 and benzaldehyde 9a—f, pyri-
dinecarboxaldehyde 2 was added to the reaction mixture.
The one-pot reaction proceeded smoothly to give 3-pyridyl-
substituted flavonoids. Chalcone formation with 9 was
slower than the reaction between 1 and 2, and cyclization of
these chalcones was very slow. However, the addition of pyr-
idinecarboxaldehyde 2 led the chalcones to cyclize, and the

2058 www.chemasianj.org
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Table 3. Synthesis of flavonoids by Michael aldol reaction.

/%R‘ R
0 o 00 i
o =3 ) = o} =N
ol TSR o s ol
BnO OH Cs,C0, BnO o O Bn0” 0
6 EtOH, 40 °C 7af 8a-f
Entryl® Aldehyde t[h] Yield [%]™
7 (endo) 8 (exo0)
1 2a 2 7a 0 8a 82
2 2b 3 7b 26 8b 56
3 2¢ 29 Tc 62 8c 1
4 2d 2 7d 68 8d 0
5 2f 3 7f 77 8f 0

[a] All reactions were carried out with 2 (10 equiv) and Cs,CO; (5 equiv)
in EtOH (0.16Mm). [b] Yields of isolated products based on 6.

Table 4. One-pot synthesis of 3-pyridyl-substituted flavonoids.
R' Rt

1) Aldehyde A
9a-f (% (7%
0 s-N

2) Aldehyde B
2

Cs,CO,

EtOH, 40°c  BnO

7d, 7f, 10a-g
o o] o o
HJk : HJ\©\ HJ\Q/OMeH OMe
OMe OMe
OMe OMe
9a 9b 9¢ 9d
[e] [e] o (0] (o]
Br = = X
9e of 2m 2 20

8d, 8f, 11a-g

n OMe
Entry!” Reaction with A Reaction with B Yield [%]®!
Aldehyde A ¢[h] Aldehyde B ¢[h] endo exo

1t 9a 75 2b 4 7 4 8b 72
2 9a 75 2c 34 7e 69 8¢ 0
3 9a 75 2d 2 7d 70 8d O
4 9a 75 2t 2 7t 62 8f 0
5 9b 48  2m 2 10a 0 11a 79
6 9¢ 26 2c 7 10b 60 11b 0
7 9d 26 2g 3 10c 95 11c¢ O
8 9e 8 2d 5 10d 68 11d 0
9 9f 15  2g 9 10e 95 1le O
10 9f 15 2o 4 10f 72 11f 0
11 9f 18 2b 65 10g 83 11g O
12 9d 26 2n 165 10h 65 11h 0

[a] All reactions were carried out with 9 (3 equiv) and Cs,CO; (6 equiv)
in EtOH (0.16M) at 40°C. After chalcone formation, 2 (7 equiv) was
added. [b] Yields of isolated products based on 1. [c] Even after 36 h, the
yield of endo 7b did not increase.

Michael aldol tandem reaction proceeded. Pyridine as a
base did not help the cyclization of chalcone 6 with benzal-
dehyde 9a,’! so this acceleration in cyclization might not
result from the basicity of the pyridine nature of 2. Thus, in
addition to the high reactivity of pyridinecarboxaldehydes,
we assume that the pyridinyl-cyclized products, 3-pyridinyl
benzopyranones, are more thermodynamically stable in the
subsequent Michael aldol reaction than those without a pyri-
dine unit.

Chem. Asian J. 2008, 3, 2056 —-2064





Chromone and Flavonoid Derivatives

Application to Solid-Phase Reactions

This efficient reaction was applied to solid-phase reactions
for constructing small-molecule libraries. Owing to the
lower solubility of Cs,CO;, KOH was used as the base for
the solid-phase reactions (Table 5). After attaching the ace-

Table 5. Synthesis of chromones by one-pot solid-phase reaction.
R1

e} (75
“ |
1
aldehyde 2
* | N
O/\(Si\ﬂo . gt <@\Si'o\/\o O/\EJ_R1

EtOH, 40 °C /( >\

Y,

\

0.98 mmolg™'

[¢] Br
HO_~q oS
Br N7
14

Entry®®  Aldehyde t[h]  Product  Yield [%]®  Purity [%]"
1 2d 24 12 66!°! >95
2 2a 72 13 761 >90
3 2e 72 14 66! >95
4 2g 72 15 81 >95
5 2n 72 16 4714 >90
[a] All reactions were carried out with 2 (20 equiv) and KOH (10 equiv).

[b] Yields are based on the weight of crude material and are relative to
the initial loading of resin. Only endo products were detected. [c] After
cleavage from beads with 2% HCl/dioxane for 3 h at room temperature,
then neutralization with 1 N~ NaOH. [d] Compound was isolated as HCI
salt after cleavage without neutralization. [e] The purity of the crude ma-
terial was estimated from 'H and *C NMR spectroscopy.

tophenone derivative to (4-methoxyphenyl)diisopropylsilyl-
propyl polystyrene beads (novabiochem), the desired one-
pot reaction smoothly proceeded with aldehyde 2d to give
the 2,3-heterocyclic-substituted chromone. The yields of all
reactions were determined after cleavage of the product
from the beads and are based on the weight of crude materi-
al relative to the initial loading of resin. Without neutraliza-
tion of the reaction mixture, the cleaved products were ob-
tained as HCI salts, which indicated a strong IR absorption
band for N*—H at around 2440-2480 cm ™' (Table 5, en-
tries 2-5). The product was obtained in 66 % yield as the
free base by neutralization (Table 5, entry 1). The purity of
the crude material was estimated from 'H and “C NMR
spectroscopy. Next, we tried the one-pot reaction of 3-sub-
stituted flavonoids in the solid phase.

In the case of the synthesis of 3-heterocyclic substituted
flavonoids, we had to find the best reaction conditions for
chalcone formation (Scheme 3). After optimization of the
conditions, the desired products 17b and 20b were obtained
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in good yields of 74 and 82 %, respectively. Furthermore, to
add diverse substituents on the molecules, we examined
Suzuki-Miyaura coupling on the pyridine unit of the solid-
phase synthesized products. Under several reported condi-
tions, the described combination gave coupling products in
good yields. Phenyl- (18b), p-methoxyphenyl- (19b), or p-
acetamidophenyl- (21b) attached compounds were obtained
in reasonable yields.

Evaluation of Bioactivity of Synthesized Compounds

Next, the compounds synthesized by one-pot reactions were
evaluated for their cytotoxicity against cancer cells.'”l Of
these compounds, 8b showed cytotoxicity against human
pancreatic cancer cells (PANC1) (ICs,=18.4 um). Com-
pounds 4b and 10c¢ showed cytotoxicity against HeLa cells
(IC5y=8.4 and 25 pm, respectively). These compounds did
not show inhibitory activity of the Wnt signaling pathway!!
or promote activity of the death receptor (DR 5).") We very
recently constructed a cell-based assay system for screening
inhibitor of the hedgehog (Hh) signaling pathway.'¥! Many
compounds showed cytotoxicity, but in less cytotoxic com-
pounds, we found moderate inhibitors of Hh signaling path-
way (at 50 um, 3g; cell viability, 70 %, Hh inhibition, 72 %;
11a; cell viability, 78 %, Hh inhibition, 61 % ). We are trying
to determine the actual molecular target of these com-
pounds. We continue our search of the solid-phase library
for a strong Hh inhibitor with less cytotoxicity to normal
cells.

Conclusions

We have demonstrated an efficient one-pot synthesis of het-
erocyclic-substituted chromone and flavonoid derivatives by
a Michael aldol tandem reaction. Several compounds
showed cytotoxicity against cancer cells. These one-pot reac-
tions could also be performed on the solid phase. Further
application of this efficient reaction to solid-phase reactions
for the construction of small-molecule libraries and bioac-
tive evaluation of these new chromone and flavonoid deriva-
tives are in progress.

Experimental Section

General procedure (Table 1 and 2): To a solution of 4'-bezyloxy-2'-hy-
droxyacetophenone (1) (50 mg, 0.21 mmol) in EtOH (1.3 mL; 0.16 M) was
added Cs,COj; (342 mg, 1.05 mmol) and 6-bromo-2-pyridinecarboxalde-
hyde (2a) (391 mg, 2.1 mmol), and the reaction mixture was stirred at
40°C. The reaction mixture was quenched by addition of 10% AcOH in
EtOH, and evaporated. The residue was dissolved in CH,Cl, and H,O,
and the mixture was extracted with CH,Cl,, dried over Na,SO,, and con-
centrated. The residue was purified by silica gel column chromatography
(hexane/ethyl acetate =10:1) to give the corresponding chromone deriva-
tives (3a) and chromanone derivatives (4a). Several compounds can be
separated only recrystallization with diethyl ether.

7-Benzyloxy-2-(3-bromo-2-pyridinyl)-3-(3-bromo-2-pyridinylmethyl)chro-
mone (3a): IR (Attenuated Total Reflection (ATR)): 7=1640, 1628,
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EtOH, 40 °C

17b R'=H 74 % vyield

1= - 2 -
R2-B(OH), 18a R'= “hs”  R’= j@
m 18b R'=H R2= \© 67 % yield
NaOMe O
THF/H,0 19a R'= N Rf= \CL
60°C, 24 h OMe
Suzuki-Miyaura coupling 19b R'=H Re= oMe 46 % yield
o
N._Br
o H H ‘ X
=
@ 9f (3equiv)  2a (10 equiv)
®\sa'0\/\o OH 30h 48h RO~
/( 7\ KOH (12 equiv)
EtOH, 40 °C
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21a R'="""si"
NaOMe RO~ aR '
THF/H,0
60 °C, 224 h 21b R'=H 81 % yield (endo only)

Suzuki-Miyaura coupling

Scheme 3. Application of the one-pot solid-phase reaction.

