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Abstract: In the last few decades, the synthesis and cata-
lytic application of nanoscaled particles prepared from
Group 8-10 (formerly Group VIIIB) elements have been
widely explored and have achieved promising results. The
innovative use of these nanoparticle catalysts may provide
new opportunities in the efficient combination of conven-
tionally used homogenous and heterogeneous catalysts.
Conventional homogeneous catalysts pose extraction and
recycling difficulties when dealing with metal complexes
and/or ligands, whereas heterogeneous catalysts generally
require more pressing experimental conditions, such as
high temperatures and high pressures, to be effective.

Therefore, to solve these problems, the synthesis and use
of nanoparticle catalysts as replacements for conventional
catalytic systems is a breakthrough owing to their im-
proved handling and environmental and economic aspects.
This Focus Review primarily addresses the catalytic appli-
cations of neutral Group 8-10 nanoparticles with an aver-
age size of less than 10 nm, and also includes a discussion
of commonly used synthetic methodology.

Keywords: C-C coupling - ionic liquids - isotopic labeling -
nanostructures - transition metals
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1. Introduction

Homogeneous metal catalysis in synthetic organic chemistry
is now so advanced that reagent combinations are available
that can perform a huge spectrum of transformations
thought to be impossible a few years ago.['"! However, sever-
al practical problems can be encountered in the implemen-
tation of a homogeneous catalyst system upon scale-up and
large-scale industrial utilization, particularly in the cost of
catalyst components (both transition metal and ligand) and
the difficulty faced in the separation and recycling of the
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catalyst. On the other hand, heterogeneous catalysts have
been widely used in industrial processes in applications as
varied as alkylation with Y-type zeolites, hydration by silica-
supported acids, and hydrogenation by various transition
metals.’) However, for most heterogeneous catalysts, the re-
action mechanisms are not known with a great deal of cer-
tainty. Furthermore, modification of the active centers of
heterogeneous catalysts is difficult to achieve with precision.
It is a significant challenge for current catalysis researchers
to combine the advantages of both heterogeneous and ho-
mogeneous catalysis, as reported heterogenization processes
such as the chemical immobilization of active organometal-
lic catalysts or ligands onto various solid supports usually do
not overcome problems such as the leaching of active cen-
ters and/or the lowering of activity.”!

Future advances in catalysis are highly dependent on the
development of new catalytic materials with advanced
design characteristics. Catalyst technology is constantly
pushing towards smaller materials with improved properties,
for example, activity and selectivity, to minimize waste. As a
result of the development of advanced synthetic methodolo-
gies, transition-metal nanoparticles with average sizes of less
than 10 nm and narrow size distributions can be convenient-
ly prepared. Although the definition from the EU Commis-
sion acknowledges that nanotechnology can deal with ob-
jects on a scale of less than 100 nm, the transition-metal
nanoparticles covered in this Focus Review are predomi-
nantly less than 10 nm in diameter.” It is widely acknowl-
edged that a smaller catalyst particle (<10 nm) leads to
higher and more sustained activity relative to bulk heteroge-
neous catalysts; a particle of this diameter experiences no
significant attrition.”! As a result, both the activity and the
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stability of a solid catalyst system suspended in the liquid
phase can benefit greatly from the use of smaller catalyst
particles. In recent years, the preparation and stabilization
of nanoscale metal particles (<10 nm) has attracted much
attention as the materials prepared have intriguing chemical
and physical properties as well as a myriad of potential ap-
plications.! With advances in the methods of fabricating
nanomaterials, it has been possible to prepare “soluble” an-
alogues of heterogeneous catalysts that might have proper-
ties intermediate between those of bulk metal and single
metal particles. This characteristic is due to the high surface
areas and high density of active sites.”! The application of
transition-metal nanoparticles as catalysts for organic trans-
formations has attracted widespread interest as nanoparti-
cle-based catalytic systems can exhibit superior catalytic ac-
tivities relative to the corresponding bulk materials.!’ For
example, Miyaura—Suzuki cross-coupling and Heck reactions
are very versatile and useful tools in organic synthesis, and
palladium complexes are important catalysts for these two
reaction types. However, the relatively high price of the pal-
ladium complexes required has greatly limited the industrial
implementation of the corresponding homogeneous reac-
tions; some of the phosphine ligands are also air- and mois-
ture-sensitive. Furthermore, similarly to other homogene-
ous-catalyst systems, the removal of ligands and ligand-deg-
radation products derived from homogeneous -catalysts
often complicates workup and production isolation.” There-
fore, to avoid these issues, heterogeneous palladium cata-
lysts have been developed over the last decade.”! Highly dis-
persed and stable Pd’ nanoparticles have been prepared on
various supports such as mesoporous silica, dendrimers,
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ionic liquids, polymers, and so on, and these nanoparticles
maintain high activities.”) The nanoparticles are also easily
recovered by recycling processes such as magnetic attrac-
tion.'"”? As the length of this Focus Review is limited, nano-
sized crystallographically ordered inorganic solids such as
zeolitic aluminosilicates, transition-metal oxides, and immo-
bilized homogeneous catalysts will not be included in this
report. However, the synthesis and stabilization of neutral
Group 8-10 (formerly Group VIIIB) metal nanoparticles
(G8-10NPs) will be briefly described, and their catalytic ap-
plications in organic reactions will be discussed in more
detail.

2. Current Synthesis and Stabilization
Methodologies of G8-10NPs

Several reviews and books have been published with regard
to the synthesis, stabilization, and application of transition-
metal-derived nanoparticles."" ¥ Tt is well-recognized that
the exact preparation process, as well as the stabilizer and
support used, can have critical influences on the morpholo-
gy, size distribution, and electronic properties of the nano-
particles produced,’>'” all of which are strongly related to
their catalytic performance.*'” One popularly used method
of preparing catalytic G8-10NPs is the reduction of transi-
tion-metal salts or ligand-coordinated complexes in the pres-
ence of stabilizers, such as functional polymers, surfactants,
or ionic liquids, to avoid particle aggregation.'*!%!*l Conven-
tional reductants include hydrogen, alcohols, borohydrides
(e.g., NaBH, or KBEt;H), formic acid, hydrazine, lithium,
and others."'"22! For instance, well-dispersed rutheni-
um(0) nanoparticles with a mean diameter of around 2.4 nm
and a narrow size distribution were successfully prepared in
our laboratory by the reduction of precursor [CpRuCp*-
RuCp*]PF; (Cp=C;H;, Cp* =CsMes) stabilized by the pres-
ence of an ionic-liquid agent, trihexyltetradecylphosphonium
dodecylbenzenesulfonate.' The Ru’ nanoparticles stabi-
lized with ethylene glycol were easily extracted into ionic
liquids to form two layers. Owing to differences in the densi-
ties of the ionic liquids and ethylene glycol, the ionic liquid
containing nano-Ru’ could be either the top or the bottom
layer of the biphasic mixture (Figure 1a and b). For support-
ed metal nanoparticles, commonly used methods of synthe-
sis include 1) adsorption of previously prepared colloidal
metal nanoparticles onto a high-surface-area solid support
material,'% 2) use of impregnation techniques to immobilize
suitable precursors followed by decomposition in situ by hy-
drogenation, thermolysis, photolysis, and so on,'™*! and
3) direct grafting of transition-metal nanoparticles onto the
support.’*%! Notably, the nanoparticle size, shape, and sta-
bility, all of which play important roles in determining cata-
lytic performance, can be precisely controlled by simple
modification of the preparation conditions. Examples in-
clude reduction temperature, reaction time, concentration,
and type of stabilizer and solution used.!'® With the above
methods, we prepared magnetic-nanoparticle-supported, ul-
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[THTdP][DBS]
~ (upper layer)
Ethylene glycol

(lower layer)

Ethylene glycol
(upper layer)
Nano-Ru in
[BMIM][PF,]
(lower layer)

Functionalized

magnetic H
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lﬁ = s 7 =§=Pd(acac)z= @=Magnetic nanoparticle)

Figure 1. Tonic-liquid systems and Pd-supported magnetic nanoparticles.
a) Ru nanoparticles in different ionic liquids."® b) TEM picture of Ru
nanoparticles.'¥! ¢) Synthesis of magnetic-nanoparticle-supported palladi-
um nanoparticles."”! acac = acetylacetonate, BMIM = 1-N-butyl-3-methyl-
imidazolium, DBS=dodecylbenzenesulfonate, THTdP = trihexyltetrade-
cylphosphonium.

trasmall Pd’ particles (<1 nm) as catalysts. In this case, im-
mobilized phosphate functional groups were used as stabiliz-
ing ligands (Figure 1¢)." By utilizing recent developments
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in materials chemistry, supports other than traditional meso-
porous silica, alumina, or active carbon can now be used.
New macromolecules, such as carbon nanotubes (CNTs;

{0 = Fe. Ni Ru, Rh. Pd. Pt, Pl—Fe. Pl—Ru. .m,.)

Figure 2. Carbon nanotubes as nanocatalyst support.

Figure 2), which might offer high chemical stability, high sur-
face area, and good thermal stability,* " and dendrim-
ers*¥l have been used as supports for transition-metal
nanoparticle catalysts with promising performances to date.

Other methods, such as UV photolysis,*?! thermal decom-
position,™! metal-vapor deposition,*! electrochemical re-
duction,™! sonochemical decomposition,“! microwave irra-
diation,*”! and rapid expansion of solutions of supercritical
fluids™! have also been successfully used to prepare G8-
10NP-based catalysts.

Bi- and multimetallic G8-10NPs can be prepared similarly
by using the above-mentioned synthetic routes for homome-
tallic nanoparticles. In this area, significant contributions
have been made, in particular, by Johnson and co-work-
ers.?! Several types of bimetallic nanoparticles such as
Ru¢Pdg, RusPd, and related molecules have been prepared
by the thermolysis of appropriate carbonylate precursors.
These new nanoparticle catalysts have been used in organic
reactions such as olefin hydrogenation.*

3. Catalytic Applications of G8-10NPs

In recent years, the synthesis and application of metal nano-
particles to organic synthesis has been attracting more and
more attention. Metal nanoparticles may have advantages
and be developed into highly effective, selective, and envi-
ronmentally benign catalysts. On the basis of a report from
Business Communication Co., the global market for nanoca-
talysts, including enzymes, zeolites, and transitional-metal
nanocatalysts, is expected to reach US$5.0 billion in 2009.*”
By now, thousands of research articles, review papers, and
books have been published that discuss the range of catalyt-
ic applications of G8-10NPs in organic-molecule transforma-
tions."1730-521 Tt is widely recognized that the catalytic per-
formance of transition-metal nanoparticles is critically influ-
enced by the exact reaction conditions used, such as size
and shape of particles, support, and stabilizers, reaction tem-
perature, reaction media, and the like."*'” For example, Pt’
nanoparticles can have either tetrahedral, cubic, or spherical
shapes, with average sizes of 4.84+0.1, 7.1+0.2, and 4.9+
0.1 nm, respectively.'" Platinum nanoparticles have been
utilized to catalyze one-electron-transfer reactions between
hexacyanoferrate(III) and thiosulfate ions to form hexacya-
noferrate(IT) and tetrathionate ions."® Under the reaction
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conditions, tetrahedral and cubic platinum nanoparticles
strive to resemble spherical platinum nanoparticles because
the latter have the lowest surface energy. “Near-spherical”
nanoparticles are of modest catalytic activity and are most
stable.'! Tt is difficult to compare fully and judge detailed
catalytic performances for various reactions. In this Focus
Review, we discuss generally examined organic transforma-
tions, including hydrogenation, C—C bond formation, redox
reactions, and other unique reactions with G8-10NPs.

3.1. Catalytic Hydrogenation

3.1.1. Catalytic Hydrogenation of Alkenes, Alkynes, and
Carbonyl Compounds

The catalytic hydrogenation of various unsaturated C=C,
C=C, and C=0 bonds with G8-10NP catalysts have been
widely investigated.'"'”*!l Selected hydrogenation reactions
that have been examined catalytically are listed in
Scheme 1. The scheme indicates that different alkenes, al-
kynes, ketones, and aldehydes can be reduced to the corre-
sponding alkanes and alcohols under mild conditions: low
hydrogen pressures (~1 atm) and low temperatures (at or
near room temperature).''73!) When multiple unsaturated
C—C bonds exist within the same molecule, such as in
arenes and 1,5-cyclooctadiene, the molecule does not have
to be hydrogenated fully. Partial hydrogenation can be ach-
ieved in high yields to produce cyclohexene and cyclooctene,
respectively.’*>*31:3] For unsaturated ketones and aldehydes,
the C=C bonds can be selectively hydrogenated to the satu-
rated carbonyl compounds. As an example, with Pd
MWCNTs (multi-walled carbon nanotubes) as the catalyst,
it is possible to convert cinnamaldehyde into hydrocinna-
maldehyde in yields as high as 78% (Scheme 1, Equa-
tion (10)).*>4 Notably, bimetallic nanoparticles used as cat-
alysts usually result in higher activities than the correspond-
ing monometallic nanoparticles under the same reaction
conditions."*? As an example, in the hydrogenation of
either 1-hexene or 1-dodecene, the turnover frequency
(TOF) for a bimetallic Pd-Ru nanoparticle catalyst is more
than 10 times higher than for monometallic Ru and Pd
nanoparticles alone.® The improved activity may result
from the active interaction of the bimetallic composition.
Besides composition, the size and shape of metallic nanopar-
ticles also play important roles in ultimate catalytic perfor-
mance." Interestingly, substantial particle agglomeration
has not generally been observed for G8-10NP catalysts. Nor-
mally, G8-10NP catalysts can be reused many times, even
thousands of times, without dramatically losing catalytic per-
formance.'***l With the appropriate support and stabiliz-
er, leaching of G8-10NP catalysts can be significantly de-
creased or even avoided.'®'**! Importantly, by using G8-
10NPs such as nano-Pt’, -Ru’, -Rh’, and -Ir° as catalysts, the
complete hydrogenation of arenes can be successfully ach-
ieved to produce saturated substituted cyclohexanes under
mild conditions.*>*263 For example, benzene was hydro-
genated to cyclohexane with 100% conversion by utilizing

Chem. Asian J. 2008, 3, 650 — 662
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Scheme 1. Catalytic hydrogenation of C=C, C=C, and C=0O groups. The references from which the examples

are taken are given in square brackets on the right.

Pt° nanoparticle catalysts with 2-3-nm diameters at 75°C
under 4 atm H, pressure in the absence of solvent./*”
Another interesting investigation is the asymmetric hydro-
genation of C=0 and C=N bonds with G8-10NP catalysts to
produce optically pure alcohols and amines, respectively. It
is well-recognized that the reduction of aldehydes, ketones,
and imines to chiral alcohols and amines has been very es-
tablished, and many notable homogenous and heterogene-
ous catalysts that give high yields (>95%) in these reduc-
tions already exist. However, problems are again faced with
catalyst recycling and product separation. It was reported
that the enantioselective hydrogenation of ethyl pyruvate to
(R)-ethyl lactate (Scheme 1, Equation (12)) was achieved
with 100 % conversion and enantiomeric excesses (ee) of up
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chiral inductor cinchonidine./*!
The catalyst was recovered and
reused for several cycles with
no significant drop in activity.[*!
In another example, Pt° nano-
particles (~2.7-nm diameter)
stabilized with the surfactant
salt N,N-dimethyl-N-cetyl-N-(2-
hydroxyethyl)ammonium chlo-
ride also showed efficient activ-
ity for the asymmetric hydroge-
nation reaction in Scheme 1,
Equation (12) in biphasic media
under hydrogen pressure.!
The nano-Pt° catalysts were re-
covered and used for additional
runs with total conservation of
activity and an enantioselectivi-
ty for (R)-ethyl lactate of up to
55% ee in aqueous media.l*”
Furthermore, a higher ee of
97% was reached by using
Al,0;-supported Pt’ nanoparti-
cle catalysts in MeOH/
AcOH.®! Pd° nanoparticles sta-
bilized by chiral bisphosphine
BINAP (2,2"-bis(diphenylphos-
phanyl)-1,1’-binaphthyl),  with
an average size of (2.0+
0.5) nm, were reported to be ef-
ficient catalysts for the asym-
metric hydrosilylation of sty-
rene and related olefins under
mild conditions to give enantio-
metric excesses of 95% in ap-
proximately 90% yields. This
catalyst is more active than the
phosphine complex [Pd-
(PPhy),].1!

Furthermore, high regioselectivities have also been ach-
ieved with G8-10NP catalysts. For instance, hydrogenation
of cyclohexenone in the reaction shown in Scheme 1, Equa-
tion (13) can be well-controlled to produce cyclohexanone
in 90% vyield by using Ir’ nanoparticle ((2.340.4)-nm diam-
eter) catalysts with a selectivity of 83:16 (ketone/alcohol)
under mild conditions.’ With Pt’ nanoparticles (0.6-2.6-nm
diameter), an even higher selectivity of 92:5 (ketone/alco-
hol) was reached with 56% conversion for the same reac-
tion.””! The C=C bond can also be selectively hydrogenated
in the presence of a C=C bond (Scheme 1, Equation (14)).5¥
For nano-Pd’ catalysts with an average diameter of 1-3 nm
supported on nanostructured polymers, both high activity
(>98% conversion) and selectivity (>95%) were achieved
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[29,51,53,55,61,62]
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for the reaction in Scheme 1, Equation (14).* Interestingly,
in results based on varying the support, high hydrogenation
selectivities were also reached by using structurally related
olefins such as allyl alcohol, 1-penten-3-ol, and 3-methyl-
penten-3-ol. By using Pd” nanoparticles of diameter 1-3 nm
embedded in polyelectrolyte films of poly(acrylic acid) and
polyethylenimine as catalysts, a high chemoselectivity ratio
of 435:94:23 for the three alcohols mentioned above was
reached in methanol/water (4:1 v/v)."¥ The selectivities are
about two to three times higher than that with dendrimer-
encapsulated Pd’ nanoparticles, which suggests that the
polyelectrolyte films provide highly restricted access to the
catalytic sites of the nanoparticles.® From the limited re-
ported data, it can be seen that G8-10NP catalysts are not
as effective for enantio- and regioselective hydrogenation
reactions relative to current homogeneous catalysts. Howev-
er, given their potential advantages in catalyst recycling and
other environmental factors, it is highly desirable to develop
these G8-10NP catalysts further to improve their perfor-
mance.

3.1.2. Catalytic Dehydrogenation of Alkanes and Alcohols

Dehydrogenation is the reverse process of hydrogenation.
Although the same catalysts can be used for both processes,
the detailed reaction conditions such as temperature, pres-
sure, and even solvents might well be different. Besides the
hydrogenation reactions shown above, G8-10NPs have also
been reported to be effective catalysts for the dehydrogena-
tion of alkanes and alcohols to produce the corresponding
alkenes. These reports are quite important because of poten-
tial applications in new alternative-energy research, such as
those seen in the hydrogen-energy economy. Pt” nanoparti-
cles (<1-nm diameter) were reported as efficient catalysts
for the dehydrogenation of cyclohexane to produce hydro-
gen with the highest H,-producing rate of 1060 mmol
(2 Pt) 'min~" at 328°C.%¥! In this report, bimetallic Pt’-Rh°
nanoparticle catalysts of 4-5-nm diameter demonstrated
higher activities than monometallic Pt’ nanoparticles of 2-3-
nm diameter under the same conditions, as with the hydro-
genation catalysts seen above.®! Catalysts prepared from
either nanoscale Pt” or Fe’-Co” deposited in microchannel
reactors are also active for the dehydrogenation of cyclohex-
ene.™™ Another recent example revealed that Pd’ or Ni’
nanocatalysts are highly active for the dehydrogenation of
CH, to produce H,. These catalysts decreased the decompo-
sition temperature of CH, to 400-500°C.1*"!

Notably, catalytic hydrogen production from ethanol
steam reforming has promise as a clean energy source
(C,H;OH+3H,0—2CO,+6H,). This area is attracting
more and more attention from both academic and industrial
laboratories.”™ Compared with other possible hydrogen
sources, such as methanol, gasoline, natural gas, or ammo-
nia, ethanol is less toxic, can be stored more easily and han-
dled more safely, and can be obtained by fermentation of
biomass. High activities for the catalytic steam reforming of
ethanol have been found with Rh’, Ru’, Co’, Ni’, Pd’, and
Pt nanoparticle catalysts.">7! For these catalysts, oxide sup-
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ports play an important role in setting catalytic perfor-
mance. For instance, the activities of the catalysts decreased
in the order Rh>Co>Ni>Pd on a MgO support.”! For
Co° nanoparticle catalysts, high activities for steam reform-
ing of ethanol were found when either Al,O; or SiO, sup-
ports were used.’ In general, high temperatures, low pres-
sures, and high water-to-ethanol ratios in the feed favor hy-
drogen production; however, low temperatures favor the
formation of by-products such as acetaldehyde and ethyl
acetate.”®™ In the future, the problems of fast catalyst
coking and by-product formation would need to be over-
come before effective scale-up can occur.