1609, 1579, 1552, 1435, 1425, 1381, 1173, 1119, 840, 789, 777, 694 cm™".
'"HNMR (400 MHz, CDCL,): 6=4.27 (s, 2H), 5.17 (s, 2H), 6.99 (d, J=
2.4 Hz, 1H), 7.07 (dd, /=8.8, 2.4 Hz, 1H), 7.22-7.26 (m, 2H), 7.36-7.46
(m, 6H), 7.58 (d, J=7.8 Hz, 1H), 7.73 (t, J=7.8 Hz, 1H), 8.07 (d, J=
7.8 Hz, 1H), 8.14 ppm (d, J=8.8 Hz, 1H). "C NMR (100 MHz, CDCl):
0=177.4,163.4,161.3, 158.2, 157.6, 152.1, 141.5, 141.0, 138.9, 138.5, 135.6,
129.3, 128.8, 128.4, 127.5, 125.2, 123.3, 121.9, 120.4, 117.1, 1154, 101.1,
70.6, 32.9 ppm. FAB-MS [M +H]*: 577. FAB-HRMS [M +H]*: calcd for
C,;H,yO;N,Br, 576.9762, found 576.9758. This structure was confirmed by
HMBC, HMQC, and DEPT experiments (see the Supporting Informa-
tion).
7-Benzyloxy-2-(3-bromo-2-pyridinyl)-3-(3-bromo-2-pyridinylmethylene)-
chromanone (4a): IR (ATR): 7=1668, 1602, 1569, 1542, 1404, 1237,
1162, 1104, 1001, 791, 757, 727 cm™'. '"H NMR (400 MHz, CDCl,): 6=
5.07 (d, J=11.6 Hz, 1H), 5.07 (d, J=11.6 Hz, 1H), 6.49 (d, /=2.4 Hz,
1H), 6.66 (dd, /=8.8, 2.4 Hz, 1H), 7.33-7.49 (m, 10H), 7.58 (t, J=7.7,
1H), 7.72 (s, 1H), 7.78 (s, 1H), 7.94 ppm (d, J=8.8 Hz, 1H). "C NMR
(100 MHz, CDCL;): 6=180.0, 165.5, 161.5, 159.1, 154.3, 141.63, 141.61,
138.9, 138.7, 135.9, 135.8, 132.6, 129.5, 128.7, 128.3, 127.82, 127.81, 127.6,
126.6, 121.5, 115.8, 110.9, 102.3, 78.1, 70.3 ppm. FAB-MS [M+H]": 577.
FAB-HRMS [M+H]*: caled for C,;H,,0;N,Br, 576.9762, found 576.9753.
This structure was confirmed by HMBC, HMQC, and DEPT experiments
(see the Supporting Information).
7-Benzyloxy-2-(2-pyridinyl)-3-(2-pyridinylmethyl)chromone ~ (3b): IR
(ATR): 7=1622, 1601, 1447, 1366, 1239, 1186, 1110, 973, 777, 750, 714,
685 cm™'. '"H NMR (400 MHz, CDCly): 6 =4.33 (s, 2H), 5.16 (s, 2H), 7.00
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(d, J=2.3Hz, 1H), 7.04 (dd, J=7.7, 1.1 Hz, 1H), 7.05 (dd, J=8.9, 2.3 Hz,
1H), 7.27 (m, 1H), 7.33-7.46 (m, 6H), 7.54 (td, J=7.7, 1.8 Hz, 1 H), 7.81
(td, J=7.7, 1.8 Hz, 1H), 8.02 (d, J=7.7 Hz, 1 H), 8.14 (d, J=8.9 Hz, 1 H),
845 (d, J=7.7Hz, 1H), 872ppm (d, J=7.7Hz, 1H). “"CNMR
(125 MHz, CDCly): 6=177.8, 163.2, 160.1, 159.7, 157.8, 151.7, 149.6,
148.9, 136.6, 136.2, 135.7, 128.7, 128.4, 127.51, 127.47, 124.6, 124.5, 123.0,
120.9, 120.5, 117.2, 115.2, 101.1, 70.5, 33.5 ppm. FAB-MS [M+H]": 421.
FAB-HRMS [M +H]*: caled for C,;H,,05N, 421.1552, found 421.1519.
7-Benzyloxy-2-(3-pyridinyl)-3-(3-pyridinylmethyl)chromone ~ (3¢): IR
(ATR): 7=1627, 1606, 1573, 1499, 1477, 1442, 1382, 1241, 1172, 1024,
712 em™". 'H NMR (400 MHz, CDCL,): =3.93 (s, 2H), 5.17 (s, 2H), 6.94
(d, J=2.4 Hz, 1H), 7.09 (dd, 7=9.0, 2.4 Hz, 1H), 7.15 (dd, J=7.8, 4.9 Hz,
1H), 7.34-7.50 (m, 7H), 7.79 (dt, J=8.1, 2.0 Hz, 1H), 8.17 (d, J=9.0 Hz,
1H), 8.30 (d, J=2.0 Hz, 1 H), 8.41 (dd, J=4.6, 1.5 Hz, 1 H), 8.77 (dd, /=
4.9, 1.7Hz, 1H), 8.81 ppm (d, J=2.2Hz, 1H). "CNMR (125 MHz,
CDCL): 6=176.8, 163.6, 159.8, 157.9, 151.4, 149.6, 149.3, 147.7, 135.81,
135.80, 135.7, 135.3, 129.3, 128.8, 128.4, 127.7, 127.4, 123.28, 123.25, 121.0,
1172, 115.4, 101.4, 70.7, 28.4 ppm. FAB-MS [M+H]*: 421. FAB-HRMS
[M+H]": caled for C;H,,O3N, 421.1552, found 421.1511.
7-Benzyloxy-2-(5-bromo-3-pyridinyl)-3-(5-bromo-3-pyridinylmethyl)chro-
mone (3d): IR (ATR): 7=1635, 1625, 1600, 1442, 1377, 1360, 1239, 1177,
1098, 1005, 829, 727, 698 cm™'. 'TH NMR (400 MHz, CDCl;): 6=3.90 (s,
2H), 5.18 (s, 2H), 6.95 (d, J=2.4 Hz, 1H), 7.11 (dd, J=9.0, 2.4 Hz, 1H),
7.34-7.46 (m, SH), 7.62 (t, J=2.0 Hz, 1 H), 7.97 (t, J=2.0 Hz, 1H), 8.16
(d, J=9.0 Hz, 1H), 8.23 (d, J=2.0 Hz, 1H), 8.50 (d, J=2.0 Hz, 1 H), 8.67
(d, J=2.0 Hz, 1H), 8.84ppm (d, J=2.0 Hz, 1H). ®C NMR (125 MHz,
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CDCly): 6=176.5, 163.7, 158.2, 157.8, 152.7, 149.0, 147.5, 147.0, 138.4,
138.3, 136.7, 135.5, 130.2, 128.8, 128.5, 127.7, 127.5, 120.8, 120.8, 120.5,
116.8, 115.8, 101.1, 70.6, 28.2 ppm. FAB-MS [M+H]*: 577. FAB-HRMS
[M+H]*: caled for C,;H,003N,Br, 576.9762, found 576.9715.

7-Benzyloxy-2-(2-bromo-3-pyridinyl)-3-(2-bromo-3-pyridinylmethylene)-
chromanone (4e): IR (ATR): 7=1632, 1608, 1556, 1498, 1440, 1381,
1241, 1171, 1100, 1048, 777, 737, 697 cm~". '"H NMR (400 MHz, CDCl,):
0=5.17 (s, 2H), 6.94 (d, J=2.4Hz, 1H), 7.08 (dd, /=7.6, 4.6 Hz, 1H),
7.13 (dd, J=9.0, 2.4 Hz, 1H), 7.33 (dd, J=7.6, 2.0 Hz, 1H), 7.36-7.45 (m,
8H), 7.49 (dd, J=17.6, 2.0 Hz, 1H), 8.14 (dd, J=4.6, 2.0 Hz, 1H), 8.20 (d,
J=9.0 Hz, 1H), 8.50 ppm (dd, /=4.4, 2.0 Hz, 1H). "C NMR (125 MHz,
CDCL): 6=176.8, 163.8, 160.1, 158.1, 151.6, 147.8, 143.9, 142.0, 138.6,
1382, 136.1, 135.8, 131.3, 128.8, 128.5, 127.8, 127.5, 122.7, 122.5, 1212,
117.3, 115.7, 101.5, 70.8, 30.2 ppm. FAB-MS [M+H]*: 577. FAB-HRMS
[M+H]": caled for C,;H,003N,Br, 576.9762, found 576.9758.

7-Benzyloxy-2-(4-pyridinyl)-3-(4-pyridinylmethyl)chromone ~ (3f): IR
(ATR): 7=1625, 1600, 1590, 1570, 1545, 1500, 1443, 1383, 1241, 1179,
1006, 838, 776, 701 cm™'. '"H NMR (400 MHz, CDCL,): =391 (s, 2H),
5.18 (s, 2H), 6.96 (d, /=22 Hz, 1H), 7.05 (d, J=4.4, 1.7 Hz, 2H), 7.11
(dd, J=9.0, 2.2 Hz, 1H), 7.37-7.46 (m, 7H), 8.16 (d, /=9.0, Hz, 1H),
8.43 (dd, J=4.4, 1.7Hz, 2H), 876 ppm (dd, J=4.4, 1.7Hz, 2H).
BCNMR (125 MHz, CDCL): 6=176.8, 163.6, 159.8, 157.8, 150.5, 149.9,
148.6, 140.2, 135.5, 128.8, 128.5, 127.7, 127.4, 123.3, 122.5, 119.7, 116.8,
115.7, 101.1, 70.6, 30.5 ppm. FAB-MS [M +H]*: 421. FAB-HRMS [M+
H]*: caled for C,;H, 05N, 421.1552, found 421.1519.

7-Benzyloxy-2-(2-bromo-4-pyridinyl)-3-(2-bromo-4-pyridinylmethyl)chro-
mone (3g): IR (ATR): 7=1635, 1610, 1440, 1397, 1382, 1241, 1176, 1085,
1019, 832, 781, 734, 696 cm™'. '"H NMR (400 MHz, CDCl;): 6=3.84 (s,
2H), 5.17 (s, 2H), 6.94 (d, J=2.4 Hz, 1H), 7.02 (d, J=4.9 Hz, 1H), 7.13
(dd, J=9.0, 24 Hz, 1H), 7.15 (dd, /=49, 0.5Hz, 1H), 7.34-7.46 (m,
5H), 8.20 (d, J=9.0 Hz, 1H), 8.29 (d, J=4.9 Hz, 1H), 8.56 (s, 1H), 8.60
(d, J=49 Hz, 1H), 8.88 ppm (d, /=0.5Hz, 1H). "CNMR (125 MHz,
CDCl;): 6=176.4, 163.7, 159.4, 158.0, 153.0, 151.7, 148.7, 148.1, 147.2,
140.6, 135.4, 128.8, 128.5, 127.7, 127.5, 124.34, 124.27, 122.8, 120.6, 120.0,
117.0, 115.9, 101.2, 70.7, 30.1 ppm. FAB-MS [M +H]*: 577. FAB-HRMS
[M+H]*: caled for C,;H,003N,Br, 576.9762, found 576.9758.

7-Benzyloxy-2-(4-bromo-3-pyridinyl)-3-(4-bromo-3-pyridinylmethyl)chro-
mone (3h): IR (ATR): 7=1628, 1606, 1577, 1498, 1441, 1381, 1241, 1173,
1120, 1083, 1019, 831, 779, 735, 696 cm . '"H NMR (400 MHz, CDCl,):
0=3.85 (s, 2H), 5.17 (s, 2H), 6.92 (d, J=2.4 Hz, 1H), 7.10 (dd, /=9.0,
2.4 Hz, 1H), 7.33-7.45 (m, 7H), 7.64-7.65 (m, 2H), 8.05 (d, /=2.4 Hz,
1H), 8.14 (d, /=9.0 Hz, 1H), 855 ppm (m, 1H). *CNMR (125 MHz,
CDClLy): =176.5, 163.8, 158.7, 157.9, 149.7, 149.5, 144.5, 140.2, 138.5,
137.9, 135.7, 134.4, 128.8, 128.5, 128.28, 128.26, 127.9, 127.8, 127.4, 120.8,
117.1, 115.7, 101.5, 70.8, 28.0 ppm. FAB-MS [M+H]*: 577. FAB-HRMS
[M+H]": caled for C,;H,003N,Br, 576.9762, found 576.9758.