3.2. Catalytic Hydroformylation

Catalytic hydroformylation (Scheme 2) plays a key role in
both academic and industrial research. Currently, there are
three types of commercially applied processes for hydrofor-

CHO
R cat.
R
- AN T . R\M/\/CHO
H,, CO n n
(R = alkyl, aryl; branched linear
n=0-20)

s NN

Scheme 2. Hydroformylation of a-olefins.

mylation:"" a phosphine-modified, cobalt-based system de-
rived from [HCo(CO),], a rhodium-based catalyst system,
and a biphasic homogeneous hydroformylation. Rhodium-
derived catalysts are much more expensive than cobalt cata-
lysts and have higher activities and linear product selectivi-
ties with smaller substrates. The most significant problem of
using a rhodium catalyst such as [Rh'(CO),(acac)] is the cat-
alyst-recovery step. In general, even though current industri-
al processes have reached high standards of performance,
both the rhodium and cobalt catalyst systems are expensive,
and there is a desire to minimize these costs. Interestingly,
G8-10NPs are also active catalysts for olefin hydroformyla-
tion. Nano-Pd° catalysts supported on silica-gel composites
are active for ethylene hydroformylation.”” In this case, the
very fine nanoparticles of Pd” (<2 nm in diameter) lead to
higher activity (TOF=16.1x10"?min"') than the relatively
large particles of Pd’ of 5-7-nm diameter (TOF=(1.77-
2.23)x 107 min~') when evaluated at 373 K in a fixed-bed-
type reactor.”” The hydroformylation of 1-alkenes can also
be performed under solvent-free conditions by using Rh’
nanoparticle catalysts.”™ There is a strong influence of the
particle size on the hydroformylation reaction. When 5.0-nm
Rh® particles were used in the hydroformylation of 1-al-
kenes, aldehydes were generated as products without any
hydrogenation of alkenes. With 1-hexene, a high linear/
branched ratio of 25:1 was achieved by addition of the
Xantphos ligand (9,9-dimethyl-4,5-bis(diphenylphosphanyl)-
xanthene).” Larger nanoparticles of Rh’ (15 nm) produced
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only small amounts of aldehydes compared to experiments
with smaller Rh’ (5.0 nm) nanoparticles, a result similar to
those observed with a classical heterogeneous Rh/C catalyst
precursor.”! Nano-Co’ particles with an average size of
around 7.5 nm supported on carbon nanotubes have been
reported to show high activity and regioselectivity for the
hydroformylation of 1-octene. A high conversion of 65.4%
was achieved with selectivity to the C, aldehyde of 81.2% at
5.0 MPa of CO/H, pressure at 130°C.[!

3.3. Catalytic C—C Bond Formation

The formation of C—C bonds is a key methodology in syn-
thetic organic chemistry for constructing new molecules.
Generally used reactions include the Miyaura—Suzuki cou-
pling reaction, the Heck reaction, carbene cycloaddition,
and the like. Although the technology involved has been
widely explored and excellently developed, there is still a
desire to discover new methodologies for C—C cross-cou-
pling reactions to impact the economics favorably and to aid
in industrial implementation. Improved properties might in-
clude lower catalyst amounts coupled with higher and more
reliable yields. Notably, most of the catalytic C—C cross-cou-
pling reactions reported so far are ligand-based reactions.’®”!
One main disadvantage of this approach is that additional
steps are needed for attaching and removing the ligands.
Furthermore, removal of the leached metals from the reac-
tion solution is also critical to lower the possible toxicity of
the product. Therefore, recycling of both ligand and metal is
highly desirable for decreasing raw-material costs and engi-
neering a “greener” process through lowering of the amount
of waste chemicals for disposal, thus leading to less metallic
pollution for both products and environment.

To overcome this problem, both palladium complexes and
particles, which are the most popular catalysts in the
Miyaura—Suzuki cross-coupling and Heck reactions, have
been immobilized on various supports.®! The detailed prog-
ress in using G8-10NP catalysts for these types of reactions
are discussed individually in the following sections.

3.3.1. Miyaura—Suzuki Coupling Reaction

This reaction was discovered in 1979 by Akira Suzuki; since
then, the coupling reaction has been widely used in organic
synthesis to form C—C bonds.®**! Homogeneous catalysts
have been primarily developed for this reaction. However,
the limitations imposed by expensive catalysts and ligands,
as well as the toxicity of phosphine-based ligands, have
made the process difficult to scale up. To overcome these
barriers, the exploration of new catalyst systems that com-
bine high efficiency and ease of reuse is a highly attractive
but daunting challenge. Palladium is the most commonly
used catalyst for the cross-coupling reaction. Over the last
few years, Pd’ nanoparticles have been immobilized on vari-
ous supports with excellent results in terms of activity.!!>-23
A report from Cho etal. revealed that the cross-linked
resin-supported Pd’ nanoparticles with average diameters of
(7.4+1.4) nm show high activity for the Miyaura—-Suzuki
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coupling reaction between substituted aryl bromides and
aryl boric acids in water.®) A yield of 99% was achieved in
10 min with microwave irradiation for 4-acetylphenyl bro-
mide and phenyl boric acid.?? Significantly, the catalyst is
reusable with minimal palladium leaching in the filtrate
(0.09 ppm from inductively coupled plasma with optical
emission spectroscopy (ICP-OES)). We successfully immobi-
lized ultrafine Pd’ nanoparticles (<1.0 nm) onto magnetic
nanoparticles enriched with phosphate functional groups
and demonstrated that these catalysts are effective for both
the Miyaura—Suzuki cross-coupling and Heck coupling reac-
tions (Figure 3).”") These supported catalysts can be well-

O o -
B 5 )
" nano-Pd® aq. K;COs, 83% yield N\ / <\ Vi

ﬁ\j (cat)

e 7 ==
7 e \_
<

=g =N
% N
NaAc (DMF), 56% yield %/ \\‘& Vi

af o
&\ ‘\‘ )\ TP
o =3 ng’
= =
@7 - 5“_.,4—53\:9 (cat. = magnetic-nanoparticle-
(i L&Y supported nano-Pd®)
S

Figure 3. Magnetic-nanoparticle-supported ultrafine Pd particles as
catalyst.!"”) DMF = N,N-dimethylformamide.

dispersed in both aqueous and organic phases to produce a
false homogeneous catalyst system. Furthermore, this
unique catalyst was easily separated from the reaction
medium by magnetic attraction.

3.3.2. Heck Reaction

The Heck coupling reaction is a powerful method of prepar-
ing trans olefins. Aryl or vinyl halides with various function-
al groups have been shown to react with activated alkenes
under Heck reaction conditions. Some articles detailing this
chemistry have been published.’>* As with the Suzuki cou-
pling reaction, Pd-phosphine catalysts are normally used for
the Heck reaction. Because of the adverse environmental ef-
fects related to phosphines, phosphine-free catalytic systems
are desired. A number of Pd’ nanoparticles have shown
both high efficiency and convenient recyclability.!'*#8%1 By
using Pd’-nanoparticle-core dendrimers as catalysts, in
which the average diameter of the Pd’ nanoparticles is
2.0 nm, Heck reactions of iodobenzene with styrene and
ethyl acrylate were successfully achieved with TOFs of 1738
and 1066 h™', respectively.® Compared with commercially
available Pd/C catalysts (10 wt% Pd/C from Aldrich), in
which 53 % conversion was achieved for the Heck coupling
reaction between iodobenzene and styrene to produce trans-
stilbene after 24 h, the CNT-supported Pd’ nanoparticles
showed a yield of 94% after 3h under the same condi-
tions.® On the basis of a report by Calé et al., Pd” nanopar-
ticles are effective catalysts for Heck coupling between 1,1-
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and 1,2-disubstituted alkenes, such as trans-ethyl cinnamate,
n-butyl methacrylate, and oa-methylstyrene, and aryl bro-
mides to produce trisubstituted alkenes and their isomers
(Table 1).57#51 In the cases discussed, tetrabutylammonium

Table 1. Arylaton of trans cinnamates.*”)

Me
NN
h oo — cat., NaHCO R/Q COoE
7\ . 3 P
+ Meﬁ/\{\ /)—Br /—
N 130 °C, nBuNBr  /—
N/
Catalyst t[h] Yield [%] EIZ
/Mel
/\‘/N i ‘<S~‘ \1 .
M gmpa-( I 7 97 59:41
I mé
Pd(OAc),/PPh, 15 95 58:42
Pd" nanoparticles (2-6 nm) 1 95 <99:1

acetate plays an important role in both catalyst formation
and stereospecificity.

3.3.3. Carbene Cycloaddition, Vinyl Esterification, and
Alkylation

Beside the above well-studied reactions, Pd’ nanoparticles
are also known to be effective catalysts for carbene cycload-
dition, vinyl esterification, and alkylation. Ultrasmall
(<1 nm) Pd° particles were produced from the reduction of
Pd(OAc), in the presence of diazomethane. These Pd’
particles are active catalysts for the cyclopropanation of cy-
clohexenone by diazomethane.™ Silica-supported Pd’ parti-
cles with an average size of 10 nm in diameter were pre-
pared by hydrogen reduction of [PdCl,]*~ precursors. The
catalyst is reported to be active for the synthesis of vinyl
acetate from ethylene and acetic acid in the presence of
oxygen.’! Another example with regard to the use of Pd’
nanoparticles in C—C formation is the catalytic asymmetric
allylic alkylation reaction. In this case, the chiral xylofurano-
side diphosphite (L*) stabilized Pd’ particles with an aver-
age size of around 4 nm were prepared by reaction of [Pd,
(dba);] (dba=dibenzylideneacetone) with hydrogen at room
temperature in a solution of THF containing the chiral
ligand. In the presence of KOAc and N,O-bis(trimethylsily-
l)acetamide in dichloromethane, the chiral-ligand-stabilized
Pd’ nanoparticle catalysts revealed a high selectivity to the
(5)-3-(dimethyl malonate)-1,3-diphenyl-1-propene product
in the reaction of rac-3-acetoxy-1,3-diphenyl-1-propene with
dimethyl malonate. The S product was formed with conver-
sions as high as 55% and around 97 % ee after 24 h at room
temperature by using a Pd/L*/substrate ratio of 1:0.2:100
(Scheme 3).) The reaction primarily proceeded with one
substrate enantiomer, thus demonstrating a high degree of
kinetic resolution in this system. As opposed to the homoge-
neous-catalyst processes, the Pd’ nanoparticle catalyst
system excels in being recyclable and easily extracted from
the reaction solution.!
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Scheme 3. An example of asymmetric alkylation.””’ BSA = N,0-bis(tri-
methylsilyl)acetamide.

3.4. Redox Reactions

Selective catalysts are important for both partial oxidation
of organic molecules and total oxidation of inorganic com-
pounds. Ru’ nanoparticles with an average diameter of
around 4nm were prepared by reduction at 150°C of
RuCl;xH,O in 1,2-propanediol in the presence of sodium
acetate.” The Ru’ nanoparticles had been successfully im-
mobilized onto calcium hydroxyapatite by treating the Ru”
colloidal solution with calcium hydroxyapatite. The support-
ed Ru’ nanoparticles were highly efficient for cis dihydroxy-
lation of ethyl trans-cinnamate and oxidative cleavage of al-
kenes to produce aldehydes (Scheme 4).”*! Nanostructured-

C!)H
. - N ~COR'
//\\\\\1\//002R nano-Ru R N 2
R NalO,, H,S0,
OH
PN R? nano-Ru ]
N ——— R'—CHO + R?*>—CHO
R NalO,

Scheme 4. Partial oxidation of C=C bonds.*¥

polymer-supported Pt° nanoparticles are highly effective for
the oxidation of alcohols. In the presence of oxygen with the
Pt’ nanoparticle catalyst, L-sorbose was oxidized to 2-keto-
L-gulonic acid with conversions of 73-80% and selectivities
of 75-94 % >4

In polymer-electrolyte fuel cells, the purification of hydro-
gen by the preferential catalytic oxidation of CO at low tem-
peratures is an important practical process. It was reported
that Pt° nanoparticles (~2.5 nm) supported on mesoporous
silica (FSM-16) gave unprecedented selectivity (95% CO
conversion) and durability (within 96 h) in the preferential
oxidation of CO below 423 K.*! By using the isotopic tracer
technique in IR spectroscopy, it was found that gas-phase
O, is not directly utilized for the CO oxidation; rather,
oxygen atoms of the mesoporous silica are incorporated into
CO,. These results suggest that CO oxidation is promoted
by the attack of the surface OH groups onto CO adsorbed
on Pt without the formation of water (Figure 4). In some
oxidation processes, Pt and Pd’ nanoparticles have been
synthesized by the combustion method and were shown to
have higher catalytic activities. For the CO+ O, reaction,
100% CO conversion occurred below 300°C over a-Al,Os-
supported Pt’, Pd’, and Ag° nanoparticles with average sizes
of 7, 12, and 20 nm, respectively, whereas 90 % conversion
was observed over Au’ (/15 nm) at 450°C.” Similarly, for
the removal of NO, which is an important aspect of the pu-
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Figure 4. Preferential oxidation over Pt/FSM-16.

rification of industrial exhaust gases, 100% NO conversion
was seen over 1% Pd/AL,O; and 1% Pt/Al,O; below 400°C
for the NO+CO reaction. Approximately 90% NO was
converted into N, above 650°C by using 1% Ag/AL,O; and
1% Au/ALO;.® On the other hand, NO was selectively re-
duced by CH, to N,, CO,, H,, and H,O over y-Al,O;-sup-
ported Ru’ nanoparticles.””’ The amount of methane con-
sumed increased with increasing temperature. When small
particles of Ru’ (average size 4.8-7.6 nm) were used as cata-
lysts, as the reaction temperature was raised from 450 to
600°C, the concentrations of H, and CO increased from
0.16 to 0.42% and from 0.2 to 0.86 %, respectively. In con-
trast, the concentrations of CO, and H,O decreased with in-
creasing reaction temperature. However, with larger Ru
nanoparticles (average size 5 nm), CH, was selectively oxi-
dized by NO to CO, and H,O at 450°C.""

G8-10NP catalysts also play an important role in fuel-cell
catalysis. Direct-oxidation methanol fuel cells have many ad-
vantages over other energy-generating devices, such as high
efficiency of energy conversion, benign environmental ef-
fects, high energy densities, and availability of the fuel. With
Ru’-decorated Pt’ nanoparticles, the obtained Pt”/Ru’ cata-
lyst containing a Ru packing density of 0.4-0.5 was twice as
active as the commercial 50:50 Pt/Ru alloy catalyst.’® This
result is considered to be consistent with the “ensemble
effect”, because on the decorated surface there is a static/dy-
namic distribution of island sizes that leaves enough room
for ensemble availability. Another advantage is the maximi-
zation of Ru edge sites to secure the most effective CO re-
moval. Well-dispersed Pt”/Ru’ nanoparticles with 2-3-nm di-
ameters supported on MWCNTSs exhibited a higher MeOH
oxidization current of 26 mWmg !, and thus a higher perfor-
mance, for direct MeOH fuel cells.”” Under the same condi-
tions, a current power of around 21 mWmg ' was produced
by using a commercially available E-TEK Pt-Ru/C cata-
lyst.[*)

Another well-developed fuel cell is the proton-exchange-
membrane fuel cell, also known as the polymer-electrolyte-
membrane fuel cell. The distinguishing advantages of this
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type of fuel cell include lower operating temperatures and
pressure ranges. However, a special polymer-electrolyte
membrane is required. It is well-known that the perfor-
mance of catalysts can be improved by producing a high
loading of nanosized particles with uniform distributions
over large-surface-area carbon supports.”” Carbon-support-
ed Pt nanoparticles with an average size of 2.8 nm and a
high loading of 39.5 wt % can be produced. As catalysts for
fuel cells, it was found that, by operating in ambient O, at
70°C, this system can deliver a high performance of more
than 0.6 V at 1.44 A cm2'% Monodispersed Pt’ nanoparti-
cle (2-3 nm) catalysts supported on MWCNTSs can also im-
prove the power performance of polymer-electrolyte-mem-
brane fuel cells. The power density (mWcm ) of such fuel
cells fabricated by electrophoretic deposition of Pt” nanopar-
ticles supported on MWCNTs was increased by approxi-
mately 36% compared to the same Pt loading
(0.16 (mg Pt)cm™2) of Pt/C nanocatalysts.'")l Furthermore,
v-AlL,O;s-supported Ru” nanoparticles with an average size of
5 nm revealed unusually high activity for ammonia synthesis
from hydrogen and nitrogen.['®1%?

Another important, well-developed application is the
direct formation of hydrogen peroxide (H,+ O,—H,0,) cat-
alyzed by G8-10NPs. H,0O, can be used in countless applica-
tions owing to its controlled, yet adaptable, stability. The hy-
drogen peroxide market has an annual world production of
3 million metric tons, and demand is growing at a steady
pace of around 4% annually.'” Currently, hydrogen perox-
ide is produced on a large scale by the anthraquinone oxida-
tion process with a high yield per cycle.'™ However, many
disadvantages exist in the current process, such as side reac-
tions and complicated purification technology, so this route
is not considered a green method. Thus, novel, cleaner
methods for the direct catalytic synthesis of hydrogen perox-
ide from hydrogen and oxygen are highly desired with
regard to minimizing operating costs. In recent research, Pd’
nanoparticles with average diameters of around 5 nm sup-
ported on resins functionalized with SO;H groups demon-
strated high catalytic performance with 46 % yield.""” This
catalyst system is very stable and reusable.'” The use of a
multichannel microchemical reactor with a packed-bed cata-
lyst such as Pd/Al,O;, Pd/SiO,, or Pd/C may improve the im-
plementation of this chemically simple and environmentally
benign direct synthetic process.'* Interestingly, by using su-
percritical CO, as the reaction medium, H,O, could also be
synthesized directly from O, and H, over Pd- or Pt-loaded
titanium silicate in high yields of up to 31.7% with an H,0O,
selectivity of 56.1 % .17

3.5. Isotope-Exchange Reactions

Boron neutron-capture therapy (BNCT) is based on the nu-
clear reaction that occurs when B is irradiated with low-
energy thermal neutrons to yield high-linear-energy-transfer
alpha particles and recoiling "Li nuclei.'®®!® Clinical inter-
est in BNCT has focused primarily on the treatment of high-
grade gliomas and either cutaneous primaries or cerebral
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metastases of melanoma, as well as head, neck, and liver
tumors more recently."]

Over the past 20 years, various boron delivery agents
have been designed and synthesized. However, to date,
there is no single boron delivery agent that fulfils all the cri-
teria of high tumor boron concentration, high selectivity to-
wards tumor cells, and low toxicity. One of the problems is
that only the '°B isotope, which is of minor abundance
(~20%), is therapeutically effective. To reach higher °B
concentrations in the tumors, ’B-enriched compounds are
needed; thus, the search for convenient and effective meth-
ods of preparing such compounds is an extremely important
area of both pharmacological and academic research inter-
ests. Decaborane(14) (B,,H,4) is one of the most useful pre-
cursor boron hydrides in the synthesis of high-boron-con-
taining compounds. We developed a catalytic isotope-ex-
change method to prepare '°B-enriched decaborane(14).1'%
Well-dispersed Ru” nanoparticles were successfully prepared
by a reduction reaction of the precursor [CpRuC-
p*RuCp*]PF; stabilized in the ionic-liquid agent trihexylte-
tradecylphosphonium dodecylbenzenesulfonate. The result-
ing Ru’ nanoparticles were shown to catalyze the isotope-
exchange reaction between '°B-enriched diborane and natu-
rally abundant B, ,H;,, to produce highly '’B-enriched
(~90 %) decaborane(14) products (Figure 5).

1°B,Hg / nano-Ru® (cat.)

:

ionic liquid / CH,Cl,
('°B enrichment > 90%)

Figure 5. Nano-Ru-catalyzed isotope exchange.'¥ O ='"""BH, @ ='"BH.

As with the homogeneous catalyst system [Cp*(PMe;)Ir(Me)-
(CH,CL)][BAr{] ([BAr]=[B{3,5-CsHs-(CF3),}u]),"") active-
carbon-supported Pd’ nanoparticles are efficacious for the
catalytic isotope exchange between H, and D,O insitu to
produce D, gas. The nearly pure D, gas can be used to pro-
duce deuterated substrates that contain reducible functional-
ities within the molecules.''?! Besides Pd’ nanoparticles, high
performances for H/D isotope exchange were also found by
using Pt, Rh, Co, and Ni nanoparticle catalysts, and the de-
tailed preparative applications of the H/D-exchange reaction
was reviewed recently."

4. Summary and Perspectives

In conclusion, in research into metal-nanoparticle-based cat-
alysis, the preparation and stabilization of nanoparticles
with controlled size and composition, such as alloys or core—
shell particles, are of great interest and provide significant
challenges. Changes in composition can help to control reac-
tivity in catalytic and optical applications.'"¥! Generally, the
particle size is closely related to the exact preparation pro-
cess used. With regard to activity alone, in most cases metal-
lic-nanoparticle-derived catalysts cannot yet compete with
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homogeneous catalysts. However, with the great advance-
ments in nanotechnology in modern science, the need for
environmentally benign catalysts, and the economic consid-
erations of the future, the field of G8-10NP catalysts is
promising and is ripe for advancement. Presently, there are
many existing novel methods of synthesizing and stabilizing
G8-10NP catalysts. Compared with conventional heteroge-
neous catalysts, G8-10NP catalysts can be more effective in
the synthesis of desired products, mainly due to their large
surface areas.! Even though G8-10NP catalysts are becom-
ing more and more effective, they have still not been devel-
oped adequately. Therefore, it may take decades to replace
the existing conventional catalysts with nanoparticle cata-
lysts for large-scale industrial reactions. For instance, ade-
quate size control of nanoparticles is still lacking, and only
for commonly used nanocatalysts such as Ni’ nanoparticles
has adequate research been done!” Furthermore, GS-
10NPs that contain stabilizers might make the materials un-
suitable for applications involving electron transfer and cat-
alysis because the stabilizers can strongly modify physical
and chemical properties.

Scale-up problems would also need to be addressed. The
synthesis should be reproducible and consistent, and the
characterization and physical properties should be stud-
ied.’”! G8-10NP catalysts have to be scaled-up effectively to
affect industrial production and further impact our society
and standard of living.'™ Even though there are studies
that indicate the validity of using G8-10NP catalysts, there
are also technical issues that need to be improved with
regard to catalyst recycling. For instance, it was found that
Pd° nanoparticle catalysts require effective agents to remove
them from the reaction solutions.''®’ These reagents might
be as harmful and expensive as those required to remove
homogenous complexes from the reaction mixture, thus
eliminating any advantage in catalyst removal of nanoparti-
cles over homogeneous catalysts. There are still many as-
yet-unknown effects and incompatibilities of the use of
metal-nanoparticle catalysts, therefore, more research and
evaluation must be done to improve this breakthrough catal-
ysis technology further.
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Abstract: We review recent developments in the prepara-
tion of mesoporous metals and related metal-based nano-
materials. Among the many types of mesoporous materi-
als, mesoporous metals hold promise for a wide range of
potential applications, such as in electronic devices, mag-
netic recording media, and metal catalysts, owing to their
metallic frameworks. Mesoporous metals with highly or-
dered networks and narrow pore-size distributions have
traditionally been produced by using mesoporous silica as
a hard template. This method involves the formation of
an original template followed by deposition of metals
within the mesopores and subsequent removal of the tem-
plate. Another synthetic method is the direct-template ap-
proach from lyotropic liquid crystals (LLCs) made of non-
ionic surfactants at high concentrations. Direct-template

synthesis creates a novel avenue for the production of
mesoporous metals as well as related metal-based nano-
materials. Many mesoporous metals have been prepared
by the chemical or electrochemical reduction of metal
salts dissolved in aqueous LLC domains. As a soft tem-
plate, LLCs are more versatile and therefore more advan-
tageous than hard templates. It is possible to produce var-
ious nanostructures (e.g., lamellar, 2D hexagonal (p6mm),
and 3D cubic (la3d)), nanoparticles, and nanotubes
simply by controlling the composition of the reaction
bath.

Keywords: electrochemistry - liquid crystals - mesophases -
mesoporous materials - thin films

/

1. Introduction

Ordered mesoporous materials have attracted much atten-
tion for years because of their excellent physical properties,
such as a very large specific surface area, nanometer-scale
fine pores, and high stability, which are beneficial for their
use as catalysts, catalysis supports, inclusion vessels, and ad-
sorbents. Many papers on mesoporous materials have been
published. In 1992, researchers from Mobil Research and
Development Corp. reported ordered mesoporous silicas
with hexagonal (MCM-41), cubic (MCM-48), and lamellar
structures (MCM-50), designated as M41S, prepared by
using alkyltrimethylammonium (C,H,,(CH;);N*, C,-
TMA) surfactants.'*® In 1990, our group discovered meso-
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porous silicas (later denoted KSW-1 for kanemite sheet
Waseda) by the reaction of a layered polysilicate kanemite
with C,-TMA surfactants."*Y We showed that mesopore size
can be controlled by simply changing the length of the sur-
factants. The surfactant assembly plays a key role in control-
ling mesopore size. Prior to these reports in the early 1990s,
a US patent by Chiola et al. had already been filed in 1971,
and the synthetic procedure and structure of the obtained
material was the same as that of MCM-41 reported in
1997.2

Since these discoveries of ordered mesoporous silicas,!
many types of mesoporous materials have been synthesized
by using the supramolecular assembly of surfactants.”) This
research area covers the synthesis, structural characteriza-
tion, morphological control (e.g., film, fiber, and monolith),
and alignment control of mesochannels.”) The framework
composition that governs the properties of mesoporous ma-
terials has been studied most extensively. Mesoporous mate-
rials now include a variety of inorganic-based materials, for
example, transition-metal oxides, carbon compounds, inor-
ganic-organic hybrid materials, polymers, and even metals.”!
These nonsiliceous ordered mesoporous materials, with the
exception of metals, have been described in several excellent
reviews.!

Among the many types of mesoporous materials, mesopo-
rous metals with highly ordered networks and narrow pore-
size distributions hold promise for a wide range of potential
applications, such as electronic devices, magnetic recording
media, and metal catalysts, owing to their metallic frame-
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works. Traditionally, mesoporous metals have been pro-
duced by using mesoporous silica as a hard template (i.e.,
the replication method; Figure 1a).’! In 1997, Attard et al.

Replicas

b)

Lyotropic liquid crystals Mesostructured materials Mesoporous materials

Figure 1. Synthetic procedure for the a) hard-template and b) soft-tem-
plate process for the preparation of metal-based nanomaterials.

proposed a direct-template approach from lyotropic liquid
crystals (LLCs) made of nonionic surfactants at high con-
centrations (Figure 1b).”' This approach created a novel
avenue for the production of mesoporous metals as well as
related nanomaterials. As a soft template, LLCs are more
versatile and therefore more advantageous than hard tem-
plates. In principle, the direct-template technique is applica-
ble to a wide variety of metals that are generally known to
be deposited by using electrochemical processes in the ab-
sence of LLCs, because the approach involves a simple rep-
lication of well-ordered LLCs by electrochemical processes.
Therefore, many mesoporous metals have been prepared by
the chemical or electrochemical reduction of metal salts dis-
solved in aqueous solutions of LLCs. Besides the controlla-
bility of various nanostructures (e.g., lamellar, 2D hexagonal
(p6mm), and 3D cubic (Ia3d) structures) under chosen reac-
tion-bath compositions, it is possible to produce nanoparti-
cles and nanotubes simply by changing the composition.
Moreover, mesoporous alloys of various compositions can

Abstract in Japanese:
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also be designed by controlling the composition. The most
important advantage is that this method allows us to realize
the microfabrication of mesoporous metals and alloys
through the solvent-evaporation process, which is not ach-
ievable by the hard-template approach. The fabrication of
mesoporous metals on the micrometer scale should lead to
the production of more-advanced functional nanoscale devi-
ces and miniaturized sensors, as well as microelectronic de-
vices. To the best of our knowledge, in-depth research on
mesoporous metals from the soft-template approach has not
been reviewed, although mesoporous metals have wide-
ranging potential applications. This Focus Review addresses
the synthesis and microstructure of mesoporous metals. We
describe several advantages of the soft-template approach
by comparing it with the hard-template approach.

2. Hard-Template Process

The hard-template process is a powerful method of creating
mesoporous materials that are difficult to synthesize by con-
ventional processes by utilizing a cooperative assembly be-
tween the surfactant and inorganic species. The concept,
first proposed by Ryoo et al. and Hyeon and co-workers,® is
very simple (Figure 1a). The synthetic pathway involves
three main steps: 1) choosing and forming the original tem-
plate (mesoporous silica or carbon is usually used as the
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original template), 2) filling the target precursors into the
mesopores and then converting the precursor into an inor-
ganic solid (i.e., formation of a composite consisting of the
original template and a target inorganic solid), and 3) re-
moving the original template (Figure 1a). The mesoporous
structures obtained are negative replicas if the casting pro-
cess is performed only once. To date, various mesoporous
materials have been produced by a hard-template pathway.

When choosing the original template, two important
points must be considered.’® One is whether the template
can maintain its ordered mesostructure during the conver-
sion process in the second step. The other is whether the
template can be easily removed without disrupting the mes-
oporous structure in the resulting replica. Although mesopo-
rous silicas have been used mainly as templates, various
composite mesoporous materials, including carbon, can also
be applied.

Various types of nanostructured metals, including 3D net-
works, nanoparticles, nanowires, and nanonecklaces, have
been created by using mesoporous silicas (e.g., FSM-16,
MCM-41, MCM-48, and SBA-15) as hard templates. Ryoo
and co-workers reported nanoporous Pt with 3D networks
by the impregnation of a Pt precursor followed by H, reduc-
tion within the mesopores of the MCM-48 (la3d) template
(Figure 2a and b).”! By using SBA-15 as a hard template,

20 nm

Figure 2. a) and b) TEM images of nanostructured Pt networks obtained
with MCM-48 silica as a template. Reprinted with permission from refer-
ence [8]. (Copyright American Chemical Society, 2001.) ¢) and d) Scan-
ning tunneling microscopy (STM) images of isolated Pt nanowires: c) Pt
nanonecklace separated from HMM-1; d) Pt nanorod separated from
FSM-16. Reprinted with permission from reference [12b]. (Copyright
American Chemical Society, 2004.)

2D hexagonally packed nanowires interconnected by small
bridges were prepared owing to the small tunnels between
the main 1D mesochannels.”) Furthermore, isolated Pt-
based nanowires were synthesized by the replication method
with MCM-41 as a hard template.'") Optical irradiation is
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another efficient method for the reduction of metal precur-
sors in situ. Fukuoka et al. selectively prepared nanoparti-
cles and nanowires (e.g., Pt and Pt/Rh) by UV/Vis irradia-
tion.'"! Uniformly dispersed metallic nanoparticles were suc-
cessfully formed by inducing simultaneous nucleation in
mesoporous silica matrices (FSM-16).

Organic-inorganic hybrid mesoporous materials (HMM),
synthesized by Inagaki et al.,* have been used as a new
hard template to change the interactions between the depos-
ited metal and the internal surface inside the mesochan-
nels.'¥ Owing to the interactions, novel necklacelike Pt, Pt/
Ru, and Pt/Pd nanowires, which show unusual physical prop-
erties, including magnetic susceptibility, due to the low di-
mensionality of the metal topology (Figure 2¢ and d), have
been successfully prepared.

Moreover, the hard-template method has been widely ap-
plied to the creation of metal nanowire films by utilizing
electrochemical processes (Figure 3a).8 The electrodeposi-

3D nanowires

a) pores

silica
electro-
deposition
SRS .

void

template |
removal

Nanowire/silica nanocomposites

Mesoporous template Nanowire network

b)

Figure 3. a) Schematic representation of the formation of 3D continuous
macroscopic metal nanowire networks by a template-electrodeposition
technique. Reprinted with permission from reference [13b]. (Copyright
John Wiley & Sons, Inc., 2004.) b) HRSEM images of the top surface of
a 2D hexagonal mesoporous silica film (top) and its replicated Pt nano-
wires (bottom), showing the S (left), Y (middle), and swirl shapes (right).
Reprinted with permission from reference [13d]. (Copyright Royal Soci-
ety of Chemistry, 2006.)

tion method, which uses an external power source, is an effi-
cient technique for depositing metals in mesoporous silica
films. Brinker and co-workers fabricated Pd nanowire thin
films through the reduction of Pd ions within the mesochan-
nels of 2D hexagonally ordered mesoporous silica films."'*
After the removal of the mesoporous silica template, Pd
nanowire thin films were successfully prepared. Several 3D
nanowire networks can be prepared by using mesoporous
silica films with 3D mesoporous structures (Figure 3a).>"
With the above system, mesoporous silica films used as tem-
plates have been prepared by the evaporation-induced self-
assembly process first developed by Ogawa.'¥l Au-coated
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glass or ITO (indium tin oxide) with high electroconductivi-
ty is generally used as substrate. The metal nanowires gradu-
ally grow from the bottom surface of the conductive sub-
strate by electrodeposition. Because the metal nanowires
can expand to the thickness of the mesoporous silica film,
the electrodeposition process can easily prevent metal depo-
sition in the outer part of the silica template by controlling
the electrodeposition time. Recently, Wu etal. and our
group reported the synthesis of Pt nanowire thin films by
using SBA-15-type (p6mm) thin films (Figure 3b).%Y From
HRSEM (high-resolution scanning electron microscopy) ob-
servations, the original mesoporous silica film contained sev-
eral types of morphologies, such as S, Y, and swirl shapes,
on the top surface (Figure 3b). After Pt deposition and ex-
traction of the silica matrix, the corresponding Pt nanowires
were prepared with the S, Y, and swirl shapes; these unique
shapes cannot be attained by the replication method with
SBA-15 powder as a hard template.

Another method is electroless deposition by using a re-
ducing agent."™ In this system, it is required that the nuclea-
tion sites for metal deposition are located inside the meso-
porous silica matrices. Otherwise, metal deposition would
start from the outer surface of the matrices. Zhang et al. fab-
ricated high-density ordered Ni nanowire arrays by immers-
ing Pd-loaded mesoporous silica films in a conventional Ni-
plating bath.'® The Pd nanoparticles acted as nucleation
sites for the deposition of Ni.

The nanocasting pathway with hard templates opens the
door to the design of highly mesoporous materials with mul-
tifunctional compositions that are more difficult to synthe-
size by conventional processes that utilize cooperative as-
sembly between the surfactant and the inorganic species.
However, the hard-template strategy is a complex, high-
cost, and industrially unfeasible method because the syn-
thetic pathway involves several steps.

3. Soft-Template Process

3.1. Evolution of Mesoporous Metals from Lyotropic Liquid
Crystals

Amphiphilic molecules, such as surfactants or amphiphilic
block copolymers, are compounds in which the hydrophilic
and hydrophobic parts are covalently linked. When the am-
phiphilic molecules are dissolved in water and the mixed so-
lution is above the critical micelle concentration, spherical
micellar structures are formed through self-organization.
When the surfactant concentration increases, the LLC
phases appear. The LLC phases contain long-range spatially
periodic nanostructures with lattice parameters in the range
of 2-15 nm. The mesostructures of the LLCs formed strong-
ly depend on the molecular structure, concentration, and
temperature.'® Generally, with an increase in surfactant
concentration, the LLC mesostructures are dramatically
changed from a micellar solution (L;) through micellar cubic
(I;), hexagonal (H;), bicontinuous cubic (V;), lamellar (L,),
to inverse micellar (L,) phases. The mesostructures have
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been characterized by polarized optical microscopy and low-
angle XRD. In 1995, Attard et al. reported the formation of
mesoporous silicas from LLCs with direct templates.'”l This
approach!¥ is quite different from the template mecha-
nism that takes place by a cooperative process that utilizes
the interaction between inorganic ions and surfactants in the
surfactant solution at low concentrations.'*"! In the direct-
template approach from LLCs, the hydrolysis and polycon-
densation of silica precursors (e.g., 2-trimethylsilylethoxycar-
bonyl, TEOS) are conducted in a confined aqueous LLC
domain. The resulting mesostructure is truly the cast of the
original architecture of the LLC used. The phase diagram of
the surfactant +silica+ water system at high surfactant con-
centration is similar to the known phase diagram of surfac-
tant +water."""”! Therefore, this direct-template approach
brings an element of predictability to the synthesis of meso-
porous materials

The most significant advantage of the LLC direct-tem-
plate method is that it can be used to produce mesoporous/
mesostructured metals and alloys. In 1997, Attard et al. re-
ported mesoporous Pt microparticles from LLCs: the first
true formation of a mesoporous metal.™ The LLC mixtures
were prepared by dissolving hydrogen hexachloroplatinate-
(IV) hydrate (H,PtCly) in water and mixing it with the non-
ionic surfactant C;4(EO)s (EO =ethylene oxide). For Pt dep-
osition, reducing agents were added to the LLCs. After the
removal of the templates, mesoporous Pt microparticles
with high surface areas were obtained.

A greater discovery, also reported in 1997, was that meso-
porous Pt films could be produced by electrodeposition
from LLCs."™ The resulting mesoporous Pt films are me-
chanically robust, remarkably flat, and shiny in appearance.
Furthermore, they have large surface areas relative to those
of commercial Pt black deposited from conventional electro-
plating baths. Moreover, the mesochannels stand out, on
average, at an angle of 20° with respect to the normal plane
of the electrode surface. In some domains, the mesochannels
are completely perpendicular. (For comparison, in mesopo-
rous silica films prepared by the evaporation-induced self-
assembly process,'¥ all mesochannels run parallel to the
substrates.) The driving force of this alignment may be the
electric field created during the electrodeposition process,
but further clarification is needed. The presence of perpen-
dicular mesoporosity in mesoporous Pt films is desirable be-
cause such a pore configuration should increase the accessi-
bility and enhance the efficiency of mass transport.

Both chemical and electrochemical methods can be ap-
plied to the LLC direct-template approach. In the electro-
chemical method, the thickness of the films can be directly
controlled through the amount of charge passed to carry out
the deposition.

3.2. Developments in Mesoporous Metals

Since the discovery of mesoporous Pt particles and films in
1997 (see Section 3.1),'1 many researchers have been work-
ing to extend this concept to other metals."”! The LLC
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direct-template approach is widely applicable to the produc-
tion of a range of metals (Figures 4 and 5). We believe that
LLCs made of surfactants are more versatile and therefore

Figure 4. TEM images of mesoporous metals and lamellar Pt nanostruc-
tures. a) Mesoporous Ni particles. Reprinted with permission from refer-
ence [36a]. (Copyright The Chemical Society of Japan, 2004.) b) Mesopo-
rous Sn film. Reprinted with permission from reference [28a]. (Copyright
Royal Society of Chemistry, 1999.) c¢) Mesoporous Ni film. Reprinted
with permission from reference [20]. (Copyright American Chemical So-
ciety, 2004.) d) Mesoporous Pd film. Reprinted with permission from ref-
erence [24a]. (Copyright Royal Society of Chemistry, 2002.) e) Lamellar
Pt nanostructures. Reprinted with permission from reference [30]. (Copy-
right The Chemical Society of Japan, 2004.) Mesoporous metal films
except the mesoporous Ni particles in a) were electrodeposited from
LLC, including the corresponding metal ions. The particles in a) were
synthesized by an electroless deposition method with reducing agents.

more advantageous as a soft template than as a hard tem-
plate such as mesoporous silica. It is possible to produce
mesoporous metals with lamellar (Figure 4¢),*” 2D hexago-
nal (p6mm), 3D cubic (la3d), and other mesostructures by
simply controlling the composition of the reaction baths. For
example, if an LLC mesophase used as the template has a
2D hexagonal structure, the deposited material would have
a mesoporous structure with 2D hexagonal symmetry. The
same concept can also be applied to other phases, such as
the cubic (a3d) and lamellar phases. The mesopore diame-
ters can be easily controlled by the choice of surfactant and
the addition of lipophilic substances. Other metal-based
nanostructures, such as nanotubes,?! nanorods,”? nano-
sheets/plates,* and nanoparticles,*" have been designed by
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Figure 5. Part of the periodic table showing the mesoporous metals and
alloys prepared in the presence of LLCs, as indicated by the circles. The
nonmetal Se is included in the table. Se can be readily obtained from
LLC template by an electrodeposition method. Reference numbers are
given in square brackets. Green =metals, blue =semimetals, brown =non-
metals, *=codeposition with other metals such as Ni and Cd.

modifying the LLCs. Kijima et al. reported the unique syn-
thesis of Pt, Pd, and Ag nanotubes, with inner diameters of
3-4 nm and outer diameters of 6-7 nm, by chemical reduc-
tion of the corresponding metal salts in the presence of
mixed LLCs made of differently sized surfactants of
C,(EO), and tween 60 (polyethylene glycol sorbitan mono-
stearate).”"]