7-Benzyloxy-2-(2-furanyl)-3-(2-furanylmethyl)chromone (3i): IR (ATR):
7=1615, 1606, 1570, 1498, 1444, 1358, 1248, 1182, 1097, 1006, 928, 841,
791, 743, 703 cm ™. '"H NMR (400 MHz, CDCl,): 6 =4.28 (s, 2H), 5.17 (s,
2H), 6.04 (d, /=32 Hz, 1H), 6.24 (dd, /=32, 1.7 Hz, 1H), 6.60 (dd, J=
3.6, 1.7Hz, 1H), 6.96 (d, J=2.4 Hz, 1H), 7.03 (dd, J=8.9, 2.4 Hz, 1H),
7.13 (d, J=3.6 Hz, 1H), 7.27 (d, J=1.7 Hz, 1H), 7.35-7.47 (m, SH), 7.67
(d, J=1.7Hz, 1H), 8.14 ppm (d, J=8.9 Hz, 1H). ®*C NMR (100 MHz,
CDCly): 6=176.9, 163.1, 157.1, 153.2, 151.9, 146.7, 1452, 140.9, 135.7,
128.7, 128.3, 127.5, 127.5, 116.8, 115.9, 115.0, 114.8, 112.0, 110.3, 105.8,
100.9, 70.5, 23.2 ppm. FAB-MS [M]*: 398. FAB-HRMS [M]": calcd for
C,sH 305 398.1154, found 398.1144.

7-Benzyloxy-2-(3-bromo-2-furanyl)-3-(3-bromo-2-furanylmethyl)chro-
mone (3j): IR (ATR): 7=1606, 1498, 1441, 1395, 1242, 1178, 1011, 785,
736, 696 cm~'. "H NMR (400 MHz, CDCl,): 6=4.20 (s, 2H), 5.18 (s, 2H),
6.05 (d, J=3.5Hz, 1H), 6.15 (d, /=3.5 Hz, 1H), 6.55 (d, J=3.6 Hz, 1H),
6.96 (d, J=2.2 Hz, 1H), 7.05 (dd, /=9.0, 2.2 Hz, 1H), 7.07 (d, /=3.6 Hz,
1H), 7.37-7.46 (m, 5H), 8.13ppm (d, J=9.0Hz, 1H). “CNMR
(125 MHz, CDCl;): 6=176.6, 163.4, 157.1, 155.0, 151.0, 148.1, 135.7,
128.8, 128.4, 127.6, 127.5, 126.2, 119.3, 117.1, 116.8, 115.6, 115.1, 114.1,
112.0, 108.9, 101.1, 70.6, 23.4 ppm. FAB-MS [M +H]*: 555. FAB-HRMS
[M+H]?: caled for C,sH,,05Br, 554.9443, found 554.9417.
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7-Benzyloxy-2-(3-bromo-2-furanyl)-3-(3-bromo-2-furanylmethylene)chro-
manone (4j): IR (ATR): 7=1667, 1602, 1440, 1299, 1254, 1206, 1139,
1106, 1017, 972, 833, 784 cm™". 'H NMR (400 MHz, CDCly): 6=5.07 (d,
J=11.6 Hz, 1H), 5.08 (d, J=11.6 Hz, 1H), 6.15 (d, J=3.4 Hz, 1H), 6.17
(d, J=3.4 Hz, 1H), 6.46 (d, J=3.7 Hz, 1H), 6.49 (d, J=2.3 Hz, 1H), 6.66
(d, J=3.7 Hz, 1H), 6.68 (dd, /=89, 2.3 Hz, 1H), 6.94 (s, 1H), 7.34-7.42
(m, 5H), 7.55 (s, 1H), 7.93 ppm (d, /=8.9 Hz, 1 H). "C NMR (125 MHz,
CDCly): 6=179.3, 165.4, 160.8, 153.5, 152.5, 135.8, 129.3, 128.7, 128.3,
127.6, 127.2, 126.0, 123.0, 122.5, 120.8, 115.5, 114.7, 112.5, 112.1, 111.1,
102.5, 72.1, 70.3 ppm. FAB-MS [M+H]*: 555. FAB-HRMS [M+H]*:
caled for C,5H;;05Br, 554.9443, found 554.9417.
7-Benzyloxy-2-(2-thienyl)-3-(2-thienylmethyl)chromone (3k): IR (ATR):
7=1611, 1590, 1559, 1496, 1444, 1416, 1383, 1249, 1177, 1096, 1003, 837,
786, 699 cm~'. "H NMR (400 MHz, CDCl,): 0 =4.33 (s, 2H), 5.18 (s, 2H),
6.86 (dd, /=3.5, 1.2 Hz, 1H), 6.89 (dd, /=5.1, 3.5 Hz, 1H), 6.97 (d, J=
2.3 Hz, 1H), 7.05 (dd, /=89, 2.3 Hz, 1H), 7.11 (dd, J=5.1, 1.2 Hz, 1H),
7.15 (dd, J=4.6, 42 Hz, 1H), 7.34-7.47 (m, 5H), 7.59-7.60 (m, 2H),
8.16 ppm (d, J=89Hz, 1H). "CNMR (125 MHz, CDCl;): §=176.9,
163.2, 157.4, 156.2, 142.2, 135.7, 134.5, 130.4, 129.8, 128.7, 128.4, 127.8,
127.6, 127.5, 126.8, 124.7, 123.6, 119.0, 116.8, 115.0, 101.0, 70.5, 26.2 ppm.
FAB-MS [M]*: 430. FAB-HRMS [M]*: calcd for C,sH 3058, 430.0697,
found 430.0678.
7-Benzyloxy-2-(3-bromo-2-thienyl)-3-(3-bromo-2-thienylmethyl)chro-
mone (31): IR (ATR): 7=1615, 1590, 1560, 1496, 1441, 1416, 1378, 1247,
1179, 967, 831, 784, 697 cm™'. '"H NMR (400 MHz, CDCl;): 6=4.20 (s,
2H), 5.18 (s, 2H), 6.62 (d, J=3.7Hz, 1H), 6.84 (d, J=3.7 Hz, 1H), 6.94
(d, J=2.4Hz, 1H), 7.06 (dd, J=8.9, 2.4 Hz, 1H), 7.13 (d, J=4.1 Hz, 1 H),
7.33 (d, J=4.1 Hz, 1H), 7.37-7.47 (m, 5H), 8.14 ppm (d, J=8.9 Hz, 1H).
BCNMR (125 MHz, CDCly): 176.7, 163.5, 157.3, 155.1, 143.5, 135.64,
135.60, 130.9, 130.6, 129.6, 128.8, 128.5, 127.6, 127.5, 125.2, 118.3, 118.0,
116.6, 115.3, 110.0, 100.9, 70.6, 26.5 ppm. FAB-MS [M +H]*: 587. FAB-
HRMS [M+H]*: caled for C,sH;;05S,Br, 586.8986, found 586.8950.

General procedure (Table 3): To a solution of 4'-(benzyloxy)-2'-hydroxy-
chalcone (6; known compound) (50 mg, 0.15 mmol) in EtOH (0.94 mL;
0.16 M) was added Cs,COj; (248 mg, 0.76 mmol) and 4-pyridinecarboxal-
dehyde (2f) (0.14 mL, 1.51 mmol), and the reaction mixture was stirred
at 40°C. The reaction mixture was quenched by addition of 10% AcOH
in EtOH, and evaporated. The residue was dissolved in CH,Cl, and H,O,
and the mixture was extracted with CH,Cl,, dried over Na,SO,, and con-
centrated. The residue was purified by silica gel column chromatography
(hexane/ethyl acetate =5:1) to give the corresponding flavone derivatives
(71) (and/or flavanone derivatives 8.)
7-Benzyloxy-3-(3-bromo-2-pyridinylmethylene)flavanone (8a): IR
(ATR): 7=1697, 1664, 1610, 1597, 1571, 1558, 1407, 1296, 1255, 1166,
1104, 1011, 985, 833, 793, 762, 714, 692cm™". 'HNMR (400 MHz,
CDCL): 6=5.05 (d, J=11.7 Hz, 1H), 5.09 (d, J=11.7 Hz, 1H), 6.50 (d,
J=24Hz, 1H), 6.64 (dd, J=88, 2.4 Hz, 1H), 7.21-7.28 (m, 3H), 7.32-
745 (m, 9H), 7.57 (1, J=7.7Hz, 1H), 7.73 (d, J=1.2 Hz, 1H), 7.88 (s,
1H), 7.91 ppm (d, J=8.8Hz, 1H). 3CNMR (125 MHz, CDCL): 6=
180.7, 165.7, 161.9, 154.4, 141.7, 138.8, 138.6, 137.3, 135.8, 132.0, 129.6,
128.7, 128.4, 128.3, 128.1, 127.9, 127.6, 127.4, 126.6, 115.7, 110.8, 102.4,
77.7, 70.3 ppm. FAB-MS [M +H]*: 498. FAB-HRMS [M +H]*: caled for
CysH, O:NBr 498.0705, found 498.0685.
7-Benzyloxy-3-(2-pyridinylmethylene)flavanone (8b): IR (ATR): =
1666, 1602, 1569, 1439, 1254, 1148, 1118, 1013, 851, 781, 737, 693 cm™".
'"HNMR (400 MHz, CDCL,): 6=5.11 (d, J=11.7 Hz, 1H), 5.14 (d, J=
11.7 Hz, 1H), 6.60 (d, J=2.3 Hz, 1H), 6.65 (dd, J=8.8, 2.3 Hz), 7.22-7.30
(m, 3H), 7.37-7.45 (m, 8H), 7.53 (d, J=7.8 Hz, 1H), 7.76 (td, J=7.8,
1.6 Hz, 1H), 7.88 (s, 1H), 7.91 (d, J=8.8 Hz, 1 H), 8.12 (s, 1 H), 8.63 ppm
(dd, 7=4.9, 1.6 Hz, 1H). ®*CNMR (125 MHz, CDCl;): 6=181.4, 165.4,
161.8, 153.8, 149.8, 138.6, 136.6, 136.0, 135.8, 134.4, 129.6, 128.7, 128.30,
128.28, 127.9, 127.7, 127.6, 126.9, 123.4, 116.0, 110.6, 102.5, 77.3, 70.3 ppm.
FAB-MS [M+H]*: 420. FAB-HRMS [M+H]*: caled for CyH,,0O.N
420.1600, found 420.1599.

7-Benzyloxy-3-(3-pyridinylmethyl)flavone (7¢): IR (ATR): 7=1614,
1592, 1559, 1496, 1446, 1382, 1364, 1242, 1182, 1098, 1008, 971, 836, 773,
700 cm~". "H NMR (400 MHz, CDCL,): 6=3.94 (s, 2H), 5.17 (s, 2H), 6.95
(d, J=2.4 Hz, 1H), 7.09 (dd, J=8.9, 2.4 Hz, 1H), 7.15 (ddd, J=7.8, 4.9,
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0.7 Hz, 1H), 7.35-7.57 (m, 11H), 8.18 (d, /=89 Hz, 1H), 8.29 (d, J=
1.9 Hz, 1H), 841 ppm (dd, J=4.9, 1.9 Hz, 1H). "*CNMR (125 MHz,
CDClLy): =177.3, 163.2, 162.8, 157.8, 149.6, 147.4, 135.8, 135.7, 135.6,
132.9, 130.5, 128.71, 128.70, 128.5, 128.3, 127.44, 127.41, 123.3, 119.6,
117.0, 115.2, 101.0, 70.4, 28.5 ppm. FAB-MS [M +H]*: 420. FAB-HRMS
[M+H]*: caled for CyH,,O3N 420.1600, found 420.1560.
7-Benzyloxy-3-(5-bromo-3-pyridinylmethyl)flavone (7d): IR (ATR): 7=
1609, 1440, 1381, 1240, 1170, 1096, 1021, 695 cm™'. '"H NMR (400 MHz,
CDCl;): 6=3.90 (s, 2H), 5.16 (s, 2H), 6.94 (d, /J=2.4 Hz, 1H), 7.08 (dd,
J=8.9, 2.4 Hz, 1H), 7.33-7.57 (m, 10H), 7.61 (t, J=2.0 Hz, 1H), 8.16 (d,
J=89Hz, 1H), 8.18 (d, /J=2.0 Hz, 1H), 845 ppm (d, J=2.0 Hz, 1H).
BCNMR (125 MHz, CDCLy): 6=177.1, 163.3, 163.0, 157.8, 148.5, 147.7,
138.4, 137.6, 135.6, 132.7, 130.7, 128.8, 128.7, 128.42, 128.38, 127.5, 127.4,
120.6, 119.0, 117.0, 115.3, 101.1, 70.5, 28.2 ppm. FAB-MS [M +H]*: 498.
FAB-HRMS [M +H]": caled for C,gH, O;NBr 498.0705, found 498.0710.
7-Benzyloxy-3-(4-pyridinylmethyl)flavone (7f): IR (ATR): 7=1630,
1600, 1444, 1385, 1362, 1241, 1180, 1102, 1002, 920, 795, 765, 721,
697 cm™". 'TH NMR (400 MHz, CDCL;): §=3.92 (s, 2H), 5.17 (s, 2H), 6.95
(d, J=2.4 Hz, 1H), 7.04 (dd, J=4.4, 1.7 Hz, 2H), 7.08 (dd, /=8.9, 2.4 Hz,
1H), 7.34-7.55 (m, 10H), 8.17 (d, J=8.9 Hz, 1H), 8.43 ppm (dd, /=44,
1.7 Hz, 2H). "CNMR (125 MHz, CDCL;): §=177.2, 163.2, 163.0, 157.8,
149.7, 149.3, 135.6, 132.8, 130.6, 128.74, 128.66, 128.40, 128.38, 127.5,
127.4,123.5, 118.7, 116.9, 115.3, 101.1, 70.5, 30.8 ppm. FAB-MS [M+H]*:
420. FAB-HRMS [M+H]*: caled for CxH,,0OsN 420.1600, found
420.1560.

General procedure (Table 4): To a solution of 4'-bezyloxy-2'-hydroxyace-
tophenone (1) (20 mg, 0.083 mmol) in EtOH (0.5 mL; 0.16 m) was added
Cs,CO; (156 mg, 0.48 mmol) and benzaldehyde (9a) (26 mg, 0.25 mmol),
and the reaction mixture was stirred at 40°C for 7.5 h. After formation of
chalcone, 5-bromo-3-pyridinecarboxaldehyde (2d) (104 mg, 0.56 mmol)
was added to the reaction mixture, which was then stirred at 40°C for
2 h, quenched by addition of 10% AcOH in EtOH, and evaporated. The
residue was dissolved in CH,Cl, and H,O, and the mixture was extracted
with CH,Cl,, dried over Na,SO,, and concentrated. The residue was puri-
fied by silica gel column chromatography (hexane/ethyl acetate =40:1 to
5:1) to give the corresponding flavone derivatives (7d) (29 mg,
0.058 mmol, 70 % yield) as white amorphous solids.
7-Benzyloxy-3-(3-methyl-2-pyridinylmethylene)-4'-methoxyflavanone
(11a): IR (ATR): 7=1666, 1599, 1573, 1508, 1440, 1244, 1161, 1101, 1007,
793, 735, 696 cm™. '"H NMR (400 MHz, CDCly): 6 =2.46 (s, 3H), 3.73 (s,
3H), 5.06 (d, J=11.6 Hz, 1H), 5.07 (d, /J=11.6 Hz, 1H), 6.49 (d, J=
2.2 Hz, 1H), 6.62 (dd, /=8.8, 2.2 Hz, 1H), 6.77 (d, J=8.8 Hz, 2H), 7.06
(d, J=7.6 Hz, 1H), 7.28 (d, J=7.6 Hz, 1H), 7.33-7.42 (m, 7H), 7.59 (t,
J=76Hz, 1H), 7.79 (d, J=1.0Hz, 1H), 791 (d, /J=88Hz, 1H),
8.01 ppm (s, 1H). "CNMR (125 MHz, CDCL): 6=181.5, 165.4, 161.7,
159.1, 158.5, 153.0, 136.7, 135.9, 135.7, 134.3, 131.1, 129.5, 128.63, 128.59,
128.2, 127.6, 125.1, 123.0, 116.0, 113.6, 110.4, 102.5, 77.5, 70.2, 55.1,
245 ppm. FAB-MS [M+H]*": 464. FAB-HRMS [M+H]*: caled for
C;0H,0,N 464.1862, found 464.1834.
7-Benzyloxy-3-(3-pyridinylmethyl)-3'5'-dimethoxyflavone ~ (10b): IR
(ATR): 7=1627, 1594, 1569, 1440, 1379, 1245, 1207, 1156, 1057, 1025,
822, 736, 696 cm™'. '"H NMR (400 MHz, CDCL,): 6 =3.74 (s, 6H), 3.93 (s,
2H), 5.16 (s, 2H), 6.59 (s, 3H), 6.93 (d, J=2.2 Hz, 1H), 7.07 (dd, J=8.9,
22 Hz, 1H), 7.15 (dd, J=8.0, 4.7 Hz, 1H), 7.34-7.45 (m, SH), 7.53 (d, /=
8.0Hz, 1H), 8.16 (d, /=89 Hz, 1H), 8.34 (d, /=1.6 Hz, 1H), 8.39 ppm
(dd, J=4.7, 1.6 Hz, 1H). ®*CNMR (125 MHz, CDCl,): 6=177.3, 163.2,
162.6, 160.9, 157.8, 149.7, 147.4, 135.9, 135.8, 135.6, 134.5, 128.7, 128.4,
127.4, 123.3, 119.4, 117.0, 115.2, 106.5, 102.6, 101.1, 70.5, 55.5, 28.6 ppm.
FAB-MS [M+H]": 480. FAB-HRMS [M+H]*: caled for C3H,OsN
480.1811, found 480.1828.
7-Benzyloxy-3-(6-bromo-4-pyridinylmethyl)-3'4'5'-trimethoxyflavone
(10¢): IR (ATR): 7=1633, 1603, 1582, 1577, 1497, 1441, 1378, 1239, 1175,
1120, 1096, 999, 831, 779, 724, 686 cm~'. '"H NMR (400 MHz, CDCl): 6 =
3.66 (s, 6H), 3.89 (s, 3H), 3.99 (s, 2H), 5.20 (s, 2H), 6.59 (s, 2H), 7.01 (d,
J=24Hz, 1H), 7.05 (d, J=49Hz, 1H), 7.12 (dd, /=9.0, 2.4 Hz, 1H),
7.35-747 (m, SH), 819 (d, /J=9.0Hz, 1H), 839 (d, /=49Hz, 1H),
8.67 ppm (s, 1H). *CNMR (125 MHz, CDCLy): 6=177.2, 163.4, 163.2,
157.8, 153.2, 151.6, 148.8, 148.5, 135.6, 128.8, 128.5, 127.60, 127.57, 127.46,
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123.9, 123.1, 117.0, 116.7, 115.4, 105.5, 101.2, 70.6, 61.0, 55.9, 32.4 ppm.
FAB-MS [M+H]*: 588. FAB-HRMS [M+H]*: caled for C;H,,O(NBr
588.1022, found 588.1006.
7-Benzyloxy-3-(5-bromo-3-pyridinylmethyl)-4'-bromoflavone (10d): IR
(ATR): 7=1624, 1609, 1440, 1379, 1240, 1172, 1011, 827, 696 cm .
'HNMR (400 MHz, CDCly): 6=3.88 (s, 2H), 5.17 (s, 2H), 6.92 (d, J=
2.4 Hz, 1H), 7.09 (dd, J=8.9, 2.4 Hz, 1H), 7.34-7.45 (m, TH), 7.62 (t, J=
2.1 Hz, 1H), 7.65 (d, J=8.8 Hz, 2H), 8.15 (d, J=8.9 Hz, 1H), 8.20 (d, J=
2.1 Hz, 1H), 8.47 ppm (d, J=2.1 Hz, 1H). ®C NMR (125 MHz, CDCl,):
0=176.9, 163.4, 161.8, 157.7, 148.7, 147.6, 138.3, 137.3, 135.5, 132.1, 131.5,
130.0, 128.8, 128.4, 127.5, 127.4, 125.3, 120.7, 119.1, 116.9, 115.4, 101.1,
70.5, 28.2 ppm. FAB-MS [M +H]*: 576. FAB-HRMS [M +H]*: caled for
CyH,,O;NBr, 575.9810, found 575.9827.
7-Benzyloxy-3-(6-bromo-4-pyridinylmethyl)-3’-methylflavone (10e): IR
(ATR): 7=1623, 1600, 1440, 1379, 1241, 1174, 778, 736, 696 cm™".
'"HNMR (400 MHz, CDCLy): 6=2.36 (s, 3H), 3.97 (s, 2H), 5.18 (s, 2H),
6.99 (d, J=2.4Hz, 1H), 7.03 (dd, J=4.9, 0.5 Hz, 1H), 7.10 (dd, J=8.9,
2.4 Hz, 1H), 7.20 (m, 1H), 7.23 (s, 1H), 7.29-7.47 (m, 7H), 8.17 (d, J=
89Hz, 1H), 835 (d, J=49Hz, 1H), 8.66 ppm (d, /J=0.5Hz, 1H).
BCNMR (125 MHz, CDClLy): 6=177.2, 163.6, 163.3, 157.9, 151.5, 148.5,
148.3, 138.6, 135.6, 132.5, 131.5, 128.73, 128.68, 128.58, 128.4, 127.5, 127.4,
1252, 1239, 122.9, 117.4, 116.7, 115.3, 101.1, 70.5, 31.9, 21.4 ppm. FAB-
MS [M+H]*: 512. FAB-HRMS [M+H]*: caled for CyH,;0O;NBr
512.0861, found 512.0815.
7-Benzyloxy-3-(2-quinolinylmethyl)-3’-methylflavone (10f): IR (ATR):
7=1611, 1570, 1502, 1440, 1380, 1239, 1172, 781, 728, 696 cm~'. '"H NMR
(400 MHz, CDCly): =2.35 (s, 3H), 4.24 (s, 2H), 5.16 (s, 2H), 6.97 (d,
J=2.4Hz, 1H), 7.05 (d, /=89, 2.4 Hz, 1H), 7.27-7.51 (m, 9H), 7.62-7.65
(m, 3H), 7.76 (d, J=8.1 Hz, 1H), 7.99 (d, /=8.5Hz, 1H), 8.04 (d, /=
8.5 Hz, 1H), 8.14 ppm (d, /=8.9 Hz, 1H). "C NMR (125 MHz, CDCl,):
0=177.7,163.3, 163.1, 160.7, 157.9, 147.9, 138.1, 136.2, 135.8, 133.0, 131.1,
129.7, 129.04, 129.01, 128.7, 128.34, 128.29, 127.47, 127.46, 127.42, 126.9,
126.0, 125.7, 121.8, 119.3, 117.1, 115.0, 101.1, 70.5, 35.2, 21.4 ppm. FAB-
MS [M+H]*: 484. FAB-HRMS [M +H]*: caled for C33H,O5N 484.1913,
found 484.1891.