Figure 5 shows part of the periodic table highlighting the
elements known (or claimed) to be deposited by an electro-
deposition method with an external power source in the ab-
sence of LLCs. The LLC template method is basically appli-
cable to a wide range of metals that are generally known to
be deposited. However, from previous reports, it can be
seen that metals from some groups (e.g., Group 10; indicat-
ed by circles in Figure 5) can be readily formed from a tem-
plate, whereas no successful attempts have been reported
for several metals of other groups. Moreover, there have
been few reports of successful work on mesoporous metals
with a high degree of order.

The following important points should be noted for the
production of highly ordered mesoporous metals: 1) the sta-
bility of the mesophases in the presence of metal ions con-
fined in the aqueous LLC domain (i.e., the formation of
highly ordered LLCs), and 2) the reduction process of metal
salts in the aqueous domain.

3.2.1. Stability of LLC Mesophases

In LLC mesophases, dissolved metal ions are coordinated
by water molecules to form metal aqua complexes.”™ Hy-
drogen bonds between the EO groups of surfactants and co-
ordinated water molecules are formed, which results in the
stabilization of the metal aqua complexes in the LLC.
The interactions between the EO groups of the surfactants
and the solvated metal ions vary with the nature of the
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metal ions and the counteranions in the aqueous domain,
which has an influence on the stability and structure of vari-
ous LLC mesophases.* For example, Dag et al. investigat-
ed the stability of LLCs consisting of transition-metal aqua
complexes and C,(EO),,-type nonionic surfactants.*>! In this
system, the transition-metal aqua complexes of chlorides
and sulfates were insoluble and did not form LLCs. On the
other hand, the transition-metal aqua complexes of nitrates
and perchlorates were soluble and formed 2D and 3D hex-
agonal and cubic mesophases. Phase transformations were
carried out by changing the mole ratios of the surfactants
and transition-metal aqua complexes. Therefore, the appro-
priate selection and concentration of metal salts play a key
role in the preparation of highly ordered LLCs.

3.2.2. Reduction of Metal Salts

The deposition rate is also an important parameter in ach-
ieving mesoporous metals of the highest quality. We previ-
ously reported the formation of highly ordered mesoporous
Ni particles by applying autocatalytic deposition under con-
trolled bath conditions.’® When only SBH (sodium borohy-
dride) was used as a reducing agent, a large number of met-
allic nuclei immediately formed, and a disordered mesopo-
rous structure was obtained. The grain growth was probably
insufficient to coat the rodlike self-assemblies in the LLCs.
On the other hand, when DMAB (dimethylaminoborane)
was used as a reducing agent, the deposition speed was
lower than that with SBH. The isotropic metal deposition
due to the autocatalytic reaction led to the formation of
spherical Ni particles, which also led to the formation of the
ordered mesostructure. Thus, in the electroless deposition
system, the deposition rate can be controlled by reducing
agents. Through direct TEM observations of highly ordered
mesoporous Ni metals, it was clarified that the arrangements
of rodlike self-assemblies in LLCs indeed work as a scaffold
to direct the grain growth of Ni (Figure 4a).*! The Ni mes-
ostructures have macroscopic alignments derived from those
of the LLCs.”* Similarly, in the electrodeposition method, a
slow deposition controlled by the potential was appropriate.
Attard and co-workers also demonstrated the effect of the
deposition rate on the ordering of a mesoporous structure.””)
Mesoporous Pt films were deposited over the potential
range +0.1 to —0.3 V (vs. saturated calomel electrode, SCE)
by using the electrodeposition method. When films were de-
posited at —0.1 V versus SCE and above, their XRD pat-
terns exhibited a sharp diffraction peak corresponding to a
repeat distance of 5.3 nm. However, as the deposition poten-
tials were decreased (i.e., as the deposition speeds were in-
creased), the order of the mesoporous structures was gradu-
ally lowered.

3.2.3. Additional Points

All mesoporous metals except noble metals (e.g., Pt, Ru,
and Au) are easily oxidized in air. For example, the metal
surfaces of mesoporous Ni (Figure 4a) by electroless deposi-
tion are easily oxidized in air, which causes the ordered mes-
ostructures to collapse. Therefore, dehydrated solvents such
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as ethanol should be used during the removal of the tem-
plates. It is desirable that all experimental procedures be
carried out under inert atmosphere for the retention of
highly ordered mesoporous structures. Moreover, the ther-
mal stability of mesoporous metals is quite low relative to
that of mesoporous silica. In the case of Pt particles, when
samples were irradiated by electron beams for more than
10 min, the metal crystals gradually grew, thus resulting in
ordered mesoporous structures being destroyed to form
bulk metal with a single-crystalline state. Therefore, during
TEM observations, the above points should be carefully
considered.

Even non-oxide semiconductors (e.g., CdS)P® and non-
metals (e.g., Se,! Tel*) have been prepared by the direct-
template approach with oligomeric nonionic surfactants.
Stupp and co-workers prepared mesostructured sulfides for
the first time by using hydrogen sulfide or hydrogen selenide
gas.”® The LLCs were prepared with the addition of appro-
priate metal ions such as Cd**. The reaction gas (hydrogen
sulfide or hydrogen selenide) was then passed into the LLCs
to form mesostructured organic-inorganic composites. A
family of mesostructured solids, including CdS, ZnS, and
CdSe, was successfully prepared. On the other hand, for
Ag,S, CuS, HgS, and PbS, mesoscopic periodicity could not
be formed due to unmatched interactions between the metal
ions or corresponding sulfide nanoparticles and the surfac-
tants, which demonstrates the importance of choosing ap-
propriate inorganic precursors.

3.3. Microstructures of Mesoporous Metals

LLCs with high viscosity form the confined reaction
medium for metal deposition. The LLC template is a soft
template, and the environment for nanoscale metal deposi-
tion is very different from that inside the 1D mesochannels
of mesoporous silica. This metal deposition has a positive—
negative relation with 1D metal deposition along the meso-
channels of mesoporous silica (Figure 1).

We previously clarified that the frameworks of mesopo-
rous metals are composed of nanoparticles, and that the
morphology does not show a smooth surface.*!! For exam-
ple, 2D hexagonally ordered mesoporous Pt particles were
prepared by Pt deposition in the aqueous domains of LLC
by chemical reduction with Zn powder. Interestingly, the
framework is composed of connected nanoparticles about
3 nm in size (Figure 6a and b). Moreover, the lattice fringes
on the atomic crystallinity are coherently extended over sev-
eral nanoparticles in the framework. The formation of such
a unique framework can be reasonably explained by the fol-
lowing suggested mechanism (Figure 6¢).*! In the first step,
a primary cluster of metal atoms is formed by the first re-
duction. The aqueous domain among the rodlike self-assem-
blies is the nanoscale reaction medium for the metal deposi-
tion. In the second step, in the aqueous domain, the primary
Pt cluster grows isotropically into a sphere to minimize the
surface energy of the Pt grain. After that, the isotropic grain
growth is hindered by the 2D hexagonally ordered rods to
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Figure 6. a—c) SEM images of mesoporous Pt particles. b) High-magnifi-
cation image of the square area in a). c) Suggested mechanism of forma-
tion of the nanoparticles connected like a necklace. Reprinted with per-
mission from reference [41]. (Copyright American Chemical Society,
2005.) d) EDX map of mesoporous Pt/Ru alloy particles. Reprinted with
permission from reference [45¢]. (Copyright American Chemical Society,
2007.)

produce stress against the rods, which are slightly distorted
and undergo a plastic deformation. The nanoparticles grown
would fit and be stabilized among the rods. As the Pt depo-
sition proceeds, the isotropic growth of the second nanopar-
ticle starts from the next primary nucleus formed by the
transferred electrons. Consequently, the continuous deposi-
tion of Pt nanoparticles from one nanoparticle makes a
unique framework composed of connected nanoparticles
with extended crystallinity (Figure 6¢), which is not attaina-
ble by the traditional approach of using mesoporous silica as
a hard template.

Accurate structural information on mesoporous metals
contributes to the development of mesoporous metals with
superior physical and chemical properties. Recently, Sara-
mat etal. reported that a mesoporous Pt/Al,O; catalyst
showed an ignition profile for CO oxidation at lower tem-
peratures than Pt black or wet-impregnated Pt.”’¢! This may
be related to the differences in the surface curvature of
Pt.[2%]

Alloying in frameworks is another key element for the
further development of novel mesoporous metals with tuna-
ble functions. There have been a few reports on the forma-
tion of mesoporous alloys>“! such as Pt/Pd,*? Te/Cd,* Ni/
Co,™ Pt/Ru,™® and Pt/Ni®! by the co-reduction of two
metal species in the presence of LLCs. By simply controlling
the bath conditions, the composition of the metal framework
can be varied. The excellent control of the composition of
the framework is of considerable importance in terms of the
functional design of mesoporous alloys.

In the cases of mesoporous Pt/Pd,*? Te/Cd,*! and Ni/
Co,™ it has been considered that nanoscale phase separa-
tion of the constituent metals occurs in the pore wall. In

contrast, the pore walls of mesoporous Pt/Ru®! and Pt/Nil*’]
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are in a binary intermetallic state; that is, there is a uniform
dispersion of the constituent metals. In the case of mesopo-
rous Pt/Ru, the intermetallic state was proven through high-
angle XRD and extended X-ray absorption fine structure
(EXAFS) analysis by Attard et al.****! Recently, we charac-
terized directly the intermetallic state of mesoporous Pt/
Rul®**! and Pt/Nil*! by TEM, selected-area electron diffrac-
tion (SAED), energy-dispersive X-ray (EDX) spectroscopy,
and X-ray photoelectron spectroscopy (XPS). Figure 6d
shows the EDX map of the mesoporous Pt/Ru alloy parti-
cles. The dark-field (DF) STEM image completely corre-
sponds to the EDX maps of Pt and Ru. The Pt and Ru
atoms are well-dispersed within the pore walls, and no phase
separations on the nanometer scale are observed. The EDX
map shown here is the first direct evidence that the pore
wall is in a binary intermetallic state with a uniform disper-
sion of the constituent metals. In particular, Pt-based inter-
metallic alloys such as Pt/Ni and Pt/Ru have recently at-
tracted great interest as candidates for electrode materials
for oxygen-reduction reactions (ORRs). The improvement
in the ORR can be explained by several factors, including
surface structural and electronic states. The electronic states
of the surface of the mesoporous alloys are very important
for a detailed investigation of ORR. In the case of mesopo-
rous Pt/Ni alloys, the Pt 4f,, and 4{;,, signals were observed
at 71.0 and 74.5 eV, respectively.*"! These values are very
close to those for bulk Pt metal, which suggests that Pt is
present in the zero-valent state. On the other hand, the top
of the Ni 2p peak is located at a binding energy of 852 eV,
which corresponds to Ni’. Importantly, in mesoporous Pt/Ni
alloys, Ni is thought to be in the zero-valent metallic state,
even though it is well-known that bulk Ni is easily oxidized
in the atmosphere. Similarly, Ru on the surface of mesopo-
rous Pt/Ru alloy is basically present in the zero-valent state,
although nanosized Ru is also easily oxidized in air.***! Fur-
ther studies on this point are required to understand the
electronic states more deeply. Mesoporous Pt-based alloys
with both high specific surface areas and a uniform distribu-
tion of metals will have an impact in a wide range of fields.

A deeper understanding of the alloy state in the pore wall
is of considerable importance for the application of mesopo-
rous alloys. It will also provide new insight into the bath
conditions governing the grain growth of alloy deposition
within the limited spaces of LLCs.

3.4. Newly Designed Electrode Materials

The successful fabrication of mesoporous metals on the mi-
crometer scale should lead to the production of more-ad-
vanced functional nanoscale devices (e.g., highly sensitive
microchip reactors, miniaturized sensors, and microelectron-
ic devices) on the miniature scale. However, the use of gen-
eral LLCs has been limited to the production of planar films
and particles because LLCs cannot be uniformly introduced
into a confined space on the micrometer scale owing to
their very high viscosities, which makes the application of
this method in a nanomaterials system impossible.
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We proposed a convenient, novel pathway, EDIT (evapo-
ration-mediated direct template), for the fabrication of mes-
oporous metals in a very confined area (Figure 7a).*”) The

a)

Precursor solution

* Metal species 21/~ 1.

* Water

* Surfactant
+

Ethanol evaporation
— Formation of LLC

© Ethanol iV % L ¥ ' F [

Direct template \'—’

Figure 7. a) Synthesis of mesoporous metals by the EDIT method.
b) SEM images of mesoporous Pt film inside the microchannels. The
highly magnified SEM image is of the mesoporous Pt layer inside the mi-
crochannels. ¢c) TEM image of nanogroove-networked Pt nanosheets on
carbon support. Reprinted with permission from reference [50]. (Copy-
right John Wiley & Sons, Inc., 2007.)

EDIT process involves two basic steps: 1) the formation of
the LLC template by solvent evaporation, and 2) the reduc-
tion of the metal species in the presence of the LLC. For ex-
ample, the successful deposition of highly ordered mesopo-
rous Pt inside a micrometer channel is shown in Figure 7b.
A precursor solution as an LLC former was prepared by
mixing distilled water, surfactant, Pt species, and ethanol as
a volatile solvent. The precursor solution was a homogene-
ous yellow solution with low viscosity. At this stage, the vis-
cosity of the precursor solution became low relative to those
of general LLC template mixtures used in the previous
system. Therefore, the precursor solution can be introduced
efficiently into the channels due to capillary force. After the
volatile solvent was preferentially evaporated, the LLCs, in-
cluding the Pt complexes, were formed entirely inside the
channel. By the Pt-electrodeposition process in the presence
of LLCs, mesostructured Pt can be deposited only inside the
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channels. The use of a lithography technique enables meso-
porous Pt to be selectively deposited only in a particular
channel. Moreover, well-ordered Pt thin films with a macro-
meso bimodal pore system were prepared by combining the
EDIT method with a colloidal crystal-template process.*’

The EDIT process is fundamentally different from the
conventional evaporation-induced self-assembly (EISA)
method utilized for the formation of mesoporous films (e.g.,
silica).'"**! In the EDIT system, a homogeneous precursor
solution is initially prepared, and then preferential evapora-
tion of ethanol accelerates to form LLC mesophases. During
LLC formation, no reactions among metal species are car-
ried out; that is, these species are stabilized in the aqueous
LLC domain. In contrast, in the EISA system, the polymeri-
zation of inorganic species occurs simultaneously during sol-
vent evaporation, in which various interactions between the
inorganic species and surfactants are inevitable. Therefore,
several types of phase transformations of mesoporous struc-
tures have often been observed in the films, depending on
the experimental conditions.* In the EDIT system, the
final LLC mesophases after preferential evaporation of eth-
anol can be directly predicted by a phase diagram of ternary
composition (surfactant+water+metal species) independ-
ent of the amount of ethanol solvent, which does not strong-
ly influence the final structure of the LLC mesophase. In
the direct-template approach from LLCs, it is possible to
predict the final structures after metal deposition from the
original LLC mesophases. The LLC mesophases act as true
templates; that is, the final materials are formed through the
direct-template process by the LLC formed through solvent
evaporation. Consequently, the EDIT system is quite differ-
ent from the conventional EISA system. This concept has
also been applied in the explanation of the synthesis of mes-
oporous carbon materials from soluble phenolic resin and
triblock copolymers.[*1 The self-assembly of triblock co-
polymers is induced by solvent evaporation. At this stage,
the triblock copolymers are assembled together with phenol-
ic resin, and condensation of the latter does not occur. The
polymerization is only carried out in the subsequent thermo-
polymerization process.

Recently, two research groups reported the application of
the EDIT system. Edler and co-workers applied the method
to a mixed nonionic—anionic surfactant system to make mes-
oporous silver film.*l As described above, this system was
developed by Kijima et al.® The used precursor solution
consists of a nonionic surfactant (polyethylene glycol octa-
decyl ether, Brij76), an anionic surfactant (sodium dodecyl
sulfate, SDS), ethanol, water, and silver nitrate. This precur-
sor solution was dip-coated onto glass slides. As the ethanol
was preferentially evaporated, the concentration of the
mixed surfactants was increased to form an LLC film on the
substrate. After that, the silver ions in the film were photo-
chemically reduced by exposure to ambient light or chemi-
cally reduced by formaldehyde gas. In the case of photo-
chemical reduction, ordered 2D hexagonal mesoporous
silver films were obtained. This unique photochemical-re-
duction method of synthesizing mesoporous metal films
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allows the low-cost and rapid fabrication of novel catalysts,
sensors, and surface coatings for nonconductive substrates,
electrodes for fuel cells, and so on. However, the XRD pat-
terns and TEM images are not well-resolved. More and
more intensive structural characterization with electron mi-
croscopic techniques is required to detect the formation of
2D hexagonal mesostructures. The surface area of the films
obtained should also be investigated by using gas adsorp-
tion—desorption measurements or electrochemical analysis.

Recently, Sakai, Kijima, and co-workers reported the for-
mation of nanogroove-network Pt nanosheets on a carbon
support through a solvent-evaporation process (Fig-
ure 7¢).”"! Carbon powder was added to a precursor solution
of Pt salts, surfactants, and water. Excess water was then
evaporated to make LLCs. The concept is very similar to
that of the EDIT method, although ethanol was not includ-
ed in the precursor solution. An aqueous solution of SBH
was added to the resulting LLCs to deposit Pt, and the
nanogrooved Pt nanostructures were successfully loaded
onto carbon particles (Figure 7c¢). The carbon-supported
nanogroove-network-structured Pt exhibited fairly high elec-
trocatalytic activity for the ORR. The new material is prom-
ising as a high-performance cathode catalyst for polymer
electrolyte fuel cells (PEFCs).

We strongly believe that this convenient, novel pathway
through solvent evaporation is very important for the rapid
production of functional nanoscale devices and novel nano-
materials that utilize mesoporous metals. Another advant-
age of this method is that the LLC template mixture can be
formed directly from a precursor solution without the heat-
ing—aging processes commonly used in the general synthesis
of mesoporous metals. The entire synthetic procedure is
simple and can be extended to various mesoporous alloys by
using precursor solutions, including mixed metal ions.

4. Other Processes

In this section, other approaches to highly nanoporous
metals are briefly summarized. Stucky and co-workers pre-
pared mesoporous ZnOP and Pt thin films by an elec-
trodeposition method by utilizing potential-controlled sur-
factant assemblies. The Pt thin film obtained had a 2D hex-
agonal ordered mesostructure, although the mesoscopic pe-
riodicity was relatively low. The TEM image shows that the
estimated pore size and wall thickness were both about
4 nm, which coincide with the diameters of the cylinder as-
semblies of the surfactants used.

Several nanostructured matrices have been utilized as
hard templates. Ordered macroporous materials have been
prepared by colloidal crystal templates, as first demonstrat-
ed by Velev et al. in 1997.°%1 Such colloidal crystals are con-
structed by the well-ordered assembly of spherical particles,
and spherical particles from 50 nm to microns in size are
generally used.? By utilizing electrochemical processes,
metal-based macroporous materials can be obtained, and
arrays of interconnected spherical voids with uniform diam-
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eters are formed.”” The diameters of the voids can be con-
trolled by choosing the diameters of the spherical particles
used to make the colloidal crystal templates; however, as
the spherical particles decrease in size, it becomes more dif-
ficult to make ordered colloidal crystal templates, which
leads to a decrease in the order of the arrays of the voids in
the final materials.

Anodic porous aluminal™! has also been used as a hard
template. Masuda and co-workers reported that highly or-
dered metal nanohole arrays (e.g., Pt, Au) were fabricated
by the two-step replication of the honeycomb structure of
anodic porous alumina.’’! Preparation of the negative
porous structure of porous alumina followed by formation
of the positive structure with metal resulted in a metallic
honeycomb structure. The metal nanohole arrays of the film
had a uniform, closely packed honeycomb structure approxi-
mately 70 nm in diameter and 1-3 um thick. Because of its
textured surface, the metal nanohole arrays of gold showed
a notable color change relative to bulk gold.

Wakayama and Fukushima synthesized nanoporous Pt
and Pt/Ru fibers replicated from activated carbon through
the nanoscale-casting process with supercritical fluids.”"
This process easily allows the impregnation of the precursor
molecules into micropores of less than 1 nm without con-
densation into the liquid phase. The morphology of the
fibers obtained is exactly the same as that of the activated
carbon and can be easily controlled by the choice of the
shape of activated carbon. The Brunauer—-Emmett-Teller
(BET) surface area of the Pt obtained is 47 m?g,”! which is
larger than that found for platinum black (20-30 m*g™') by
N,-adsorption measurements.