7-Benzyloxy-3-(2-pyridinylmethyl)-4-methoxyflavone (10g): IR (ATR):
7=2922, 2852, 1734, 1625, 1611, 1570, 1498, 1471, 1441, 1380, 1362, 1258,
1239, 1172, 1117, 1102, 997, 793, 778, 742, 697 cm'. '"H NMR (400 MHz,
CDCly): 6=2.37 (s, 3H), 4.08 (s, 2H), 5.16 (s, 2H), 6.95 (d, /=22 Hz,
1H), 7.04 (dd, /=838, 22 Hz, 1H), 7.09 (m, 1H), 7.23-7.46 (m, 7H),
7.51-7.60 (m, 4H), 8.13 (d, J=8.8 Hz, 1H), 8.51 ppm (dt, J=4.9, 1.0 Hz,
1H). BCNMR (125 MHz, CDCly): 6=181.5, 165.4, 161.8, 153.8, 149.8,
138.5, 138.2, 137.9, 136.5, 136.0, 135.9, 134.4, 134.3, 130.6, 129.6, 128.6,
128.25, 128.19, 127.8, 127.7, 127.5, 124.1, 123.3, 116.0, 110.5, 102.5, 70.2,
21.5, 21.2 ppm. FAB-MS [M +H]*: 434. FAB-HRMS [M +H]*: caled for
CyH,,NO; 434.1756, found 434.1756.
7-Benzyloxy-3-(5-methoxy-3-pyridinylmethyl)-3'4'5’-trimethoxyflavone
(10h): IR (ATR): 7=1623, 1610, 1583, 1498, 1441, 1172, 1122, 1000,
697 cm™'. '"H NMR (400 MHz, CDCly): =3.75 (s, 6H), 3.78 (s, 3H), 3.91
(s, 3H), 3.92 (s, 2H), 5.17 (s, 2H), 6.67 (s, 2H), 6.96 (d, J=2.3 Hz, 1H),
7.06 (d, J=3.0 Hz, 1H), 7.08 (dd, J=9.0, 2.3 Hz, 1H), 7.34-7.45 (m, 5H),
7.96 (s, 1H), 8.07 (d, /=3.0Hz, 1H), 8.16 ppm (d, J=9.0Hz, 1H).
BCNMR (125 MHz, CDCLy): 6=177.3, 163.2, 162.7, 157.7, 155.6, 153.3,
141.9, 136.7, 135.6, 134.9, 128.7, 128.4, 128.0, 127.5, 127.4, 120.7, 119.0,
116.9, 115.2, 105.8, 101.1, 70.5, 61.0, 56.1, 55.5, 28.7 ppm. FAB-MS [M +
H]*: 540. FAB-HRMS [M+H]": caled for C;,H;O;N 540.2022, found
540.2004.

Solid-Phase Synthesis

Loading of compound: (4-methoxyphenyl)diisopropyl-silylpropyl poly-
styrene (1.5 mmolg™'; novabiochem) was weighed (200 mg, 0.3 mmol)
into a 5 mL polypropylene Libra tube column fitted with a teflon stop-
cock and 5.4 mL of a 3% trifluoromethanesulfonic acid/CH,Cl, solution
(6 equiv of TfOH relative to Si) was added by syringe. The resin turned
bright red/orange upon acid treatment. After 15 min, the solvent was
drained under positive Ar pressure, followed by addition of CH,Cl,
(2 mL), 2,6-lutidine (0.17 mL, 5 equiv of TfOH relative to Si), and 4'-hy-
droxyethoxy-2'-hydroxyacetophenone (118 mg, 2 equiv of TfOH relative

Chem. Asian J. 2008, 3, 2056 —-2064





Chromone and Flavonoid Derivatives

to Si), which resulted in a colorless resin. The beads were then gently agi-
tated for 24 h at room temperature. The beads were drained and washed
with CH,Cl, (3 mL; 3 min x5 times). The resin was dried under reduced
pressure. The weight of the dried resin was 251 mg.

Determination of loading level of compound: The resulting beads
(57.1mg) and 2% HCI in dioxane (1.0 mL) were vigorously shaken in a
screw-cap sealed reaction vessel at room temperature for 3 h. The resin
was filtered, washed with CH,Cl,, and the resulting filtrate was concen-
trated to dryness to yield 11.0 mg of 4’-hydroxyethoxy-2'-hydroxyaceto-
phenone (0.98 mmolg™).

General procedure (Table 5): The above beads 50 mg (4'-hydroxyethoxy-
2'-hydroxyacetophenone; 0.98 mmolg™') were swollen in EtOH (0.5 mL)
into a round-bottom flask for 15 min, followed by addition of KOH
(28 mg, 0.50 mmol) and 5-bromo-3-pyridinecarboxaldehyde (2d) (186 mg,
1.0 mmol). The reaction mixture was then heated at 40°C for 24 h. Then,
the resin was filtered, suspended, and rinsed with the sequence of sol-
vents (3mL) three times: AcOEt (3 min), DMF (3 min), DMF/H,0O
(3 min), H,O (3 min), DMF (3 min), EtOH (3 min), MeOH (3 min), and
CH,Cl, (3 min), then dried under reduced pressure. The weight of the
dried resin was 65 mg.

Determination of yield: Yields of all reaction were determined after
cleavage of compound from beads (10-30mg); The resulting resin
(30.3mg) and 2% HCI in dioxane (0.5 mL) were vigorously shaken in a
screw-cap sealed reaction vessel at room temperature for 3 h. The beads
were filtered, washed with MeOH, and the resulting filtrate was neutral-
ized by addition of 1 N aqueous NaOH and evaporated. The residue was
dissolved in CH,Cl, and H,O, and the mixture was extracted with
CH,Cl,, dried over Na,SO,, and concentrated to yield 15.3 mg of one-pot
product  7-hydroxyethoxy-2-(5-bromo-3-pyridinyl)-3-(5-bromo-3-pyridi-
nylmethyl)-chromone (12; 66 % yield). Without neutralization: After the
cleavage reaction, the beads were filtered, rinsed with AcOEt, CH,Cl,,
and MeOH, then the resulting filtrate was concentrated. The products
were obtained as HCl salts.

7-Hydroxyethoxy-2-(5-bromo-3-pyridinyl)-3-(5-bromo-3-pyridinylme-
thyl)chromone (12): IR (ATR): #=3307, 2924, 1623, 1606, 1580, 1501,
1440, 1420, 1381, 1360, 1244, 1176, 1094, 1021, 786, 727, 700 cm™.
'HNMR (400 MHz, CDCLy): 6=3.91 (s, 2H), 4.05 (br, 2H), 4.20 (t, J=
4.3 Hz, 2H), 6.90 (d, /=22 Hz, 1H), 7.05 (dd, J=9.0, 2.2 Hz, 1H), 7.63
(br, 1H), 7.99 (t, J=1.8 Hz, 1H), 8.15 (d, /=9.0Hz, 1H), 824 (d, J=
1.8 Hz, 1H), 8.50 (d, /=1.8 Hz, 1H), 8.68 (d, /=1.8 Hz, 1H), 8.85 ppm
(d, J=1.8 Hz, 1H). "CNMR (125 MHz, CDCL,): 6=176.5, 163.7, 158.3,
157.8, 152.8, 149.0, 147.5, 147.0, 138.4, 138.3, 136.7, 130.1, 127.8, 120.84,
120.81, 120.6, 116.9, 115.5, 100.7, 70.0, 61.1, 28.2 ppm. FAB-MS [M +H]*:
531. FAB-HRMS [M+H]": caled for C,H;;Br,N,0, 530.9555, found
530.9541.

7-Hydroxyethoxy-2-(3-bromo-2-pyridinyl)-3-(3-bromo-2-pyridinylme-
thyl)chromone (13): IR (ATR): #=3307, 2924, 2440, 1622, 1602, 1578,
1550, 1501, 1435, 1404, 1355, 1248, 1183, 1104, 1080, 985, 783, 733,
669 cm™'. '"H NMR (400 MHz, CD;0D): 6=3.94 (t, J=4.6 Hz, 2H), 4.21
(t, J=4.6 Hz, 2H), 4.57 (s, 2H), 7.12 (dd, /=9.0, 23 Hz, 1H), 7.23 (d, /=
2.3 Hz, 1H), 7.52 (d, J=7.8 Hz, 1H), 7.69 (d, J=7.8 Hz, 1H), 7.78 (d, J=
7.8 Hz, 1H), 791 (t, J=7.8 Hz, 1H), 7.94 (t, J=7.8 Hz, 1H), 8.04 (d, /=
9.0 Hz, 1H), 8.22 ppm (d, /=7.8 Hz, 1 H). ®*CNMR (125 MHz, CD;0D):
0=179.2,166.1, 162.5, 159.5, 159.1, 152.8, 141.8, 141.4, 131.1, 128.3, 128.0,
124.3, 117.4, 117.1, 102.0, 71.7, 61.3, 31.9 ppm. FAB-MS [M+H]*: 531,
533, and 535 (1:2:1). FAB-HRMS [M+H]*: calcd for C,,H;,”Br,N,0,
530.9555, found 530.9559.

7-Hydroxyethoxy-2-(2-bromo-3-pyridinyl)-3-(2-bromo-3-pyridinylme-

thyl)chromanone (14): IR (ATR): 3299, 3048, 2926, 2451, 1706, 1607,
1580, 1500, 1475, 1439, 1387, 1248, 1177, 1084, 1038, 973, 832, 729 cm™".
'HNMR (400 MHz, CD;0D): 6=3.92 (t, J=4.6 Hz, 2H), 4.05 (s, 2H),
4.20 (t, J=4.6 Hz, 2H), 7.16 (d, J=2.3 Hz, 1H), 7.19 (dd, /=89, 2.3 Hz,
1H), 7.90 (d, J=5.9 Hz, 1H), 7.95 (d, J=4.9 Hz, 1H), 8.07 (d, J=8.9 Hz,
1H), 8.67 (d, J=5.9 Hz, 1H), 8.85 (d, /=4.9 Hz, 1H), 9.11 ppm (s, 2H).
BCNMR (125 MHz, CDCL): 6=177.7, 166.3, 161.6, 161.2, 159.8, 152.0,
148.4, 144.8, 144.4, 141.3, 128.3, 128.0, 127.5, 125.3, 119.7, 117.7, 117.4,
102.2, 71.8, 61.3, 33.5 ppm. FAB-MS [M+H]*: 531, 533, and 535 (1:2:1).
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FAB-HRMS [M+H]*: caled for C,H,,”Br,N,0, 530.9555, found
530.9559.

7-Hydroxyethoxy-2-(2-bromo-4-pyridinyl)-3-(2-bromo-4-pyridinylme-
thyl)chromone (15): IR (ATR): 7=3313, 2918, 2460, 1628, 1605, 1580,
1555, 1501, 1440, 1400, 1383, 1359, 1245, 1175, 1072, 1048, 780, 730 cm .
'"H NMR (400 MHz, CD;0D): 6=3.91 (t, J=4.6 Hz, 2H), 3.91 (s, 2H),
4.18 (t, J=4.6 Hz, 2H), 7.11 (d, J=2.4 Hz, 1H), 7.16 (dd, /=8.9, 2.4 Hz,
1H), 7.43 (dd, /=78, 5.0Hz, 1H), 7.54 (dd, J=7.8, 5.0 Hz, 1H), 7.75
(dd, J=7.8,1.9 Hz, 1H), 7.94 (dd, J=7.8, 1.9 Hz, 1H), 8.10 (d, /=8.9 Hz,
1H), 8.28 (dd, J=5.0, 1.9 Hz, 1H), 8.51 ppm (dd, J=5.0, 1.9 Hz, 1H).
BCNMR (125 MHz, CDCLy): 6=178.5, 166.0, 162.4, 159.7, 153.1, 147.0,
142.7, 142.4, 1418, 141.1, 139.1, 132.5, 128.1, 125.3, 124.7, 121.2, 117.7,
117.1, 102.0, 71.7, 61.3, 31.0 ppm. FAB-MS [M +H]*: 531, 533, and 535
(1:2:1). FAB-HRMS [M+H]™: caled for C,,H,;”Br,N,0, 530.9555, found
530.9541.

7-Hydroxyethoxy-2-(5-methoxy-3-pyridinyl)-3-(5-methoxy-3-pyridinyl-
methyl) chromone (16): IR (ATR): 7=3340, 2926, 2484, 2070, 1735, 1606,
1559, 1500, 1440, 1362, 1246, 1178, 1034, 678 cm™". '"H NMR (400 MHz,
CD;OD): 6=3.92 (t, J=4.5Hz, 2H), 4.00 (s, 3H), 4.07 (s, 3H), 4.11 (s,
2H), 4.20 (t, J=4.5 Hz, 2H), 7.15-7.17 (m, 2H), 8.01 (s, 1H), 8.06 (d, /=
8.8 Hz, 1H), 825 (s, 1H), 8.34 (s, 1H), 8.44 (s, 1H), 8.67-8.77 ppm (m,
2H). "CNMR (125 MHz, CDCL): 6=178.4, 166.1, 159.8, 142.8, 137.4,
135.3, 135.0, 132.7, 129.4, 128.0, 120.7, 117.7, 117.2, 102.2, 71.7, 61.3,
57.99, 57.94, 30.0 ppm. FAB-MS [M+H]*: 435. FAB-HRMS [M+H]*:
caled for C,yHp;3N,0O4 435.1556, found 435.1548.

General procedure (Scheme 3): One-pot synthesis of 3-substituted flavo-
noids on beads: The beads (4-hydroxyethoxy-2'-hydroxyacetophenone;
1.10 mmol g~'; 50 mg, 0.048 mmol) in a round-bottom flask were swollen
in EtOH (0.25 mL) for 15 min, followed by addition of KOH (16.8 mg,
0.3 mmol, 6equiv) and m-tolualdehyde (0.02 mL, 0.15 mmol, 3 equiv).
The reaction mixture was then heated at 40°C for 30 h. After formation
of chalcone, pyridinecarboxaldehyde (93 mg, 0.5 mmol, 10 equiv) was
added to the reaction mixture, which was then heated at 40°C for 24 h.
The beads were then filtered, suspended, and rinsed with the following
sequence of solvents follows three times: CH,Cl, (3 mL; 3 min), AcOEt
(3mL; 3min), MeOH (3 mL; 3 min), H,0 (3 mL; 3 min), THF (3mL;
3 min), CH,Cl, (3 mL; 3 min), and then dried under reduced pressure.
The resulting resin (9.5 mg) and 2% HCI in dioxane (0.5 mL) were vigo-
rously shaken in a screw-cap sealed reaction vessel at room temperature
for 3 h. The beads were filtered, rinsed with AcOEt, CH,Cl,, MeOH, and
the resulting filtrate was concentrated. The products were obtained as
HCI salts. (17b, 74% yield). Suzuki-Miyaura coupling: The beads
(20 mg) were swollen in THF/H,O (10:1; 0.2 mL). The flask was purged
with Ar, and phenylboronic acid (24 mg, 0.20 mmol, 10 equiv), NaOMe
(22 mg, 0.40 mmol, 20 equiv), [Pd,(dba);] (18.3 mg, 0.02 mmol, 2 equiv
Pd; dba=dibenzylideneacetone) and PPh; (21 mg, 0.08 mmol, 4 equiv)
were added. The mixture was heated at 60 °C for 24 h. The beads were
filtered, suspended, and rinsed with the following sequence of solvents
three times: CH,Cl, (3 mL; 3 min), AcOEt (3 mL; 3 min), EtOH (3 mL;
3 min), H,O (3 mL; 3 min), THF (3 mL; 3 min), CH,Cl, (3 mL; 3 min),
and then dried under reduced pressure. The resulting beads (10.6 mg)
and 2% HCI in dioxane (0.5 mL) were vigorously shaken in a screw-cap
sealed reaction vessel at room temperature for 3 h. The beads were fil-
tered, washed with MeOH, and the resulting filtrate was neutralized by
added of 2 N aqueous KOH and evaporated. The residue was dissolved
in CH,Cl, and H,O, and the mixture was extracted with CH,Cl,, dried
over Na,SO,, and concentrated to yield 1.8 mg of product (18b, 74 %
yield).

7-Hydroxyethoxy-3-(2-bromo-4-pyridinylmethyl)-3'-methylflavone (17b):
IR (ATR): 7=3411, 2920, 2867, 1608, 1412, 1384, 1361, 1244, 1178, 1085,
1023, 780, 703 cm™". "H NMR (400 MHz, CDCl;): 6 =2.36 (s, 3H), 3.97 (s,
2H), 4.04 (t, J=4.5Hz, 2H), 4.12 (t, J=4.5Hz, 2H), 6.94 (d, /J=2.4 Hz,
2H), 7.03-7.06 (m, 2H), 7.20-7.22 (m, 1H), 7.24 (s, 1H), 7.31-7.32 (m,
2H), 8.16 (d, J=8.8 Hz, 1H), 8.35 (d, J=5.1 Hz, 1H), 8.67 ppm (s, 1H).
BCNMR (125 MHz, CDCLy): 6=177.2, 163.7, 163.3, 157.9, 151.5, 148.6,
148.3, 138.6, 132.4, 131.6, 128.7, 128.6, 127.6, 125.2, 124.0, 123.0, 117.4,
116.8, 115.1, 100.7, 69.9, 61.1, 31.9, 21.4 ppm. FAB-MS [M +H]*: 466 and

www.chemasianj.org 2063





FULL PAPERS

468 (1:1). FAB-HRMS [M+H]*: caled for C,,H,BrNO, 466.0653,
found 466.0634.

7-Hydroxyethoxy-3-(2-phenyl-4-pyridinyl)-3'-methylflavone  (18b): IR
(ATR): 7=2920, 2852, 1607, 1441, 1383, 1243, 1176, 1079, 1036, 971, 835,
783, 765, 701 cm™". '"H NMR (400 MHz, CDCl,): 6=2.33 (s, 3H), 3.87 (s,
2H), 4.04 (t, J=4.5Hz, 2H), 4.19 (t, J=4.5Hz, 2H), 691 (d, /=2.4 Hz,
1H), 7.03 (dd, /=89, 2.4 Hz, 1H), 7.14-7.17 (m, 1H), 7.20 (brs, 1H),
7.27-7.40 (m, 9H), 8.15 (d, /=89 Hz, 1H), 8.41 (s, 1H), 8.42 ppm (d, /=
5.4 Hz, 1H). "CNMR (125 MHz, CDCLy): 6=176.9, 163.6, 163.3, 157.8,
152.8, 151.4, 138.8, 138.7, 135.5, 132.3, 131.5, 129.4, 128.7, 128.6, 128.3,
127.9, 127.6, 1252, 123.5, 118.0, 116.9, 115.0, 100.8, 69.9, 61.2, 29.7,
21.4ppm. EI-MS [M]*: 463. EI-HRMS [M]*: caled for C;H,sNO,
463.1784, found 463.1800.

7-Hydroxyethoxy-3-(2-p-methoxyphenyl-4-pyridinyl)-3'-methylflavone
(19b): IR (ATR): 7=2921, 2851, 1732, 1606, 1440, 1381, 1260, 1175, 1074,
1031, 790, 729, 701 cm™'. '"H NMR (400 MHz, CDCL,): 6=2.33 (s, 3H),
3.79 (s, 2H), 3.89 (s, 2H), 4.04 (m, 2H), 4.19 (m, 2H), 6.85-6.91 (m, 3H),
7.01-7.07 (m, 2H), 7.17 (m, 1H), 7.20 (brs, 1H), 8.15 (d, /=89 Hz, 1H),
8.41 (s, 1H), 8.42 ppm (d, /J=5.4 Hz, 1H). ®C NMR (125 MHz, CDCl,):
0=176.9, 163.5, 163.3, 159.6, 157.8, 152.6, 151.4, 150.7, 138.7, 136.7, 132.3,
131.6, 131.5, 130.9, 129.9, 129.6, 128.8, 128.7, 128.6, 127.5, 125.2, 123.5,
121.7, 115.0, 114.4, 100.8, 69.9, 61.1, 55.3, 29.7, 21.4 ppm. EI-MS [M]*:
493. EI-HRMS [M]*: caled for C;;H,,NO, 493.1889, found 493.1877.

7-Hydroxyethoxy-3-(3-p-acetamidophenyl-2-pyridinylmethyl)-3'-methyl-
flavanone (21b): IR (ATR): 7=3218, 2921, 1601, 1533, 1442, 1364, 1317,
1241, 1176, 1078, 1039, 905, 782, 727 cm™'. '"H NMR (400 MHz, CDCl):
0=2.18 (s, 3H), 2.35 (s, 3H), 4.02 (m, 2H), 4.13 (s, 2H), 4.17 (m, 2H),
6.91 (d, J=2.3 Hz, 1H), 6.98 (dd, /=9.0, 2.3 Hz, 1H), 7.25-7.38 (m, 4H),
7.50 (d, J=8.3 Hz, 1H), 7.52 (d, J=8.0 Hz, 1H), 7.63 (t, J=7.6 Hz, 1H),
7.71 (s, 1H), 7.73 (d, J=8.0 Hz, 1H), 7.92 (d, J=8.5 Hz, 2H), 8.13 ppm
(d, J=9.0 Hz, 1H). C NMR (125 MHz, CDCl,): 6 =177.8, 168.2, 163.04,
162.97, 159.7, 157.9, 155.6, 138.4, 138.2, 137.0, 133.2, 131.1, 129.5, 128.5,
127.51, 127.50, 126.2, 121.8, 119.5, 117.3, 117.2, 114.6, 100.7, 69.8, 61.2,
34.6, 29.7, 21.5ppm. EI-MS [M]*: 520. EI-HRMS [M]*: caled for
C;,HyN,O5 520.1998, found 520.1993.

Cytotoxic assay against cancer cells: PANC1 or HeLa cells were seeded
onto 96-well microtiter plates at 1x10* cells per well, and were pre-incu-
bated for 24 h at 37°C. The medium was replaced with fresh medium
containing different concentrations of each compound. The cells were
then incubated at 37°C for 24 h. After the medium was removed, cell via-
bility was determined by fluorometric microculture cytotoxicity assay
(FMCA) by using a fluorescence plate reader (Thermo). The ratio of the
living cells was determined as the fluorescence in the sample wells ex-
pressed as a percentage of that in the control wells, and cytotoxic activity
was indicated as an ICs, value.!"]
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A Novel Supramolecular System: Combination of Two Switchable Processes

in a [2]Rotaxane
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Abstract: A novel supramolecular
system, which is made up of a diben-
zo[24]crown-8 (DB24C8) ring compo-
nent linked with a calix[4]arene deriva-
tive, a dumbbell component, containing
a secondary ammonium  center
(-NR,H,*-) and a 4,4'-bipyridinium
(BIPY?") unit, and stoppered with two

nent, has been synthesized. The system
displays a combination of two process-
es: the pH-induced shuttling of a
DB24CS8 ring and the complexation/de-
complexation of K* ions. The switch-

Keywords: calixarenes - rotaxanes -
complexation - molecular devices -

ing process of this supramolecular
system was investigated in detail by
'HNMR spectroscopy. The results
showed that the supramolecular system
can only switch smoothly in CD;CN.
The two separated switchable processes
can run together smoothly in this
supramolecular system.