Hanada et al. developed a new way of making nanopores
in bulk metals and alloys.””! First, numerous thermal vacan-
cies are frozen into ordered bulk alloys (e.g., FeAl) by a
conventional rapid-solidification process. Through con-
trolled heat treatment at high temperatures, the clustering
of the supersaturated vacancies generates a large number of
nanopores (10-100 nm) near the surfaces. Nanoporous surfa-
ces can be clearly visualized by SEM and AFM. Interesting-
ly, these generated nanopores have pore surfaces aligned
along the {100} crystallographic plane.

Dealloying is another method of making nanopores. First,
an Au/Ag phase is chemically driven to aggregate into 2D
clusters by a phase-separation process (i.e., spinodal decom-
position).’® Then, nanoporous Au film can be prepared by
the selective dissolution of the electrochemically active ele-
ment (Ag).

5. Potential Applications and Outlook

The synthesis of metal-based nanoarchitectured materials is
currently an active research area owing to potential applica-
tions in such diverse areas as electrochemistry, electronics,
magnetics, optics, photonics, and catalysis. Many types of
metal-based nanomaterials, including mesoporous metals,
nanoparticles, nanowires, and nanosheets, can now be ra-
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tionally designed, and further applications for mesoporous
metals and alloys can be expected.

With current environmental issues and the demand for
more-efficient power supplies, the development of fuel cells
is accelerating. Direct methanol fuel cells (DMFCs) can
generate electricity directly from methanol and water at low
temperatures without reforming the fuel into hydrogen.”
The activity of the catalyst increases with increasing specific
surface area because the chemical reaction of the fuel cell
takes place on the surface of the catalyst layer. Mesoporous
Pt with a high surface area shows high activity in O, reduc-
tion, which points toward the evolution of a novel class of
efficient fuel-cell electrocatalysts.”! Mesoporous Pt/Ru
alloys are more active than mesoporous Pt in CH;OH oxida-
tion.™ Evans et al. reported that mesoporous Pt showed
excellent amperometric sensing for the detection of hydro-
gen peroxides over a wide range of concentrations.?” Imo-
kawa et al. used mesoporous Pd for pH sensing. The meso-
porous Pd exhibited a stable and reproducible response over
a wide pH range owing to the highly active surface area.[**

The above systems, however, utilize only high surface
area. Other structural characteristics (e.g., uniformly sized
mesopores and their periodic arrangement) are not efficient-
ly utilized. Therefore, researchers should reconsider whether
highly ordered mesoporous metals are truly necessary and
whether disordered mesoporous metals with high surface
areas can be used as substitutes. To make this point clear,
reference samples (e.g., Pt black and Raney Ni) should be
compared with mesoporous metals, and highly ordered mes-
oporous metals should be compared with disordered meso-
porous metals. Nie and Elliott reported that well-ordered
mesoporous Pt microelectrodes showed improved electroca-
talytic properties for oxygen reduction relative to disordered
mesoporous Pt microelectrodes.”1 However, the relation-
ship between the order of the mesostructures and their elec-
trocatalytic behavior is still unclear.’”! Further research in
this area is required. Moreover, researchers should find new
applications in which all the structural characteristics of the
mesoporous metals are required.

Recently, new-concept p-DMFCs have come into demand
for cellular phones, laptop computers, and portable cameras.
Miniature fuel cells are also sought after as implantable mi-
cropower sources for medical devices such as shunt pumps
for cerebrospinal fluid and microinsulin pumps.”’! For these
applications, it is desirable to prepare mesoporous metals in
the form of thin films in a very confined area. Recently, an
innovative EDIT method (see Section 3.4) was developed
for the fabrication of highly ordered mesoporous metals in a
very confined area. This approach allows easy control over
the location, composition, thickness, and mesoporous struc-
ture of a particular device, thus making it possible to design
and fabricate new u-DMFCs. The microscale design of mes-
oporous metals should contribute greatly to future applica-
tions such as microsensors, microbioactive materials, and
miniaturized devices.

The development of new LLCs is vital for the evolution
of new mesostructures. The LLCs generally used consist of
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short oligomeric C,(EO),,-type surfactants. If large block co-
polymers are used to make LLC mesophases, mesoporous
metals with large mesopores could be designed. The sizes of
the mesopores would be easily controlled over a wide range,
from a few nanometers to 50 nm, by simply choosing the ap-
propriate template. Applications for energy storage would
benefit from optimized nanostructures, compositions, and
conduction pathways. With great progress being made in
mesostructured materials, there are fascinating new opportu-
nities for inorganic and materials chemists, who should
remain very active in this field.
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Abstract: Positively charged a-chymo-
trypsin (ChT) formed a 1:1 complex
with negatively charged 5,10,15,20-tet-
rakis(4-sulfonatophenyl)porphyrinato

iron(III) (FeTPPS) in phosphate buffer
at pH 7.4 through electrostatic interac-
tion. In spite of the large binding con-
stant (K=4.8x10°m™"), FeTPPS could
not completely inhibit the catalysis of
ChT in the hydrolysis of the model sub-
strate, N-succinyl-L-phenylalanine p-ni-
troanilide (SPNA). The degree of in-

on the protein surface was detached by
per-O-methylated B-cyclodextrin
(TMe-B-CD), which formed a stable
1:2 inclusion complex with FeTPPS
(K;=126x10°m7", K,=63x10*M™").
FeTPPS gradually induced irreversible
denaturation of ChT, and the dena-
tured ChT further lost its catalytic abil-
ity. No repairing effect of TMe-p-CD
was observed with irreversibly dena-
tured ChT. A new reversible inhibitor,
5,10,15,20-tetrakis[4-(3,5-dicarboxy-
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iron(IIT) (FeP8M), was then designed,
and its inhibitory behavior was exam-
ined. FePSM formed very stable 1:1
and 1:2 FePS8M/ChT complexes with
ChT, the K, and K, values being 2.0x
10° and 1.0x10°m~', respectively.
FeP8M effectively inhibited the ChT-
catalyzed hydrolysis of SPNA (maxi-
mum degree of inhibition=285%), and
the activity of ChT was recovered by
per-O-methylated y-cyclodextrin. No ir-
reversible denaturation of ChT oc-

hibition (60%) was saturated at
1.6 equivalents of FeTPPS, which indi-
cates that covering of the active site of
ChT by FeTPPS was insufficient. The
enzymatic activity lowered by FeTPPS
was entirely recovered for the freshly

. chemistry
prepared sample when the porphyrin

Introduction

a-Chymotrypsin (ChT) is a serine protease (M,=25000,
pI=8.7)11 whose crystal structure has been examined in
detail.”! ChT has a hydrophobic pocket as the active site,
which is surrounded by cationic residues such as arginine
(Arg) and lysine (Lys) (Figure 1). The positive amino acid
residues are located on the circumference of a circle with a
diameter of 3.7 nm, whose center is the active site of the
enzyme. As the cationic and, hence, hydrophilic residues in
the protein are exposed to the aqueous bulk phase, ChT can
bind various artificial, anionic effectors to lead to an altera-
tion of enzymatic activity. Hamilton and co-workers found a
distinct inhibition effect of an octa-anionic calixarene bound
to cationic ChT through complementary Coulomb interac-
tions.”! A similar effect was realized by gold nanoparticles
fabricated by anionic carboxylates,!! anionic micelles,” an
anionic polymer,” and anionic dendrimers.”’” These inhibi-
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Keywords: cyclodextrins -
static interactions - enzyme catal-
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curred upon binding with FeP8M. The
kinetic data support the observation
that, for nonincubated samples, both
inhibitors did not cause significant con-
formational change in ChT and inhibit-
ed the ChT activity by covering the
active site of the enzyme.

electro-

tors showed high abilities in binding to ChT (K=10°-
10’m™") and strong inhibition effects (the degrees of inhibi-
tion were over 90 % ). The idea of the utilization of Coulomb

FeTPPS

FeP8M

Figure 1. X-ray structure of ChT (PDB 4CHA) and relative sizes of
a) FeTPPS and b) FeP8M. Blue and red represent the basic (Arg and
Lys) and acidic amino acid residues (Asp and Glu), respectively.
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interactions for protein recognition by small, multivalent
anionic molecules was first presented by Clark-Ferris and
Fisher®™ and was developed by Hamilton and co-workers.[%
From the viewpoint of the “regulation” of enzymatic activi-
ty, it is desirable to recover the catalysis of an enzyme inhib-
ited by an effector by an appropriate repairing agent. The
addition of a large amount of inorganic salt that weakens
the Coulomb interaction between the enzyme and the inhib-
itor is one of the applicable methods for this purpose./*d¢7!
However, a high concentration of inorganic salt alters the
structure of the enzyme, which leads to a change in the en-
zymatic activity™! and to difficulty in understanding the re-
sults. Another method is the detachment of the anionic ef-
fector by using a cationic amphiphile.*”! However, certain
cationic additives tend to enhance the enzymatic activity of
ChT,>'? which leads to the same problem as the inorganic
salts. Electronically neutral repairing agents are preferable
for fundamental studies on the regulation of ChT catalysis
and for use in vivo. Although such a requirement is simple,
no example has been reported with a nonionic and less toxic
repairing agent. We applied the ChT-catalyzed hydrolysis of
N-succinyl-L-phenylalanine p-nitroanilide (SPNA) as a
model reaction and invented a new method for regulating
the protein functionality by using anionic water-soluble tet-
raphenylporphyrins as the inhibitors and per-O-methylated
cyclodextrins as the nonionic and less toxic repairing agents.
At first, 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato
iron(III) (FeTPPS) was used as the inhibitor, in which the
longest distance between the carboxylate groups (1.9 nm) is
much shorter than the diameter of the circle that encom-
passes the cationic amino acid residues of ChT on its circum-

Abstract in Japanese:

HFANED o-FE F T (ChT) 1% pH 7.4 D VU U FEFEREIIRIR
LT =4 % @ 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato
iron(1ll) (FeTPPS) & &M A/ERIZL D, LwE72 101 $5RE AL
Ve REDEETE K=48x10°M) LB, TFAET
T % N-succinyl-L-phenylalanine p-nitroanilide (SPNA) 017K 53 fEIZ
®9 % ChT O E % ST HE L7, BLESR (60 %)
I 1.6 HED FeTPPS ORINMCEVfIL, ZdDZ & XD FeTPPS
X ChT OiFMSEERicBhR b oL Bbivl, EREHROR
BHIA LTI, FeTPPS & 1:2 @A (K, =126 x 10°M™, K, = 6.3
x 10* MY BT D 8— 0-AF N B-vruaFxA b)) v
(TMe-B-CD) Z I 5 = L2k » T, FeTPPS % ChT KM HF
BENDHIT, ChT O MILFERICBIE L7, FeTPPS 1%
Brx\Z ChT ORAIFHRY 2B AFHE L, ChT O & L72 AIEMHE
H7o6 Lz, BELA ChT 2% LTk, TMe-B-CD D [RITER)H:
BREBO LN oT, £ T, Fz2BEXTHS 5,10,15,20-
tetrakis[4-(3,5-dicarboxyphenylmethoxy)phenyl]porphyrinato iron(IIT)
(FeP8M) & 73 Fiet L, £ OHEDRE ML 77, FeP8M (X ChT
LIEFICEER 111 BL U 1:2 FePSM/ChT $8{kZTER L. K, B4
VR IEENFR20x 108 BXT1.0x 10" TH-77, FeP8M it
SPNA @ ChT AN G % R L < PAE L (R AHESR=
85 %). ChT OAMBLIEMEIL/ S~ O-AF b -7 uaFxF A NY
DI L » TEE L7, FeP8M (X ChT DORA[iH 2 ZEM 45
L) o7, BEROMERG., RAKZRREHI YWk, mHE
Al&H ChT OREpESMLEFI & Z &9, ot ar —
HEO Z LIk, ChT OEMERET D LI e KR LT,
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ference (Figure 1). However, FeTPPS is a promising effector
because this porphyrin is known to interact strongly with
neutral heptakis(2,3,6-tri-O-methyl)-f-cyclodextrin (TMe-f3-
CD).I®1 TMe-B-CD was expected to be a repairing agent
that detaches FeTPPS from the protein surface. 5,10,15,20-
Tetrakis[4-(3,5-dicarboxyphenylmethoxy)phenyl]porphyrina-
to iron(III) (FeP8M) is another inhibitor; the distance be-
tween the opposite carboxylate groups (2.8 nm) is longer
than that of FeTPPS (Figure 1). FeP8M was expected to
bind to ChT more strongly than FeTPPS. The results indi-
cate that the present methodology is principally useful for
the regulation of ChT catalysis, although a more precise mo-
lecular design is necessary for use in vivo.

Results and Discussion
Interactions between ChT and Metalloporphyrins

The binding constant (K) for the complexation of ChT with
FeTPPS was determined in 5x107°m phosphate buffer at
pH74 and 25°C by a UV/Vis-spectroscopic-titration
method. The regular spectral changes of FeTPPS with isos-
bestic points were recorded upon the addition of ChT (see
Supporting Information). FeTPPS exists in diaqua form
((H,0O),FeTPPS) at low pH. The diaqua complex dissociates
into a monohydroxo complex ((OH™)FeTPPS) that immedi-
ately changes to the p-oxo dimer as the pH increases.™™ The
pK, value of FeTPPS for the equilibrium between
(H,0),FeTPPS and the p-oxo dimer was determined to be
7.6 in 5x107°mM aqueous NaClO,. The analysis of the titra-
tion curve with a theoretical equation for the 1:1 complexa-
tion provided a K value of (4.840.3)x10°m~". The continu-
ous-variation method also supports the formation of the 1:1
FeTPPS/ChT complex. The p-oxo dimer, which coexists
with (H,O),FeTPPS, dissociates into the monomer as
(H,0),FeTPPS binds to ChT. Table 1 shows the effect of

Table 1. Effect of buffer concentration on binding constant for the com-
plexation of Fe"'TPPS with ChT and binding constants for the complexa-
tion of Zn"TPPS and Mn"'TPPS with ChT at 25°C.

Porphyrin [Phosphate buffer] [m] K[m]

Fe'"TPPS 5%107° 4.8x10°
Fe'"TPPS 1x1072 22x10°
Fe'"TPPS 2x1072 6.8x10*
Fe'"TPPS 5x107? 3.0x10*
Fe'"TPPS 1x107" 1.7x10*
Fe'"TPPS 5x107" 3.7x10°
Zn"TPPS 5x107 1.6x10*
Mn""TPPS 5x107 55%10°

buffer concentration on K. The marked decrease in K with
increasing ionic strength of the system demonstrates that
Coulomb interaction is the main binding force in the present
system.

There is metal selectivity in the complexation of ChT with
metalloporphyrins (Table 1). The K value decreases in the
order Fe"'TPPS (4.8x10°mM™")>Zn"TPPS (1.6x10*m™')>

Chem. Asian J. 2008, 3, 678 —686
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Mn™TPPS (5.5x10°m™'). As the net charges of Fe"TPPS
and Zn"TPPS in neutral aqueous solution are —3 and —4,
respectively, the strength of the Coulomb interaction does
not account for the difference in the K values between these
two metalloporphyrins. Axial coordination might be another
reason for the metal selectivity. In aqueous solution, mono-
meric FeTPPS exists only in the diaqua form
((H,0O),FeTPPS) because (OH )FeTPPS immediately
changes to the p-oxo dimer.!'*!! If the axial ligand (L) inter-
feres with the interaction between (L)FeTPPS and ChT, the
complex formed by the free base, H,TPPS, and ChT should
be more stable than that for FeTPPS. The K value deter-
mined for H,TPPS (6.5x10*M™!), however, was smaller than
that for FeTPPS by one order of magnitude. Therefore, H,O
as the axial ligand does not explain the metal selectivity. Al-
though there is no direct evidence, coordination of a histi-
dine (His) residue of ChT to FeTPPS might be a reason for
the characteristically large K value for the ChT/FeTPPS
system. There are two His residues at the 40- and 57-posi-
tions in ChT. Both His residues can bind with FeTPPS. The
much smaller K value for the ChT/Mn"'TPPS pair is under-
standable because of the lower ability of the manganese(III)
porphyrin to bind imidazole in a protic polar solvent.””

To examine the structural change in ChT upon binding
with FeTPPS, the CD spectral changes of ChT were record-
ed as a function of FeTPPS concentration (Figure 2a). No
distinct CD spectral change was observed when each CD

6/ mdeg

190 210 230 250
Alnm

'

incubation time:

l\\ 0,1,2,5,12,22,39h

-30 s s
190 210 230 250

Alnm

Figure 2. a) CD spectral changes of ChT (5.0x107°m) upon addition of
FeTPPS and b) progressive CD spectral changes of ChT (1.0x107°m) in
the presence of FeTPPS (1.0x107°m) in 5x10°m phosphate buffer at
pH 7.4 and 25°C.
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spectrum was recorded immediately after sample prepara-
tion; however, the CD spectrum of the ChT/FeTPPS com-
plex changed progressively (see below). CD spectroscopy
clearly points out that FeTPPS does not induce a significant
change in the secondary structure of ChT unless the mixture
is incubated.

Inhibition of ChT Activity by FeTPPS and Recovery by
TMe-3-CD

FeTPPS inhibited the ChT-catalyzed hydrolysis of a chromo-
genic model substrate, SPNA. The hydrolysis was followed
by monitoring of the absorbance (A) at 410 nm, and then
the initial velocity (AA/At) was determined. The effect of
FeTPPS on the ChT-catalyzed hydrolysis of SPNA is shown
in Figure 3, which also shows the relative activities for the
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Figure 3. Inhibition profiles for ChT-catalyzed hydrolysis of SPNA in 5x
10~*m phosphate buffer containing 3% (v/v) ethanol at pH 7.4 and 25°C.
[ChT]y=5%10"m, [SPNA],=4x10"*mM. FeTPPS (@) and FePSM (o)
were used as the inhibitors.

SPNA hydrolysis as a function of FeTPPS concentration.
The degree of inhibition was saturated at 8 equivalents of
FeTPPS, and no complete inhibition was achieved (the max-
imum degree of inhibition was 63 %), which indicates that
ChT with FeTPPS embedded still has enzymatic activity.
The free-base porphyrin, H,TPPS, also acted as an inhibitor,
as did FeTPPS (see Supporting Information), which indi-
cates that the coordination of the His57 residue at the active
site of ChT to FeTPPS does not account for the inhibition
effect of this metalloporphyrin. It is considered, therefore,
that covering of the active site of ChT by the porphyrin
leads to the inhibition.

The enzymatic activity of ChT weakened by FeTPPS was
completely recovered by the addition of electronically neu-
tral TMe-f3-CD. Figure 4 shows the recovery behavior of
TMe-f-CD in the ChT-catalyzed hydrolysis of SPNA inhib-
ited by FeTPPS. For the freshly prepared sample, 2 equiva-
lents of FeTPPS to ChT inhibited the hydrolysis to 40 % rel-
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Figure 4. Recovery of ChT activity by TMe-f-CD for freshly prepared
(@) and incubated (M) samples. [ChT],=5x10"m, [FeTPPS]=1x
107°m, [SPNA],=4x10"*m in 5x 10>m phosphate buffer containing 3 %
(v/v) ethanol at pH 7.4 and 25°C. The incubation time was 36 h.

ative activity. The addition of 5 equivalents of TMe-f3-CD to
FeTPPS resulted in complete recovery of ChT activity. It is
known that TMe-B-CD forms extremely stable 1:1 and 2:1
TMe-B-CD/FeTPPS complexes (K;=1.26x10°mM !, K,=6.3x
10*m™Y).21 The inclusion of FeTPPS by TMe-p-CD triggered
the detachment of FeTPPS on the surface of ChT. An in-
crease in the ionic strength of the system is a common way
of detaching anionic effectors from the surface of a cationic
protein.”*%l However, such a method cannot be applied
in vivo. Our method might be useful in vivo because TMe-[3-
CD is a less toxic, chemically modified cyclic oligosacchar-
ide.

Incubation Effect

The relative activity of ChT for SPNA hydrolysis in the
presence of 2 equivalents of FeTPPS was around 40 %. The
relative activity decreased to 7% when the mixed solution
of ChT/FeTPPS was incubated for 38 h (Figure 5). TMe-3-
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Figure 5. Effect of incubation time on ChT (5x10°m) activity inhibited
by FeTPPS (1x107°m) in 5x 107> M phosphate buffer containing 3% (v/v)
ethanol at pH 7.4 and 25°C. The activity of ChT inhibited by FeTPPS
was further lowered upon incubation.
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CD could not restore the activity of ChT in the incubated
solution. Such an incubation effect can be interpreted in
terms of irreversible denaturation of ChT caused by
FeTPPS. Figure 2b shows the CD spectral changes of ChT
in phosphate buffer at pH 7.4 containing 1 equivalent of
FeTPPS as a function of incubation time. ChT shows a char-
acteristic CD band at 230 nm that is a measure of ChT activ-
ity.”” Upon incubation of the solution of ChT/FeTPPS, the
negative CD band at 230 nm diminished, and the negative
CD band at 198 nm due to the random-coil structure of ChT
strengthened. Figure 6 shows the progressive changes in the

4 A
.f'M\
*fh A
0 JZ"HQ\\'F [
: P e o
‘u a,f_,/ e
g af ! S
£ "'\ /f H
E I‘:L‘ \"r/ /J
8t ‘I‘f‘"
12 N A
350 400 450 500
Alnm

Figure 6. Effect of incubation time on the induced CD spectrum of
FeTPPS (1x10~°m) bound to ChT (1x10~°m) in 5x10m phosphate
buffer at pH 7.4 and 25°C. Incubation time=0, 1, 2, 5, 12, 22, and 39 h.

induced CD spectrum of FeTPPS bound to ChT during in-
cubation. The minus-to-plus bisignate CD Cotton effect was
observed at the Soret band of FeTPPS, and the CD signal
intensities gradually increased with incubation time. Such a
bisignate CD Cotton effect can be interpreted in terms of
the asymmetrical overlapping of two porphyrin rings.”’!
These CD spectral changes suggest that the irreversible de-
naturation of ChT is induced by aggregation of ChT initiat-
ed by binding with FeTPPS. FeTPPS probably binds to ChT
gradually and slightly withdraws a hydrophobic part of ChT,
thus leading to slow self-aggregation of ChT through hydro-
phobic interaction. Self-aggregation of ChT is known to
occur during denaturation.*%!

As TMe-fB-CD did not restore the activity of denatured
ChT, the FeTPPS-induced denaturation should be irreversi-
ble. On the basis of the UV/Vis spectrum, it was found that
FeTPPS (1,,.x of FeTPPS bound to ChT=410 nm) was de-
tached from the surface of ChT by forming the inclusion
complex with TMe-B-CD (1., of the 2:1 TMe-B-CD/
FeTPPS complex =415 nm).'"! However, the activity as well
as the CD spectrum of ChT did not return to original levels
by TMe-3-CD. A very small amount of FeTPPS (e.g.,
1 equiv of FeTPPS) led to the irreversible denaturation of
ChT. To denature ChT by urea, a well-known denaturing
agent, several molar amounts of urea must be added.?**!
Relative to urea, FeTPPS is a strong denaturant whose de-
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naturation ability is similar to that of carboxylate-embedded
nanoparticles.[*’

An Improved Inhibitor

Although FeTPPS and TMe-f3-CD acted as the inhibitor
and the repairing agent, respectively, during the ChT-cata-
lyzed hydrolysis of SPNA, FeTPPS did not show sufficiently
strong inhibitory power and induced the irreversible denatu-
ration of ChT. Next, we designed a new inhibitor, octa-
anionic FeP8M, in which the distance between the opposite
carboxylate groups is 2.8 nm (Figure 1). The expectation for
FeP8M is as follows. FePSM might bind to ChT through
Coulomb interactions that are stronger than those for the
FeTPPS/ChT complexation because of the well-matched dis-
tance between the CO,  groups of FeP8M for interacting
with the cationic parts of ChT. Furthermore, electrostatic re-
pulsion between CO,~ groups of the FeP8M molecules that
are not used for association with ChT might interfere with
the self-aggregation of ChT, which would result in preven-
tion of the irreversible denaturation of ChT. pH titration
monitored by UV/Vis spectroscopy showed the pK, value
for the diaqua—monohydroxo (or diaqua—p-oxo-dimer) equi-
librium of FeP8M to be 8.4 in 5x 10 *m aqueous NaClO,. To
evaluate the K value for the complexation of FeP8M with
ChT, the UV/Vis spectral changes of FeP8M were recorded
as a function of ChT concentration (see Supporting Infor-
mation). The titration curve could not be analyzed by the
equation for the 1:1 complexation, but could be analyzed
with the equation for the 1:1 and 2:1 ChT/FeP8M complex
formation to give K; and K, values of (2.040.4)x10® and
(1.040.5) x10°m 7", respectively. As expected, the binding af-
finity of FeP8M for ChT is much higher than those of
FeTPPS (K=4.8x10°m™"), polyanionic calixarenes (1.23x
10°mM7),B a dendrimer (5x10°m7'),"™ and gold nanoparti-
cles (10°-10"m"). 1]

The relative activities of ChT for SPNA hydrolysis as a
function of FeP8M concentration are shown in Figure 3. The
inhibition behavior of FePSM is more distinct than that of
FeTPPS. Even so, the inhibition by FeP8M was saturated at
1 equivalent of FeP8M, at which the degree of inhibition
was 85 %. Klaikherd et al. studied the effect of anionic den-
drimers on ChT catalysis and reported that anionic dendrim-
ers inhibit the catalysis for an anionic substrate but acceler-
ate the ChT-catalyzed hydrolysis of a cationic substrate.’") A
similar substrate—charge dependency was observed for
amide hydrolysis catalyzed by ChT sitting on the gold nano-
particles functionalized by an anionic amino acid amphi-
phile.l*! These results suggest that an effector with a flexible
skeleton does not strictly block the active site of ChT. The
cationic substrate seems to be gathered by the anionic effec-
tor and slipped into the hydrophobic pocket (active site) of
ChT, thus leading to enhanced substrate capture. In contrast,
electrostatic repulsion causes poor capture of the anionic
substrate by ChT.*l In the case of FeP8M, however, the
anionic parts of this inhibitor are located far from the active
site of ChT (Figure 1). Therefore, blocking of the active site
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of ChT by the rigid porphyrin skeleton should be the reason
for the inhibition by FeP8M as well as FeTPPS.

Notably, the incubation did not have any effect on the
ChT-catalyzed hydrolysis of SPNA in the presence of
FeP8M, whereas a significant incubation effect was found in
the FeTPPS/ChT system. Preincubated solutions of a mix-
ture of ChT and FeP8M showed the same enzymatic activi-
ties as nonincubated ones, which indicates that FeP8M does
not induce the denaturation of ChT. No CD spectral change
was recorded when the ChT/FePS8M mixed solution was in-
cubated for a long time (see Supporting Information). On
the basis of the K; and K, values for the complexation of
FeP8M with ChT, only the 1:1 complex is meaningful under
these conditions. Therefore, the denaturation process of the
1:1 complex must be considered. In this complex, some car-
boxylate groups of FePSM might not be used for electrostat-
ic binding with ChT. These remaining carboxylate groups
seem to play an important role in the stabilization of ChT
by preventing the self-aggregation of ChT. This behavior of
FeP8M resembles the effect of the oligo(ethylene glycol)
chain in functionalized gold nanoparticles®” and that of an
amphiphilic polystyrene with carboxymethyloxy and benzyl-
oxy groups on the phenyl rings.[’ We assume that the hydro-
phobic interaction between the porphyrin ring and ChT in-
duces an initial but slight unfolding of the protein followed
by extended self-aggregation of the protein that results in ir-
reversible denaturation. The free carboxylate groups of
FeP8M bound to ChT might inhibit the extended self-aggre-
gation of the slightly denatured ChT.

The catalysis of ChT inhibited by FeP8M was recovered
upon the addition of TMe-B-CD and TMe-y-CD (Figure 7).
The relative activity of ChT, diminished by FeP8M to 15%,
was recovered to 67 and 57 % upon the addition of TMe-f3-
CD (1000 equiv to FeP8M) and TMe-y-CD (43 equiv), re-
spectively. UV/Vis spectroscopic titrations produced K; and
K, values of (63+8) and (7.5+£1.1)x10°m™", respectively,
for the complexation of FeP8M with TMe-3-CD (see Sup-
porting Information). Meanwhile, the K; and K, values for
TMe-y-CD were (9.940.7)x10° and (4.1+£0.4)x10°M ", re-
spectively. Although TMe-y-CD, which has a larger cavity
than TMe-f-CD, was the much better repairing agent, no
complete recovery of ChT activity was achieved. The
energy-minimized structure of the FePSM/TMe-3-CD com-
plex is shown in Figure 8. As the lengths of the peripheral
substituents of FeP8M (1.2 nm) are much longer than the
depth of the cyclodextrin cavity (=~0.84 nm), the terminal
carboxylate groups that protrude from the cyclodextrin
cavity as well as the carboxylate groups of the phenyl
groups that are not included by the cyclodextrin can interact
with the cationic parts of ChT, thus resulting in weak inhibi-
tion. The FePSM/ChT complex is so stable (K;=2x10%
K,=1x10°m"") that a large amount of the cyclodextrin is
needed to withdraw FeP8M from the ChT surface. Further-
more, the depth of the cyclodextrin cavity is unchangeable.
Reluctantly, a polycationic cyclodextrin, heptakis(6-amino-6-
deoxy)-f-cyclodextrin in protonated form (per-NH;*-f-CD),
was then used in place of the neutral per-O-methylated cy-
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Figure 7. Recovery behavior of a) TMe-B-CD and b) TMe-y-CD toward
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Figure 8. Energy-minimized structure of the 1:2 FeP8M/TMe-f3-CD com-
plex obtained from MM2 calculations with BioMedCAChe 6.0. Yellow
represents the oxygen atoms of the carboxylate groups of FeP8M (blue).
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clodextrins. The relative activity of ChT, lowered by FePSM
to 15%, was recovered to 75% upon the addition of
3.5 equivalents of per-NH;-p-CD to FeP8M. The addition
of 17 equivalents of per-NH;*-B-CD enhanced the catalysis
of ChT to 160% relative activity. The pK, values of the
NH;* groups of per-NH;*-B-CD are 6.9-8.5.% Therefore,
both the NH, and NH;* groups coexist under the experi-
mental conditions. Per-NH;*-3-CD seems to detach FeP8M
from the surface of ChT owing to the formation of the elec-
trostatic association complex. The hyperactivation effect>!
of an excess amount of per-NH;*-$-CD might explain the
enzymatic activity of ChT enhanced by per-NH;*-3-CD.

Kinetics

The enzymatic reaction [Eq. (1)] is kinetically represented
by the Michaelis-Menten equation [Eq. (2)]:

S+ E——ESk.p 4 E (1)
ky
kcat [E]U [S]
_ | 2
Ky +15] )

in which S, E, ES, and P are the substrate, the enzyme, the
enzyme-substrate complex, and the product, respectively, v
is the rate of the reaction, k is the rate constant, and K, is
the Michaelis constant. We used Lineweaver—Burk plots
[Eq. (3)] to determine k., and K\, for the ChT-catalyzed hy-
drolysis of SPNA in the absence and presence of the inhibi-
tors.

1 Ky 1

Vo~ kenlEoSh | kenlEs ®)

From the linear relationship between v, and [S], ', the
k.. and Ky values for the freshly prepared samples were
evaluated from the vertical intercept and the slope, respec-
tively. The reaction conditions in the presence of FeTPPS
and FeP8M were arranged in such a way that the inhibition
degree of each system was 50 %. The results are summarized
in Table 2. The k., values are almost the same in all cases,
which means that ChT bound with either FeTPPS or FePSM
did not change its conformation. As Ky = (k_; +key)/ k1, Ky
corresponds to the dissociation constant of the enzyme-sub-
strate complex if k. > k_;. The Ky, values for the inhibitory
systems are 2.3-2.5 times higher than that for the system
without the inhibitor. The kinetic data show that both

Table 2. Kinetic parameters for hydrolysis of SPNA by ChT (5x107°m)
in the absence and presence of FeTPPS (5x107°m) and FeP8M (2.5x
107°m) in 5x 10~>m phosphate buffer at pH 7.4 and 25°C.

System 10°K; [m]™ 10°Ky [M] Ky [min~]
ChT - 0.88+0.16 0.2840.03
ChT/FeTPPS 2.1 2.0440.14 0.2740.01
ChT/FeP8M 5.0x1073, 1.0 2.3940.49 0.2640.01

[a] The inhibition constant represented by K;=[E][I]/[EI] corresponds to
the inverse of the binding constant for the complexation of ChT with the
inhibitor.
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FeTPPS and FeP8M inhibit the binding of the substrate to
ChT by covering the active site, and the conformational
change of ChT caused by the iron porphyrin does not ac-
count for the inhibition.

Conclusions

We have proposed a new methodology for regulating the
function of ChT. Rigid, planar, macrocyclic, amphiphilic por-
phyrinato iron(IIT) complexes, such as FeTPPS and FeP8M,
inhibit the enzymatic activity of ChT. The inhibited activity
of ChT, however, was restored by detaching the iron por-
phyrin by electronically neutral per-O-methylated cyclodex-
trin. In the ChT/FeTPPS system, the irreversible denatura-
tion gradually proceeded, and TMe-B-CD, which is a strong
remover of FeTPPS, did not restore the function of ChT.
Meanwhile, FeP8M did not induce the irreversible denatura-
tion of ChT; therefore, this iron porphyrin seems to be the
better inhibitor. A remaining problem is the poor recovery
of ChT activity when FeP8M is detached by TMe-y-CD. Im-
proved inhibitors might be designed on the basis of the pres-
ent results.

Experimental Section

Materials

FeTPPS!" and ZnTPPS!"™! were prepared and purified according to pro-
cedures described elsewhere. ChT (type II from bovine pancreas, Sigma,
C4129), SPNA (Sigma), TMe-f3-CD (Nacalai), and 5,10,15,20-tetrakis(p-
sulfonatophenyl)porphyrinato manganese(IlI) chloride in acidic form
(Frontier Scientific) were purchased and used as received. TMe-y-CD
was prepared according to procedures in the literature that describe the
preparation of TMe-a-CD.'" Water was purified by using Millipore
Simpak 1.

Instruments

UV/Vis spectra were recorded on a Shimadzu UV-2100 spectrophotome-
ter with a thermostatic cell holder. CD spectra were recorded on a Jasco
J-820 spectropolarimeter with a 1-cm optical path. pH values were mea-
sured with a Horiba M-12 pH meter. "H NMR spectra were recorded on
a JEOL JNM-A400 spectrometer (400 MHz). Elemental analysis was
performed at the Center for Organic Elemental Microanalysis, Kyoto
University.

Syntheses

Tetrakis[4-(3,5-diethoxycarbonylphenylmethoxy)phenyl]porphyrin
(PSester): A mixture of 5-bromomethyldiethylisophthalate!” (1 g,
32 mmol), 5,10,15,20,-tetrakis(4-hydroxyphenyl)porphyrin (100 mg,
0.15 mmol), and K,CO; (1g) in dry N,N-dimethylformamide (DMF;
20 mL) was stirred at 75°C for 15 h under N,. After the reaction, K,CO;
was removed by filtration. Excess methanol was added to the reaction
mixture, and the purple precipitates were collected and purified by silica-
gel column chromatography with CHCl,. Yield: 72%. 'HNMR
(400 MHz, CDCl,, 25°C): 6=-2.83 (s, 2H, NH), 1.41 (t, J=4 Hz, 24H,
CO,CH,CHs), 4.42 (q, J=4 Hz, 16H, CO,CH,CHj;), 5.36 (s, 8H, OCH,),
7.31 (d, J=8 Hz, 8H, phenyl), 8.08 (d, /=8 Hz, 8H, phenyl), 8.44 (s, 8H,
diethoxycarbonylphenyl), 8.67 ppm (s, 8H, diethoxycarbonylphenyl), 8.80
(s, 8H, p-pyrrole).
Tetrakis[4-(3,5-diethoxycarbonylphenylmethoxy)phenyl|porphyrinato
iron(III) (FeP8ester): A mixture of P8ester (70 mg) and FeCl, (400 mg)
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in DMF (35 mL) and CH,Cl, (25 mL) was stirred at 80°C for 2 h in the
dark under N,. The progress of the reaction was monitored by fluores-
cence spectroscopy. The solvent was removed under reduced pressure,
and the residue was dissolved in CH,Cl, (250 mL). The solution was
washed with saturated aqueous NaCl (3x200 mL) and then dried over
Na,SO,. A dark-purple solid was obtained after evaporation of the sol-
vent. Yield: 97 %.

FeP8M: A solution of FeP8ester (70 mg) and KOH (200 mg) in water
(5 mL), methanol (10 mL), and CH,Cl, (5 mL) was stirred at 80°C for
5 h. The organic solvents were evaporated, and the aqueous residue was
acidified with aqueous HCI to pH 1. The resulting solution was cooled by
ice, and the precipitates of FePSM were collected by filtration. Yield:
98 % . Elemental analysis: calcd (%) for CgHs;FeN,O,,-:5SH,0: C 62.63, H
4.01, N 3.65; found: C 62.48, H 4.12, N 3.57.

Enzymatic Activity Assay

The ChT-catalyzed hydrolysis of SPNA was carried out by adding a stock
solution (90 uL) of SPNA in ethanol to a solution of ChT/FeTPPS
(3 mL). The final concentration of SPNA was 4 x 10*m. The time courses
of the reactions were monitored by following the absorbance at 410 nm
due to p-nitroaniline (¢=10800M~'cm™). The concentration of ChT was
determined by using the extinction coefficient of 5.1x10*M 'cm™' at
280 nm.""
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Photodissociation of CH,I, and Subsequent Electron Transfer in Solution

Ken-ichi Saitow,**! Yukito Naitoh," Keisuke Tominaga,'"! and Keitaro Yoshihara*!* "l

Abstract: We studied photoinduced re-
actions of diiodomethane (CH,I,) upon
excitation at 268 nm in acetonitrile and
hexane by subpicosecond-nanosecond
transient absorption spectroscopy. The
transient spectra involve two absorp-
tion bands centered at around 400 (in-
tense) and 540 nm (weak). The transi-
ents probed over the range 340-740 nm
show common time profiles consisting
of a fast rise (<200 fs), a fast decay
(=500 fs), and a slow rise. The two fast
components were independent of
solute concentration, whereas the slow
rise became faster (7-50 ps) when the
concentration in both solutions was in-
creased. We assigned the fast compo-
nents to the generation of a CH,I radi-
cal by direct dissociation of the photo-
excited CH,I, and its disappearance by
subsequent primary geminate recombi-
nation. The concentration-dependent

Introduction

Photochemical reactions in the condensed phase, in compar-
ison with those in the gas phase, often give different kinetics

slow rise produced the absorption
bands centered at 400 and 540 nm. The
former consists of different time-de-
pendent bands at 385 and 430 nm. The
band near 430 nm grew first and was
assigned to a charge-transfer (CT)
complex, CH,L’*-I>, formed by a
photofragment I atom and the solute
CH,I, molecule. The CT complex is
followed by full electron transfer,
which then develops the band of the
ion pair CH,I,*-+I" at 385 nm on the
picosecond timescale. On the nanosec-
ond scale, I;~ was generated after
decay of the ion pair. The reaction
scheme and kinetics were elucidated by

Keywords: charge transfer - elec-
tron transfer . femtochemistry -
photochemistry - reactive inter-
mediates

the time-resolved absorption spectra
and the reaction rate equations. We as-
cribed concentration-dependent dy-
namics to the CT-complex formation in
pre-existing aggregates of CH,I, and
analyzed how solutes are aggregated at
a given bulk concentration by evaluat-
ing a relative local concentration.
Whereas the local concentration in
hexane monotonically increased as a
function of the bulk concentration, that
in acetonitrile gradually became satu-
rated. The number of CH,I, molecules
that can participate in CT-complex for-
mation has an upper limit that depends
on the size of aggregation or spatial re-
striction in the neighboring region of
the initially photoexcited CH,I,. Such
conditions were achieved at lower con-
centrations in acetonitrile than in
hexane.

and dynamics owing to continual interactions with solvent
molecules.” In the case of photodissociation, solvent

caging causes geminate recombination between photofrag-
mentsP?® and further induces a secondary reaction between
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the photofragment and solute or solvent molecules.” ' A
small simple molecule as a reactant could provide an ad-
vantage for evaluating microscopic details of solute-solvent
interactions by minimizing interference from competing in-
tramolecular pathways.® ¥l Alkyl halides show characteristic
photochemical reactions in the condensed phase, which
offer different photoproducts in contrast to that in the gas
phase. Photolyzed halogen fragments are well-known as ac-
tivated atoms to form charge—transfer (CT) complexes with
solvent or solute molecules®'? or to give other products by
hydrogen abstraction'¥ or electron-transfer reactions.'