3,5-di-tert-butylphenyl groups on the
two termini of the dumbbell compo-

Introduction

With the great development of biotechnology and biochem-
istry in the past decades, scientists have been inspired to
construct artificial molecular machines for mimicking natu-
ral motors.'™ Supramolecular systems such as “molecular
motors” [*? “molecular shuttles”,'*?!! “molecular mus-
cles” P24 “molecular walkers”, 22! and “molecular eleva-
tors”(**] have been reported. Variations in these supra-
molecular architectures show remarkable properties. The
well-known [2]rotaxane system contains two different recog-
nition sites in the dumbbell component while the ring unit
can be moved between the two recognition sites by an exter-
nal stimulus.”**" The controlled switching of the molecular
shuttle in response to an external stimulus suggests the pos-

sibility to construct a novel [2]rotaxane-based supramolec-
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ular system for a certain function.*"* The Stoddart group
has reported a so-called molecular elevator based on a pH-
switchable [2]rotaxane.””) The Leigh group has shown that
switching of a light-controllable molecular shuttle can move
small drops of low-volatility liquids.** The investigation of a
supramolecular system, which combines two switchable pro-
cesses in a [2]rotaxane is useful for the construction of mo-
lecular-level devices. Here, we report the design and synthe-
sis of a novel [2]rotaxane-based supramolecular system,
which combines two processes: the acid-base switchable
shuttling of a DB24C8 ring and the controlled complexa-
tion/decomplexation of K* ions with the calix[4]arene deriv-
ative. Our [2]rotaxane is made up of a DB24C8-ring compo-
nent linked to a calix[4]arene derivative, a dumbbell compo-
nent containing a secondary ammonium center (NR,H,*)
and a 4,4-bipyridinium** (BIPY>") unit stoppered with 3,5-
di-tert-butylphenyl groups on the termini of the dumbbell
(Figure 1). At low pH, the DB24C8 ring binds the
-CH,NH,"CH, -site preferentially. At high pH, deprotona-
tion occurs resulting in the loss of hydrogen bonding and
therefore, the macrocycle moves to the BIPY*" site because
of the more favorable n—st stacking interactions. Shuttling of
the DB24CS8 ring causes movement of the calix[4]arene host
linked to the DB24C8, a process which is reversible. Mean-
while, the calix[4]arene derivative can form a 1:1 complex
with K* ions,*! and the ability of K* to complex with 18-
crown-6 is stronger than the ability of K* to complex with
the calix[4]arene derivative.” Thus, the addition of 18-
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5-H-3PF,

Figure 1. The molecular structure of the [2]rotaxane 5-H-3PF,.

crown-6 can capture the KT complexed with the calix|[4]ar-
ene. As a result, the complexation/decomplexation of K*
ions with the calix[4]arene derivative can be controlled re-
versibly.

Results and Discussion

The synthesis of compounds 1, 2, and 4-H-2PF was carried
out according to known literature procedures.*” ! Calix-
crown 3 (74% yield) was synthesized by condensation of
crown ether carboxylic acid 1 and amino-calix[4]arene 2 in
the presence of 1-(3-dimethylaminopropyl)-3-ethylecarbodi-
imide hydrochloride (EDCI) and 4-(dimethylamino)-pyri-
dine (DMAP) in CH,Cl,. The [2]rotaxane 5-H-3PF, (26 %
yield) was assembled by the formation of a stable 1:1 com-
plex of precursor 4-H-2PF, containing the (-NH,"-) func-
tionality and calix-crown 3, followed by stoppering at the
thread’s open ends to interlock the ring (Scheme 1).
High-resolution electrospray ionization (HR-ESI) mass
spectroscopy revealed (see Supporting Information) that the
most intense signal in the spectra occurred at m/z =740.1167
for the 5-H-3PF,, with an isotope distribution corresponding
to [M—3PFg**. This result supports the structural assign-
ment of the mechanically interlocked [2]rotaxane 5-H-3PFg.
The 'H-'"H-COSY spectrum of the [2]rotaxane 5-H-3PF; is
depicted in Figure 2. With the help of the 'H-'H-COSY
spectrum, the signals in the regions of d=6-8 ppm and 6=

Abstract in Chinese:

WE. Bt ART —AMETFRRENESFER, Sl 5HEERTS
SRR T3 24-7E-8 AR —ANEH WL R 4, 4-TRILIE P A s ME SR A
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Figure 2. The '"H-'"H COSY spectrum of 5-H-3PF, in CD,CN. A: H,/H, ;
B: Hy/H,; C: H,/H,; D: H/H,; E: H/H,; F: H/H,; G: H/H,; H: H/H,;
I: Hy/H,. J: H/H,

3-5 ppm could be assigned clearly. As a result, two sets of
signals at 6 =4.77 ppm and 6 =4.72 ppm were assigned to H,
and H; adjacent to the secondary dialkylammonium center.
The H, and H, were assigned to be d=8.00 ppm and d=
7.18 ppm, the signals of H;, Hy, H,, H,, for calix[4]arene, and
H,, H,, H,, H,, H, for the DB24C8 were all assigned in Fig-
ure 3b.

The "H NMR spectra of the thread 6-H-3PF,, calix-crown
3, and the [2]rotaxane 5-H-3PF, were recorded in CD;CN
(Figure 3). The signals between 3.8 ppm and 4.2 ppm (Fig-
ure 3¢), relative to the protons H; of O-methylene in
DB24C8, changed from two doublets and one singlet to sev-
eral multiplets in [2]rotaxane 5-H-3PF, (Figure 3b). This is a
consequence of the pairs of protons in each of the O-meth-
ylene groups becoming diastereotopic for the interlock.?”!
The methylene protons H, and H; adjacent to the secondary
dialkylammonium centers were shifted downfield from
4.25 ppm and 4.20 ppm in thread 6-H-3PF, to 4.77 ppm and
472 ppm (A6=0.52 ppm) in [2]rotaxane 5-H-3PF;, respec-
tively. Furthermore, the BIPY?* protons changed from H,
(8.94 ppm), H, (8.99 ppm) Hg (8.35 ppm) Hj (8.38 ppm) in
6-H-3PF, to H, (8.72 ppm), H, (9.05 ppm) Hj (8.45 ppm),
Hj (8.50 ppm) in 5-H-3PF,; The 'H NMR spectra supported
the formation of rotaxane 5-H-3PF, and the selective bind-
ing of DB24C8 with the -NH,*- site.

The Stoddart group has demonstrated that the DB24C8
ring resides exclusively on the -NH,*- recognition center.
Bases that can cause deprotonation of these centres could
act as chemical inputs, promoting the movement of the
DB24CS8 ring toward the bipyridinium units.”?”? Since the bi-
pyridinium unit is very sensitive to nucleophilic bases, we
chose the weakly nucleophilic base N-ethyl diisopropyl-

Chem. Asian J. 2008, 3, 2091 -2096
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Scheme 1. Synthetic route towards [2]rotaxane 5-H-3PF;.
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Figure 3. The partial 'H NMR spectra (600 MHz, 298 K, in CD;CN) recorded on a) 6-H-3PF,, b) 5-H-3PF,, and
c) calix-crown 3. The lettering corresponds to the proton assignments shown in Scheme 1.

amine (/Pr,NEt). We monitored the switching process in
three different solvents with the same base iPr,NEt. In the
solvents CDCl; and CD;COCD;, the addition of iPr,NEt

Chem. Asian J. 2008, 3, 2091 -2096 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(1.2 equiv, or even a large
excess of iPr,NEt) led to the
incomplete deprotonation as
judged from the complicated
'HNMR spectrum (Figure 4),
which shows that the DB24C8
ring cannot move completely
to the bipyridinium units even
with an excess of iPr,NEt. In
the case of the incomplete de-
protonation, subsequent addi-
tion of trifluoroacetic acid
(TFA, 1.2 equiv) recovered the
'"HNMR spectrum of 5-
H-3PF,, suggesting that the
process of protonation/depro-
tonation is reversible. Com-
plete deprotonation of the
-NH,™*- center can however be
obtained by addition of the
same base, iPr,NEt, to another
solvent CD;CN.

The acid-base induced shut-
tling process was monitored by
'THNMR  spectroscopy in
CD;CN. Upon addition of a
slight excess of weak base,
iPr,NEt (1.2 equiv), to a solu-
tion of 5-H-3PF; in CD;CN,
the solution changed from col-
orless to pale yellow, which in-
dicates the formation of a
charge transfer (CT) complex
of DB24C8 with the BIPY**
unit.”® The 'H NMR spectra
(Figure 5) revealed that the
resonance signals for the meth-
ylene protons H.; in 5-H-3PF;
were shifted upfield from 4.76
and 471ppm to 3.71 ppm,
which indicates complete de-
protonation of the -NH,*- site.
The aromatic protons H,/H,
shifted wupfield from 7.49/
7.37 ppm to 7.34/7.19 ppm, in-
dicating the disappearance of
C—H-+O hydrogen bonds.
Moreover, the resonance sig-
nals of BIPY?** protons all

changed: H, (Ao=+
0.07 ppm), H, (Ao=
-0.12ppm), Hg (Ad=+
0.03 ppm), Hg (Ad=+

0.15 ppm), and the methylene

protons H,, shifted upfield from 5.80/5.43 ppm to 5.76/
5.35ppm. All these "H NMR spectra changes exhibit that
the DB24CS8 ring moves from the -NH,*- site to the BIPY*"
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Figure 4. The partial 'H NMR spectra (600 MHz, 298 K) recorded on a) 5-H-3PF, (in CD;COCD;); b) after an
refers to the incomplete deprotonation

»

addition of excess iPr,NEt, c) after an addition of excess TFA. “*
parts of 5-H-3PF,.

Y. Li et al.

downfield from 7.29, 7.27, 7.26,
720 ppm (four singlets) to
7.30-7.37 ppm (nearly a sin-
glet); the methylene protons
H,, H, shifted upfield and were

broadened; the methylene pro-
tons H, (multiplet) shifted
downfield from 4.08-4.25 ppm
to 4.20-4.31 ppm. These results
indicate that the K* ions com-
plex with the suspender cal-
ix[4]arene derivative in [2]ro-
taxane 5-H-3PF,.*" Upon the
addition of iPr,NEt (1.2 equiv),
the DB24C8 ring moved from
the -CH,NH,*CH,- site to the
BIPY?* unit. The characteristic

o Fla Hgyp _']"h J_Haff
.'2'-. a) L VL
" it Hh
.*?. b) Hilill hJ L:_l lillﬂmwth\h"

-—— O /ppm

Figure 5. The partial '"H NMR spectra (600 MHz, 298 K) recorded on a) 5-H-3PF, (in CD;CN); b) after an ad-

dition of iPr,NEt (1.2 equiv), c) after an addition of TFA (1.2 equiv).

unit. The original '"H NMR spectra of 5-H-3PF, were recov-
ered upon addition of a small excess of TFA which shows
the reversibility of the switching process.