Polyhalomethanes in the condensed phase are typical ex-
amples of the alkyl halides mentioned above, and many re-
action pathways and assignments of products have been re-
ported over the last 40 years.""*! Neat CCl, was most ex-
tensively studied, and transient absorption bands at around
335 and 500 nm were commonly observed by the excitation
sources of ultraviolet, pulsed-electron beam, and y-ray.*%!
These bands were assigned to various products, that is,
CCL,™ ccl1,+ 2 CCl,+ Y solvent-separated CCl;+Cl~,22%]
and ion-pair complex CCl,*--CI~.*l Through a subnanosec-
ond transient absorption experiment and ab initio calcula-
tions, Biihler assigned the UV and visible bands to CCl*
and the CT complex of CCl,*, respectively.”

For the photolysis of halomethanes in low-temperature
matrices, it is known that UV irradiation gives a transient
product as a “color center”, which causes an intense and
broad absorption band in the UV/Vis region. As for polyha-
lomethanes in a 3-methylpentane (3MP) matrix, Simons and
co-workers found a color center upon UV irradiation.”*®!
They assigned it to a trapped electron and suggested the
characteristic reaction for its formation in contrast to their
studies in the gas phase.”*] They also observed generation
of trihalide ions, for example, I;~, by warming the colored
matrices.”® These characteristic reactions were ascribed to
the photoexcitation of a polyhalomethane cluster in matri-
ces.

Many investigators studied diiodomethane (CH,I,) and
reported absorption spectra of transient products in low-
temperature matrices by UVEZ*222 and VUV?Y irradia-
tions. UV irradiation at around 300 nm in 3MP matrix pro-
duced broad absorption bands at around 385 (intense) and
570 nm (weak). The former was assigned to CH,I,*.?”l The
absorption intensity showed a sublinear concentration de-
pendence, which suggests interaction of solutes in forming
CH,L,*. The band at 370 nm in an Ar matrix was identified
as CH,I,* by photoelectron spectroscopy.”?!

Another assignment for this broad absorption band at
around 370 nm was proposed to be an isomerization to
CH,-I-1 as a result of difference absorption spectra in the
IR region and ab initio calculations.’ Bond formation be-
tween the halogen of the CH,-I radical and the I radical
after photodissociation was suggested as a reaction mecha-
nism.

For reference, we briefly introduce the well-defined stud-
ies of photoexcited CHLI, in the gas phase.”* The UV ab-
sorption band, which lies between 200 and 350 nm, is as-
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Figure 1. Static absorption spectra of CH,I, in a)acetonitrile and
b) hexane. Spectra are deconvoluted into a sum of four Gaussian bands
(dashed lines). These bands are assigned to the electronic excited B,, B,
and A, states.) Arrows indicate the excitation wavelength used in the
femtosecond transient absorption measurements.

signed to four or five n—o* transitions* " (Figure 1). UV
excitation (<5 eV) induces photodissociation to the CH,I
radical and I atom. A flash photolysis experiment showed
generation of the CH,I radical, the ground state I (*Ps;),
and the spin-orbit excited state I* (*P,,) fragments.*! Opto-
acoustic*! and IR emission” experiments showed that the
excitation of the first B; band is correlated with production
of only I, whereas the excitation of the second B, band is
correlated with both I and I*. The branching ratios I*/I were
reported to be 0 upon excitation to the first B;, 0.57 to the
second By, and 0.91 to the A, states.*! Anisotropic parame-
ters of fragments upon excitation at 310™, 266,° and
304 nmP revealed that the photoexcited CH,I, causes
direct dissociation, and the dissociation process is very fast.
The lifetime of the first dissociative state of CH,I, was theo-
retically calculated to be very short (<80°* and <8 fsP)
owing to the direct dissociation.

Femtosecond time-resolved investigations of CH,I, in so-
lution at room temperature have been conducted by several
researchers since 1993.°% Schwarts et al. observed the ul-
trafast formation of CH,I radical at 620 nm by the photodis-
sociation of CH,I, upon excitation of the B, state at 310 nm
in solution.’¥ The transient absorption profiles indicated a
fast rise, a fast decay, and a successive slow rise. The fast
rise was assigned to the formation of CH,I radical by direct
dissociation. The fast decay with a time constant of 350 fs
was assigned to disappearance of the CH,I radical by pri-
mary geminate recombination in a solvent cage. The slow
rise was assigned to a vibrational relaxation of the CH,I rad-
ical. We observed similar time profiles at 400 nm upon exci-
tation at 268 nm in acetonitrile (CH;CN).’*! We assigned
the fast rise and decay components to the instantaneous for-
mation and decay of the CH,I radical, but the slow rise com-
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ponent to a CT complex between the solute and the photo-
fragment iodine. Tarnovsky et al. reported a similar transient
absorption upon excitation of the B, state at 310 nm in ace-
tonitrile.l They suggested the dynamics to be the electroni-
cally excited CH,I, molecule, which stayed for 350 fs in a re-
pulsive state, and slower photodissociation (0.35-1 ps) was
proposed. The slow-rise component was considered to be
due to the isomer CH,-I-I. Kwok and Phillips studied the
resonance Raman spectra upon excitation at the B, state
and showed that the single C—I bond of CH,I, was rapidly
lengthened in 10-20 fs.F" The transient resonance Raman
spectra showed overtone progressions, which were suggested
to be the I-T stretching mode of isomer CH,-I-1.F7*< The
same authors observed a similar progression in the photo-
product of CH;I in solution, but it was identified to the I-I
stretching mode of CH,-I-I complex formed by “solute
CH,I and fragment 17,5 Several studies on the reaction dy-
namics of CH,I, were recently conducted by time-resolved
experiments,***! that is, transient absorptions in solutio-
n®®land supercritical fluids™! and time-resolved X-ray dif-
fraction in solution.*) In these studies, interactions of frag-
ments between CH,I and I were investigated, and successive
processes after the photodissociation were discussed for the
formation of isomer CH,—I-1.

The present study examines the photoinduced reactions
of CH,I, in acetonitrile and hexane by using subpicosecond
and nanosecond transient absorption spectroscopy at room
temperature. The transients produced upon excitation at
268 nm were probed from 340 to 740 nm. Time-resolved ab-
sorption spectra at around 340 nm were obtained from ab-
sorption immediately after photoexcitation (<1 ps) and cor-
respond to the reported CH,I radical in the gas phase.’
The slow-rise components were observed at all probed
wavelengths, and the time constants were found to be signif-
icantly dependent on the concentration of CH,L,. The analy-
sis of time-resolved absorption spectra and kinetics indicate
that a CT complex, CH,1°*-I°", is formed between the
photofragment I atom and the solute CH,I,. We discuss this
process on the basis of the concentration dependence of the
slow-rise component and suggest that the reaction occurs in
an environment of pre-existing solute aggregates.

Results and Discussion
Absorption Spectra of CH,I, in solution

The static absorption spectra of CH,I, in acetonitrile and
hexane are shown in Figure 1. The spectra can be broken
down into the sum of four Gaussian functions in the gas
phase, as shown by the dashed lines. Each band has a similar
bandwidth to that in the gas phase.[**J This coincidence sug-
gests that the initial process at the Franck—-Condon excited
region is nearly equivalent to that in the gas phase, which is
often described by the direct (ultrafast) dissociation. -
The peak positions underwent a blue shift by 1000 cm™ in
acetonitrile and a red shift by 700 cm™! in hexane relative to
that in the gas phase. Such shifts are commonly observed in
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alkyl halides dissolved in solvents.””*® The excitation wave-
length at 268 nm for CH,I, corresponds mainly to the B,
state in acetonitrile and to both the B; and A, states in
hexane.

Dynamics of Transient Absorptions Observed in the
Subpicosecond and Picosecond Regions

Figure 2 displays the transient absorptions in acetonitrile
probed at several different wavelengths, from the UV to the
near-IR region, within 5 ps. The insets show the absorptions
within 50 ps. The transient absorptions observed in hexane
are shown in Figure 3. All time profiles gave common char-
acteristics: a fast rise, a fast decay, and a slow rise. As listed
in Table 1, the best-fit time constants were obtained by fit-
ting the time profiles with three exponential functions con-
voluted with the instrumental response function. The two
fast time constants in acetonitrile are almost same as those
in hexane within experimental error.*”)

Figure 4 shows the pump-power dependence of the transi-
ent absorptions at 500-fs and 20-ps delay times, probed at
400 nm in acetonitrile. The data indicate that the absorban-
ces of the fast and slow rises are linearly proportional to the
pump power. As a result, the transient dynamics seem to
occur by a one-photon process. Taking into account excita-
tion to the state of direct dissociation, we assigned the fast
rise to generation of the CH,I radical. The assignment is ra-
tionalized by the time-resolved absorption spectra in the

I 360 nm

- -10 0 10203040 50
tlps o h
380nm PS5 o
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Figure 2. Transient absorption signals probed at eight different wave-
lengths for photoproducts of CH,I, within 5 ps in acetonitrile. Insets: sig-
nals within 50 ps. The solid lines represent the best-fit results obtained by
the three exponentials convoluted with the instrument response function.
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380 nm

tlps

Figure 3. Transient absorption signals probed at six different wavelengths
for photoproducts of CH,I, within 50 ps in hexane. The solid lines repre-
sent the best-fit results obtained by the exponential function convoluted
with the instrument response function. The dashed line is due to the sol-
vent-induced artifacts.

Table 1. Best-fit time constants of transient absorptions for photoprod-
ucts of CH,I, in acetonitrile and hexane.

Solvent A 7, (fast rise) 7, (fast decay) 75 (slow rise)
[nm] [fs] (fs] [ps]

CH,;CN 360 190+110 510+120 10.1+0.6
380 210+100 450+110 13.94+0.7
400 200490 440+120 73+0.6
420 200+100 4304140 6.8+0.5
440 210490 410+150 6.2+0.6
460 180+110 4304140 35+03
480 190+£90 4604160 3.1+£0.5
500 220+110 510+170 31+03
520 210+£120 450+130 6.7+04
540 2204100 4404130 924+1.0
560 2004110 4804150 72+0.8
580 210+120 4904160 6.5+04
620 2004120 4204120 51+£0.5
640 2004110 4404110 4.9+£20
680 190 +£100 4804120 46+1.5
740 2104120 4604140 43+£2.0

Hexanel?! 360 bl bl 17+1.7
380 - - 304+3.0
400 150 4+ 80! 62042000 13£1.2
420 - - 7.6+0.6
440 - - 55+1.5
460 - - 4.9+£2.0

[a] At longer wavelengths than 480 nm, transient absorptions were too
weak to detect in hexane. [b] Fast components of transient absorption
were not determined in hexane by artifacts arising from solvent. [c] Time
constants for fast-rise and decay components at 400 nm in hexane were
roughly obtained by subtracting artifacts of solvent from data of solution
obtained under the same experimental conditions.

Chem. Asian J. 2008, 3, 696 —-709

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

CHEMISTRY

AN ASIAN JOURNAL

AA/a.u.

Plau.

Figure 4. Pump-power dependence of the transient absorption signals
probed at 400 nm in acetonitrile. @ =20 ps, O =500 fs.

subpicosecond region, because we recognized the absorption
band of the CH,I radical centered at 340 nm in the spectra,
as described later. Thus, the CH,I radical is generated im-
mediately after photoexcitation, and the absorption rises in-
stantaneously (Figure 2). Subsequently, the transient absorp-
tion decays, and the CH,I radical disappears with a time
constant of less than 500 fs. The most plausible mechanism
for the disappearance of the CH,I radical is primary gemi-
nate recombination.

Transient absorptions in the picosecond region were re-
corded as a function of solute concentration in both acetoni-
trile and hexane. The pump-probe signals within 5 ps in ace-
tonitrile probed at 400 and 580 nm are shown in Figure 5,

t/ps

Figure 5. Transient absorption signals probed at a) 400 nm and b) 580 nm
for photoproducts of CH,I, within 5 ps at different concentrations in ace-
tonitrile. In a), @=62x10", A=25x10", M=12x10", o=3.1x
10*m. In b), O=12x10"% A=62x107, [(1=43x107, ¢=2.5x10"m.
The solid lines represent the best-fit results obtained by the exponential
function.
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and those within 50 ps at 400 nm in acetonitrile and hexane
are shown in Figure 6. The fast rise and decay components
at both red and blue bands are independent of the solute

oy te

1.2x10°m 2.5x10°m

2.5x10°m

8.2x10° M 1.2x107m

-10 0 10 20 30 40 50 -10 0 10 20 30 40 50
t/ps t/ps

Figure 6. Transient absorption signals probed at 400 nm for photoprod-

ucts of CH,I, within 50 ps in a) acetonitrile and b) hexane. The solute

concentration is 3.1 x107*-1.2x 1072m. The solid lines represent the best-

fit data obtained by the exponential function. The dashed lines are the
signals from the neat solvents.

concentrations chosen in this experiment. On the other
hand, the slow signal rises depend significantly on concen-
tration in both solutions. These results seem to indicate that
the slow rise does not arise from a photofragment, but re-
flects a solute-induced process. The time constants of these
components are listed in Tables 2 and 3.

Transient Absorption Spectra on the Nanosecond Timescale

To assign the slow rise, we performed nanosecond transient
absorption experiments with solutions in acetonitrile,
hexane, and CH,Cl,. In Figure 7a, the solid line is the transi-
ent absorption spectrum of photoproducts in acetonitrile.
The static absorption spectrum of the product by UV pho-
tolysis of CH,I, in 3MP matrix at 77 K¥¥ is shown by the
dotted line. The spectrum in the nanosecond region is in
good agreement with that in the 3MP matrix. Figure 7b
shows the transient spectra recorded in hexane and CH,Cl,.
These results indicate that similar transient absorption
bands are formed in these solutions at room temperature
and in the low-temperature matrices.’®***! Mohan et al. as-
signed the blue band to CH,L,* and explained that its for-
mation was caused by electron transfer between two photo-
excited CH,I, molecules.?® This reaction scheme, however,
cannot be accepted in the present study, because the slow-
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Table 2. Best-fit time constants of transient absorptions for photoprod-
ucts of CH,I, probed at 400 nm as a function of solute concentration.

Solvent Conc. 7, (fast rise) 7, (fast decay) 75 (slow rise)
[M] [fs] [fs] [ps]

CH,;CN 31x107* 180+110 480 £+200 128+1.8
62x107* 190 +100 5004190 11.5+1.2
12 %1072 250+150 5404200 10.8+0.8
1.8 x107°  170+110 5204260 9.8+1.0
2.5 %1073 200+100 400+130 9.1+0.6
62 %107 160+120 4504200 74+0.3
9.3 x107%  210+100 5304240 7.2+0.6
1.2 x1072 170+110 490 +240 71405

Hexane®  12x1073 - vl 5143
1.8 x107° - - 3642
25 %107 — - 30+1
62 x107% - - 20+1
93 x107% - - 15+1
12x1072 - - 13£1

[a] At concentrations lower than 1x107>m, transient absorption was too
weak to detect in hexane. [b] Fast-rise and decay components in hexane
could not be determined by artifacts of neat hexane.

Table 3. Best-fit time constants of transient absorptions for photoprod-
ucts of CH,I, probed at 580 nm as a function of solute concentration in
acetonitrile.

Conc. 7, (fast rise) 7, (fast decay) 75 (slow rise)
[m]" [fs] [fs] [ps]
12x107 —fal -l 9.7+1.7
2.5x1073 180100 460+170 8.5+0.7

43 x1073 220+120 4304160 8.1+0.6

62 x107° 190+110 440 +£140 7.7+0.6

93 x107? 210100 480130 7.4+04

1.2 x107? 200+£120 4604160 6.7+£0.4

[a] At solute concentrations lower than 1.2x107>m, transient absorption
was too weak to detect.

rise component showed a linear pump-power dependence
(Figure 4).

As shown in Figure 8, the time profiles of the transient
photoproducts probed at 400 and 580 nm consist of a rise
within a pulse width of about 30 ns and an exponential
decay with a time constant of about 100 ns. By using solu-
tions before and after UV irradiation at 268 nm, a difference
absorption spectrum was recorded (Figure 9a).%! The spec-
trum in acetonitrile shows two bands in the UV and visible
regions. Notably, the UV band is identical to the absorption
spectrum of I;~ as shown in the inset,® and the visible band
at around 460 nm is identical to the spectrum of I, in aceto-
nitrile. As a result, these bands are assigned to I;~ and L,, re-
spectively.

To examine further the formation of the final photoprod-
ucts of I;~ and I,, the transient absorptions were recorded
(Figure 9b and c). The transient probed at 480 nm decayed
with time constants of about 50 and 650 ns. The transient ab-
sorption at 360 nm decayed with a time constant of about
50 ns and rose with one of about 600 ns. As the time con-
stant of the rise component at 360 nm is similar to that of
the second decay at 480 nm, the appearance of I;~ seems to

Chem. Asian J. 2008, 3, 696 —-709
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Figure 7. Nanosecond transient absorption spectra for the photoproduct
of CH,I, immediately after excitation with an XeCl excimer laser. a) The
solid circles (@) and line (left vertical axis) are the transient absorption
signals and fitting curve obtained by two Gaussian functions in acetoni-
trile at 293 K, respectively. The dashed line (right vertical axis) represents
the static absorption spectrum of CH,L,* in 3MP matrix at 77 K repro-
duced from reference [27a]. b) The solid triangles (A) and squares (H)
are the transient spectra of the product in CH,Cl, and hexane, respective-
ly. The solid lines are the fitting curves obtained by two Gaussian func-
tions.

be correlated to the decay of I,. We consider that I3~ is gen-
erated by a reaction between I, and I" through diffusion and
equilibration processes in solution. It has been shown that
the I, ion is generated through I,+1 =I;~ by dissolving I,
and KI in polar solvents.[”” The ion I, exists stably, and the
stability of I;~ was observed in the resonance Raman spectra
of I;” and 1,.!®) The observation of I;~ and I, was previously
reported by warming the UV-irradiated matrix of CH,L,.?%!

Transient Photoproducts Observed at Around 400 nm

By UV excitation, we observed two transient absorption
bands centered at around 400 and 540 nm at room tempera-
ture. Similar absorption spectra at around 400 nm were re-
ported by VUV excitation,® vy-ray?”! irradiation of low-
temperature matrices, and pulse radiolysis in solution.*”)
From the experiment of the direct photoionization of CH,I,
upon excitation at 105 nm in Ar matrix at 15 K, the absorp-
tion spectrum of CH,L,* was observed at around 370 nm,
which was identified by photoelectron spectroscopy to be
the electronic transition A«—X of CH,I,*.” This assign-
ment is in accordance with the result of nanosecond transi-
ent electroconductivity measurements.’” In the present
study, the absorption band at around 380 nm was obtained
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Figure 8. Time profiles of transient absorptions probed in the nanosecond
region a) at 400 nm in acetonitrile, b) at 400 nm in hexane, c) at 580 nm
in acetonitrile, and d) at 580 nm in hexane.

by pico- and nanosecond transient absorption spectroscopy,
and the photoproduct was generated by a one-photon pro-
cess. The concentration-dependent slow rise indicates that
the products that gave the band at around 400 nm are relat-
ed to solute—solute interactions.

Simons and co-workers proposed that the absorption
bands are associated with electrons trapped in clusters of
polyhalomethane molecules in 3MP matrix.”**! They sug-
gested that the trapped electron is formed by electron trans-
fer by tunneling between Rydberg orbitals of adjacent mole-
cules.”! If trapped electrons were to be generated, the ejec-
tion of the electron should be much faster than the photo-
dissociation. In the present study, the absorption at around
400 nm developed with time constants of 7-50 ps, depending
on the solute concentration. This time range seems to be too
long for electron ejection via the Rydberg state before the
fast photodissociation process, which was calculated to be 8-
80 fs in the gas®™ ! and solution states.F™

Another model was reported to be the isomer CH,-I-I
formed by the reaction between CH,I and I fragments after
photodissociation.”™ As this isomerizaion is given by a
single molecular process, the reaction should be independ-
ent of solute concentration. However, as shown in Figures 5
and 6, the slow-rise component depends significantly on
solute concentration and becomes faster with increasing
concentration. As for other reactions between CH,I and I
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Figure 9. a) Difference absorption spectrum of CH,l, in acetonitrile. The
spectrum was obtained from the Lambert-Beer equation, that is, refer-
ence and sample solutions are those before and after UV irradiation, re-
spectively. The experimental conditions are described in reference [60].
Inset: absorption spectrum of I;~ reproduced from reference [63a].
b) Time profile of transient absorptions in acetonitrile probed in the
nanosecond region at 360 nm. ¢) Time profile of above at 480 nm.

fragments, the following studies were reported. The recom-
bination to the parent CH,I, molecule, in contrast to the for-
mation of CH,-I-I, gains much energy, on the order of
about 15000 cm™1.? The potential well for the formation of
the parent molecule is seven times deeper than the almost-
flat well for the formation of the isomer.* These two stud-
ies represent fragments that preferably combine to re-form
the parent molecule.