The combination of the pH-induced shuttling of DB24C8
and the complexation/decomplexation of the K* ions with
calix[4]arene derivative was also investigated by 'H NMR
spectroscopy (Figure 6). The data are summarized in Table
S1 of the Supporting Information. Upon the addition of
KPF; (5 equiv) to the solution of [2]rotaxane 5-H-3PF, in
CD;CN, the resonance signals of protons H;, Hy, H;, H,, rel-
ative to the suspender calix[4]arene derivative changed sig-
nificantly (Figure 6b). The aromatic protons H; shifted

2094 www.chemasianj.org
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resonance for the four
-CH,NH,*CH,- protons H;
shifted upfield from 4.70-
4.77 ppm to 3.71 and 3.69 ppm;
the BIPY?*™ protons also
changed for H,, H,, Hz Hg
(ppm): 8.79 [4+0.04], 8.94 [-
0.09], 8.51 [+0.08], 8.70 [+
0.24]. At the same time, the
unchanged proton signals of
H;, H,, H,, H,, in the calix[4]ar-
ene derivative indicates that it
is still complexed with K7
' _J ions. After the addition of 18-
crown-6 (10 equiv), the charac-
teristic resonance signals of ar-
omatic protons H; and methyl-
ene protons Hy, H;, H,, relative
to the suspender calix[4]arene
derivative in 5-H-3PF, were all
M_h\ recovered (Figure 6d), which
indicates the decomplexation
of K* ions with the calix[4]ar-
ene derivative. The unchanged
signals of methylene protons
H,.; and BIPY** protons H,,
H,, Hg, Hp demonstrated that
the DB24CS8 ring is still locat-
ed on the BIPY?* site, which indicates that the addition of
the 18-crown-6 has no effect on the shuttling of the DB24C8
ring. The original '"H NMR spectra of 5-H-3PF, were regen-
erated upon the addition of a slight excess of TFA
(1.2 equiv), which shows that the switching process is rever-
sible.

Conclusions

We have synthesized a novel [2]rotaxane-based supramolec-
ular system, which combines the pH-induced shuttling pro-

Chem. Asian J. 2008, 3, 2091 -2096
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overnight at room temperature. The
resulting solution was washed with sa-
turated solution of citric acid (3x
10 mL). The organic phase was dried
over anhydrous MgSO,, filtered, and
the solvent was removed. The result-
ing solid was purified by silica-gel
chromatography using CH,Cl,/
CH;CH,OH=60:1 at first, and then
CH,Cl,/CH;CH,O0H=10:1 to ob-

tained the desired compound as a
white solid (calix-crown 3, 160 mg,
74%). '"HNMR (400 MHz, CDCl,):

Hy Hu Ha HI Hh Hkﬂ
: ¥ Yot ¥
.—g—. b) '=-

: +base
.vwg-. c) L 1 lLL N I 1 '

; shs-c6: 1
.—-—2—. ), JIJMA__A. l | -.Lu_,luwm

‘ : Hacid | '

.g-. e)

9 8 7 6

-—— 4/ppm

Figure 6. The partial '"H NMR spectra (600 MHz, 298 K, in CD;CN) recorded on a) 5-H-3PF, b) addition of an
excess of KPFg, c) addition of iPr,NEt (1.2 equiv), d) addition of an excess of 18-crown-6, ¢) addition of a

slight excess of TFA.

cess of the DB24C8 ring and the complexation/decomplexa-
tion process of K* ions with the calix[4]arene derivative.
The switching processes have been monitored by 'H NMR
spectroscopy. The investigation of this novel supramolecular
system is useful for the construction of future molecular-
level devices.

Experimental Section

All solvents and reagents were used as received unless stated otherwise.
All solvents were dried prior to use according to standard literature pro-
cedures. Reactions were monitored by thin-layer chromatography on
glass plates coated with SiO, F254. The plates were inspected by UV
light or in I, vapor. Column chromatography was performed on silica gel
(160200 mesh). 'H and *C NMR spectra were recorded on either 1) a
Bruker AV 600 (600 and 150 MHz, respectively) or 2) a Bruker AV 400
(400 and 100 MHz, respectively) at ambient temperature. They were ref-
erenced using their residual solvent as the internal standard. Matrix-as-
sisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectra were performed on a Bruker Biflex III MALDI-TOF spectrome-
ter using frans 3-indoleacrylic acid as the matrix, observing reflector-posi-
tive ions. HR-ESI mass spectra were performed on a Bruker APEX II
FT-ICRMS spectrometer. The absorption spectra were carried out in ace-
tontrile (CH;CN) solutions at room temperature. UV/Vis spectra were
measured on a Hitachi U-3010 spectrometer with sample concentration
of 2x107*m.

The binding constant of K* ions with the calix[4]arene derivative 10 (see
Supporting Information) in acetonitrile is measured by the change of the
UV/Vis absorption between 250 and 300 nm. In acetonitrile, the analyti-
cal concentration of the calix[4]arene derivative 10 was 2x10~M. A con-
stant ionic strength (1072mM) was provided by Bu,NPF, (Fluka, puriss),
and the cation was introduced using KPF (TCI). The binding constant of
calix[4]arene derivative 10 with the K* was calculated to be (1.553+
0.024) x 10°m~".

Synthesis of Calix-Crown 3

To a stirred solution of 1 (150 mg, 0.14 mmol), 2 (98.4 mg, 0.2 mmol), and
DMAP (25 mg, 0.2 mmol) in CHCI; (20 mL) cooled in an ice bath under
N,, was added EDCI (38 mg, 0.2 mmol), and the reaction allowed to stir
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5=84 (brs, 1H, NH), 7.44 (s, 1H,
ArH), 7.32 (d, J=8.4 Hz, 1H, ArH),
6.82-6.90 (m, 5H, ArH), 6.75, 6.78,
6.82 (s, SH, ArH), 4.89, 4.62 (AB-q,
J=16.1Hz, 4H, OCH,C(0)), 4.72,
4.55 (s, 4H, OCH,C(O)), 4.75, 4.65,
3.25, 323 (AB-q, /J=13.1Hz, 8H,
ArCHAr), 4.16-421 (q, 6H,
OCH,CH;), 3.81-421 (m, 24H,
-OCH,CH,0-), 3.38-345 (m, 4H,
-NCH,-), 1.61-1.71 (m, 4H, -CH,-),
143 (brs, 4H, -CH,-), 127 (1, 9H,
OCH,CH,), 1.06, 1.12 ppm (s, 36H,
C(CH;)); “CNMR (100 MHz,
CDCLy): 6=170.2, 170.2, 153.1, 152.7, 152.6, 151.2, 148.8, 148.3, 145.4,
145.3, 145.2, 133.1, 133.0, 132.8, 132.5, 127.6, 125.7, 125.5, 125.5, 125.4,
121.3, 121.3, 120.0, 114.0, 112.8, 112.3, 74.3, 71.7, 71.2, 71.1, 71.1, 69.8,
69.7, 69.6, 69.3, 69.3, 69.2, 60.6, 60.4, 39.4, 38.7, 33.8, 33.7, 33.7, 31.9, 314,
31.3, 31.2, 29.8, 29.3, 26.1, 26.0, 14.1 ppm; MS (MALDI-TOF): m/z (%):
1560.6 [M+Na]*; HRMS (ESI): m/z (%) caled for CgH;,N,O,Na:
1559.8327 [M +Na]™*; found: 1559.8311; elemental analysis: calcd (%) for
CygoH150N,0,: C 69.51, H 7.86, N 1.82; found: C 68.63, H7.97, N 1.98.

Synthesis of 5-H-3 PF;

A solution of 3,5-di-tert-butyl benzylbromide (85 mg, 0.30 mmol) in
CHCILy/CH;CN (5 mL, 3:2) was added to the solution of 4-H-2PF (38 mg,
0.05 mmol) and the calix-crown 3 (192 mg, 0.125 mmol) in CHCl;/CH;CN
(20 mL, 3:2) under nitrogen atmosphere. The temperature was then
raised to 70°C, and the mixture was subsequently stirred for an addition-
al two days. Upon cooling, the reaction mixture was concentrated in
vacuum and the residual solid was purified by column chromatography
(Si0,, CH,Cl,, CH,CL,/CH;CH,O0H=10:1, then 5:1) to afford a pale
yellow solid that was dissolved in acetone (20 mL), then a saturated
aqueous solution of NH,PF, was added dropwise. The acetone was re-
moved in vacuum and the remaining solid was dissolved in the solvent
(CH,Cl,/MeNO,=1:3, 20 mL). The organic phase was washed with H,O
(3x30mL), dried over anhydrous MgSO,, and evaporated to yield 5-
H-3PFy as a pale yellow solid (39 mg, 26%). 'HNMR (600 MHz,
CD;COCD:;): 6=9.61 (d, J=6 Hz, 2H), 9.17 (d, J=6Hz , 2H), 8.90 (d,
J=6Hz, 2H), 8.83 (d, J=6 Hz, 2H), 8.33 (brs, 1H), 7.82 (brs, 2H), 7.77
(brs, 1H), 7.66 (s, 2H), 7.64 (s, 1H), 7.55 (s, 1H), 7.50 (s, 2H), 7.36, 7.07
(A,A X, X, 4H), 7.32 (s, 2H), 66.88-6.98 (m, 8H), 6.82-6.85 (m, 5H),
6.16 (s, 2H), 5.80 (s, 2H), 4.75-4.95 (m, 12H), 4.66 (d, J=15.6 Hz, 2H),
4.55 (s, 2H), 4.05-4.29 (m, 14H), 3.75-3.90 (m, 12H), 3.58-3.70 (m, 4H),
3.35-3.43 (m, 4H), 3.3(d, /=132 Hz 4H),1.68 (brs, 2H), 1.60 (brs, 2H),
1.40-1.44 (m, 4H), 1.31 (s, 18 H), 1.31 (s, 18H), 1.26 (s, 18H), 1.23-1.28
(m, 9H), 1.08,1.11,1.16 ppm (s, 36 H); *C NMR (150 MHz, CD;COCD3):
0=171.1,170.4, 167.1, 154.5, 154.0, 153.9, 153.3, 152.4, 151.4, 151.2, 150.6,
148.2, 148.2, 148.0, 146.7, 146.6, 146.1, 134.4, 134.1, 134.0, 133.4, 132.5,
132.0, 131.4, 129.2, 128.6, 128.5, 126.7, 126.7, 126.5, 126.7, 125.0, 124.8,
124.6, 124.3, 122.0, 121.5, 113.2, 112.3, 111.6, 75.4, 72.7, 72.2, 71.6, 71.4,
71.3,71.0, 70.9, 69.0, 68.7, 68.6, 66.5, 64.8, 61.4, 61.2, 53.9, 52.7, 40.0, 39.5,
35.7, 35.6, 34.5, 32.6, 32.2, 31.8, 31.7, 31.7, 31.6, 30.8, 30.3, 27.1, 27.0,
14.6 ppm; MS (MALDI-TOF): m/z (%): 2365.6 [M—2PF¢*, 2217.6
[M—3PF]*; HRMS (ESI): m/z (%) caled for C3H;gNsOy: 739.7839
[M—3PF(]*; found 739.7844.
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