Origin of Slow-Rise Component after Photodissociation

We constructed time-resolved absorption spectra at around
400 nm with the results shown in Figure 10. The spectra are
well-fitted by three Gaussian functions, which have peaks at
340, 385, and 430 nm. The absorption at around 340 nm
grew first. It was observed that the CH,I radical has a broad
absorption band in the UV-to-blue region and is centered at
around 340 nm in the gas phase.”*>* Thus, the first generat-
ed band was assigned to the CH,I radical immediately after
photodissociation through direct dissociation. Second, the
transient at around 430 nm gradually grew, and Figure 11
shows that the band at 430 nm grew faster than that at
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Figure 10. Time-resolved absorption spectra of the photoproduct of
CH,], in acetonitrile at four different delay times. The solid lines are the
best fits obtained by three Gaussian functions. The dashed spectra are as-
signed to the CH,I radical (340 nm), the ion pair CH,L,*-I" (385 nm),
and the CT complex CH,L,>*+-1°~ (430 nm).
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Figure 11. Time profiles of the transient absorptions in acetonitrile
probed at 400 nm. Two profiles are reproduced from the transient ab-
sorption bands deconvoluted with two Gaussian functions assigned to the
CT complex (O) and the ion pair (@).

385 nm. It seems that the band at 430 nm is the precursor of
the photoproduct at 385 nm. We then examined a model in
which the slow-rise component represents a reaction to
form a CT complex, CH,I,°*--I>", between the photofrag-
ment I and the solute CH,I,. The CT complex then proceeds
further to an ion-pair state.

CT absorption bands with a halogen atom as an electron
acceptor have been known to show a sublinear correlation
between the absorption peak and the ionization potential of
the donor molecule.’'? The energy correlation of CT com-
plexes that consist of an iodine atom and alkyl iodides has
been reported.[*! By using these correlations, the CT com-
plex is expected to have an absorption at around 430 nm.
This coincides exactly with the band at around 430 nm in
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Figure 10. Thus, we propose the following reaction mecha-
nism for the photoexcitation of CH,I, (Equations (1)-(4)):

CH,L-CH,I + 1 (1)
CH,I + I — CH,I, (2)
CH,L, + 1 — CH,L,*" - - - 1° 3)
CH,L*" -+ I = CH,L,* --- 1" (4)

Equation (1) represents the generation of a CH,I radical
by direct photodissociation, and it is followed by primary
geminate recombination as shown in Equation (2). These
steps are observed as the fast rise and decay of the transient
absorptions. Some of the I fragments escape from geminate
recombination and form a CT complex with CH,IL, in Equa-
tion (3). Equation (4) expresses the generation of an ion
pair as the final product on the picosecond timescale. The
slow rises show a subsequent formation of and a full elec-
tron transfer from the CT complex. The free-energy gap
(AG) before and after the electron-transfer process is less
than —0.2 or —1 eV, depending on whether the fragment is I
or I*.1 The reaction between iodine and solute CH,I, is the
most plausible rationalization for the experimental results:
pump-power dependence, concentration dependence, time
profiles of the transient absorptions, and time-resolved ab-
sorption spectra.

Several reports provided similar examples to the above
reaction schemes. Barbara and co-workers found the genera-
tion of a benzene cation in solution by electron transfer via
the CT state from benzene to the photolyzed Br by using ul-
trafast spectroscopy.'* Biihler and co-workers found that
the rise component of the transient absorption of a CT com-
plex of a polyhalomethane becomes faster as the solute con-
centration increases.””! CT complexes and ion pairs, with a
strong dipolar intermediate as charge-transferred or charge-
separated products, give intense absorptions; that is, the ex-
tinction coefficient of the photoproduct of CH,I, (.=
10000M 'em™! at 380 nm™*®) is greater than those of neutral
molecules (e (CH,I,)=1200M'cm™ at 300 nm,l
£nax(CH,I radical) =850M~'cm™ at 340 nmP®!). Under such
conditions, the weak absorption of the CH,I radical is
masked considerably by the intense absorption given by suc-
cessive reactions after photodissociation.

We consider that the ion pair is formed through electron
transfer of the CT complex in the picosecond region by UV
photolysis of CH,I, in solution. The separated ion I~ allows
the generation of I;~ together with L,>%! as shown by the
rise of the I;~ band and the decay of the I, band in the nano-
second region. A similar observation was reported during
the warming of the UV-irradiated matrix of CH,L.”" In
that study, the absorption at around 400 nm disappeared,
whereas the absorption bands of I;~ and I, alternately ap-
peared by a diffusion process during softening. This result is
consistent with the assumption that the band at around
400 nm is due to a precursor of I;”. In solution, I;~ was re-
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cently observed by nanosecond transient absorption upon
excitation of CH,I, at 266 nm in CH;CN and alcohols.” In
this study, the principal precursor of I~ is described as I-,
which is given by the reaction CH,I-1—-CH,I* +1".

We now briefly discuss the other results of femtosecond
transient absorption spectroscopy. Harris and co-workers as-
signed the slow-rise component to vibrational relaxation of
CH,I radical.® The reason for this assignment was as fol-
lows. First, the time constant matches the typical vibrational
relaxation time of a small molecule in solution. Second,
the probe wavelength was reported to be nearly the peak
position of the absorption band of the radical.””! Generally,
the transient absorption probed at its absorption maximum
rises and decays at its band edges by vibrational cooling. If a
slow-rise component was responsible for the vibrational
cooling process, the decay component should have been ob-
served at the absorption edge. As shown in Figure 3, howev-
er, the third component rose at the blue and red edges
within 5 ps, and these slow rises were observed in the whole
range of observation from UV to near-IR.

Tarnovsky et al. ascribed the two fast components and the
slow component to the electronically excited CH,I, mole-
cule, which stayed for 350 fs in a repulsive state, and a slow
photodissociation was proposed. First, the proposed disso-
ciation time (0.35-1 ps) seems to be too long for the direct
dissociation  studied by numerous authors (see
above).[+333745-551 Second, we consider the relationship of
the dissociation rate and the absorption band. The analyti-
cally decomposed bands (the first and second B, and A,
bands) recorded in the present solutions are almost the
same as those in the gas phase,*™ in which direct dissocia-
tion takes place; that is, the differences in solution and gas
phase of these bands are within 4 %. Third, the experimental
results shown in Figures 5 and 6 indicate that the slow rise
becomes faster as the solute concentration increases. These
concentration-dependent time profiles cannot be applied to
the isomer, because the isomer reaction is caused by a single
molecular process.

Formation of Charge-Transfer Complex in Solute
Aggregates

We observed the formation of the CT complex after photo-
dissociation in the picosecond region. If the solution is ho-
mogeneous, this timescale seems to be too short for the en-
counter of the fragment I and the solute CH,I, in the pres-
ent concentration range (107*-1072m). According to Equa-
tion (5), we confirm the encounter time 7 of two species:["!]

T=FPD! (5)

in which / is the average distance between CH,I, and I, and
D is the sum of the two diffusion constants.’™ The estimated
time lies between 5 and 100 ns in the present experimental
concentration range, which is sharply different from the ob-
served values, which lies in the 7-50 ps range. Accordingly,
this suggests that the solute CH,I, is not homogeneously dis-
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solved in solution. The inhomogeneity of the solute mole-
cules is generally driven by strong solute—solute interactions.

We now describe the intrinsic and specific properties of
CH,L,. It is known that the van der Waals energy is formu-
lated by Equation (6):"?

A

W =12, =% (6)

in which W is the van der Waals energy, A is the Hamaker
constant, D, is the contact intermolecular distance, and v is
the surface energy. Notably, the y value of CH,I, is the larg-
est among 450 organic liquids:™7 y(CH,L,) =67, y(H,0)=
73mJm~2 at 298 K. Furthermore, the vaporization energy
was also reported to be large: AH,,,(CHL)=
45.6 kITmol '™ at 298 K, which is similar to that for water,
AH,,,(H,0)=45.0kJ mol . In other words, the CH,I, mole-
cule has strong intermolecular interactions. These strong in-
teractions seem to play an important role in forming the
structure of CH,I, in solution. In fact, the structure around
CH,I, solute was investigated by Raman spectroscopy, and a
very large spectral shift (20 cm™) of the C-H stretching of
CH,I, was observed when the concentration of CH,I, was
increased. In that study, the aggregation tendency of
CH.,I, solute was clear at room temperature, because the
evaluated microscopic concentration became higher than
the macroscopic one. Another specific feature of CH,I, was
reported in terms of the solubility of polyhalomethanes. Ac-
cording to the Hildebrand parameter, the CH,I, molecule is
said to be the most insoluble solute in various polyhalo-
methanes.® We observed “phase separation” in concen-
trated solutions of CH,l,, for example, when the concentra-
tion of CH,I, was greater than 0.1 M in hexane.

On the basis of the following five reasons, we introduce
the aggregation of CH,I, to explain the fast formation of the
CT complex. First, the fragment I readily finds a partner
CH,l, in aggregates within a few tens of picoseconds.
Second, the aggregation of CH,I, in solution at room tem-
perature is indicated by Raman spectroscopy.!® Third, it has
been suggested that the formation of CH,L,* in matrix is
due to solute interactions with a sublinear dependence of
absorbance on concentration.””! Fourth, the CH,I, molecule
is the most insoluble solute in various polyhalomethanes.?"
Fifth, the very large van der Waals energy of CH,I, is in
favor of aggregate formation.

Kinetics of Sequential Reactions After Photodissociation

Figure 11 shows two time profiles in acetonitrile at 400 nm.
These were reproduced from the time-resolved absorption
bands analyzed by two Gaussian functions (Figure 10) and
were assigned to the CT complex and the ion-pair complex.
It is clear that the former is formed faster than the latter.
We analyzed the kinetics for CT-complex formation and the
electron-transfer process as follows (Equation (7)):

704 www.chemasianj.org

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

K.-i. Saitow, K. Yoshihara et al.

. . Kk
CH,I, + I5 CH,L> -+ - I = CH,L,* .- - T, (7)

koo

in which k,, k,, k_,, and k; represent each reaction rate con-
stant. In this scheme, photodissociation and geminate re-
combination are not included, because these processes are
completed within a few hundred femtoseconds, and the in-
fluence on CT-complex formation and later processes is
minute. We introduced the back reaction of the electron
transfer, because the transient absorption of the CT complex
showed a small decay component in the time range of obser-
vation regardless of the rise of the CH,L,*-~1" band. This be-
havior indicates that formation of the ion pair from the CT
complex may cause a back reaction in the above scheme.

We analyzed the reaction in Equation (7) by solving the
following rate equations (Equations (8)-10):

dff
G = —k[CHL]] ®)
d[CH,L" - 1]

dr N 9)
ky [CHzlz]m - kz[CHng+ T Iaf] + k—z[CH2Iz+ e If]

d[CH,L} ---T7]
dr
ky[CHI - 17 — kL [CHLL -+ - 1] — k5[CHLL - - - T7]

(10)

Under the present experimental conditions, such as
photon flux and solute concentration, the pump pulse of
268 nm excited CH,I, by less than 1% in the irradiated
volume. This means that the number of ground-state mole-
cules is much greater than the number of fragments I. Ac-
cordingly, the CT-complex formation can be safely approxi-
mated to a pseudo-first-order reaction. Here, we introduce a
local concentration [CH,L,];, which reflects the number of
CH,I, molecules around the photofragment I, instead of the
macroscopic bulk concentration [CH,I,] (see next section).
In Equation (10), the first two terms proceed in the picosec-
ond time region. On the other hand, the third term takes
several tens of nanoseconds. As the former two terms are so
large that the third term can be neglected, the above rate
equations can be safely reduced to the following (Equa-
tions (11)-(13)):

—2 =K (11)

RN (S )
dCHLL" - - I7] = K[ - k[CHI" - - 1] 4+ k_,[CH,L] - - 1]

dt
(12)
+ ... -
W — kz[CHQIT .. .15*] —k,[CHL - - T7)
(13)

in which k;’ is defined as k;[CH,L,];.
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To solve the above rate equations, we use the matrix
method." The results are as follows (Equations (14)-(16)):

[], = (o exp(—kjz) (14)
[CHZI§+ - 16*][ =

k_, k,—k ,
(Mo {kz +k, ki—k,—k, exp(=kif) (15)

k’lkZ eXp{—(kz + k,z)t} :|
(ky + k_y)(k} — ky — k)
[CHLL ---

k,
o {kz Tk,

Ii]t =

+ exp(—k1)

k,
kK, —k, —k_,
_ kikyexp{—(k, + k )t} ]
(ky + ko) (ki — ky — k)

(16)

Using Equations (15) and (16), we fitted the time profiles
of the transient absorptions for the slow-rise component at a
concentration of 10>m. As shown in Figure 11, the experi-
mental results are in good agreement with the above kinet-
ics, that is, the kinetics of the CT complex and ion pair are
consistent with the above reaction scheme. We obtained the
rate constants k,'=(2.440.3)x10", k,=7.0x10°, and k_,=
5.8x10"s™". As the rate constant k,’ is much greater than k,
and k_,, the CT-complex formation is the major process in
the reaction in Equation (7).

Difference in Macroscopic Bulk Concentration and
Microscopic Local Concentration in Two Typical Solutions

In both acetonitrile and hexane, the slow-rise component of
the transient absorption becomes faster nonlinearly as the
CH,I, concentration increases. In other words, although the
time constant in hexane is about five times greater than that
in acetonitrile at 10™*m, the difference decreases at higher
concentrations. Here, we mention that the aggregate corre-
sponds to an ensemble of solute molecules of an undefined
number, unlike a specific dimer. If only a dimer was respon-
sible for the CT-complex formation, the formation rate
could have been exclusively determined independent of the
solute concentration. The degree of aggregation or locally
enhanced concentration makes the formation of the CT
complex faster. We consider that these features represent
how solutes are aggregated at a given concentration in ace-
tonitrile and hexane.

To investigate aggregation, the local concentration
[CH,L,], is estimated in the following manner. The transient
absorption bands of the CT complex and ion pair overlap as
shown in Figure 11. First, the signal intensity at 400 nm,
1(2,400), is described as in Equation (17):

1(1,400)= I (t, 400) + Iip(t, 400)
= £cr(400)[CH,I)" - - - I°7], + £(400)[CHL L] - - - T7]
(17)
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in which &1(400) and &p(400) are the extinction coefficients
of the CT complex and ion pair, respectively. By using
[CH,L,>*--I°7], and [CH,L*-I"], given by Equations (15)
and (16) and the signal intensities in Figure 11, the ratio of
the extinction coefficient at 400 nm, &p(400)/e-r(400), was
estimated to be a constant value of around 14 in the present
time region. Second, we assume the three rate constants, ki,
k,, and k_,, determined in the above section, to be constant
independent of bulk concentration and solvent. Third, the
time profiles of the transient absorptions at the several bulk
concentrations are fitted by Equation (17). As a result, the
fitting parameter in Equation (17) is the only local concen-
tration [CH,L,];, because all the rate constants except for k;
are defined to be concentration independent. As we cannot
obtain the absolute value of k,, the local concentrations thus
evaluated become relative values.

Figure 12 shows the local concentration [CH,L], as a
function of the bulk concentration in both solutions. The
local concentration in acetonitrile increased steeply with an

Local concentration / a.u.

0.0 1 1 1 1 1 1
4 6 8 10 14x10°

o
N

Bulk concentration / m

Figure 12. Evaluated local concentration of CH,I, as a function of bulk
concentration in acetonitrile (O) and hexane (@).

increase in macroscopic bulk concentration and became
saturated at a relatively low bulk concentration. On the
other hand, in hexane the local concentration increased mo-
notonically and did not reach a plateau within the present
range of experimental concentrations. As the local concen-
tration increases, the effective number of CH,I, molecules
with which the photofragment I can generate a CT complex
increases. Such a condition is established at a lower concen-
tration in acetonitrile than in hexane. This means that the
aggregate does not grow to more than a given size in aceto-
nitrile, whereas it continues to develop in hexane. In fact, in
concentrated solutions of hexane, phase separation takes
place, but it does not occur at the higher concentrations in
acetonitrile. The aggregation of CH,I, solute can be stabi-
lized by the polarization effect of solvent molecules.

In conclusion, we determined that the CT complex
CH,L>*--1°", generated in pre-existing aggregates of CH,I,,
plays an important role in reactions of CH,I, in solution and
low-temperature matrices. The CT complex corresponds to
a precursor of I;~, whose product is given by I" and I,
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(Figure 9). These successive reactions after the photodissoci-
ation of CH,l, are triggered by reactions with locally en-
hanced solute concentrations. In 1969, Simons and co-work-
ers observed the generation of I;~ by photolysis of CH,I, in
low-temperature matrices and reported the reactions in
solute aggregates.”** In the present study, the experimental
results show that solute aggregation plays an important role
in the reactions of CH,I, in room-temperature solutions too.
Consequently, it was concluded that the CT complex
CH,I,>*--1°", generated in pre-existing aggregates of CH,I,,
is an intermediate of successive reactions after the photodis-
sociation of CHLL,. This is the reason that the CT complex
has not yet been considered as a candidate for an intermedi-
ate immediately after the photodissociation of CH,I,, except
in our publications.

Assignment of Photoproduct of Transient Absorption Band
at Around 540 nm

We measured the concentration dependence of transient ab-
sorptions at the red band in acetonitrile. Figure 6b shows
the dynamics probed at 580 nm within 5 ps at several con-
centrations. The concentration range of CH,I, is 2.5x 10~
1.2x102m. The general time profiles and concentration de-
pendence are very similar to those observed for the blue
band. The transient signals were also fitted by three expo-
nential functions convoluted with the instrument response
function. The obtained time constants of the fast rise, fast
decay, and slow rise are listed in Table 2. As the dynamics
of the fast components are independent of solute concentra-
tion, the fast rise and decay were assigned to the generation
and disappearance of the photofragment CH,I, respectively.
This assignment is consistent with the ultrafast formation of
the CH,I radical observed at 620 nm by Harris and co-work-
ers.” The slow components became faster as the concentra-
tion increased. This indicates a successive reaction between
fragment and solute molecules.

As for the time profile in the longer time region, the tran-
sient absorptions were measured within 500 ps at 380 nm
(blue band) and 540nm (red band) in acetonitrile
(Figure 13). The dynamics observed at 380 nm gave two rise
components of (14+1) and (160+10) ps. On the other
hand, the dynamics at 540 nm decayed with a time constant
of (170£20) ps. Thus, the time profile at the blue band is
evidently different from that at the red band on the subna-
nosecond timescale. Furthermore, the time constant of the
second rise component at 380 nm is nearly equal to that of
the decay at 540 nm. On the basis of these experimental re-
sults, we discuss several candidates for a product at 540 nm
and propose a new possible mechanism for the formation of
the dimer cation.

We briefly discuss the alternative mechanisms in the liter-
ature. Formation of an isomer CH,—I-I was proposed.”! As
this isomer is generated by a single molecular process, the
formation dynamics should be independent of solute con-
centration. Therefore, this reaction cannot explain the pres-
ent experimental results of concentration dependence. Fur-
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Figure 13. Time profiles of the transient absorptions on the subnanosec-
ond timescale probed at a) 380 nm and b) 540 nm centered at the peak
positions of both bands in acetonitrile. The time constant of the second
rise component at 380 nm is nearly equal to that of the decay at 540 nm.

thermore, it cannot describe the coincidence of the time
constant of the second rise observed at 380 nm with that of
the decay observed at 540 nm on the subnanosecond time-
scale. As for other species, formation of a trapped electron
was proposed.””*®! In the present study, the development of
the absorption of the red band took about 10 ps. This time-
scale seems to be too long for the ejection of electrons
before the much faster photodissociation process.

On the basis of the experimental results in the present
study, the formation of the dimer cation was tentatively pro-
posed to be via a CT complex between solute dimer and
fragment I, followed by electron transfer. The increase in
solute concentration raises the concentration of the dimer.
As the dimer concentration increases, the photofragment I
rapidly finds the dimer to generate the CT complex. These
concentration dependences were suggested to be observed
as a concentration-dependent slow rise (Figure 6b). If a part
of the dimer cation is relaxed to a cation and a neutral spe-
cies in the subnanosecond time region, the transient absorp-
tion of the blue band rises and that of the red one decays
(Figure 13). Thus, we consider that a dimer cation is a possi-
ble candidate for producing the band at around 540 nm. The
absorption spectra of dimer cations of various alkyl iodides
were recorded as a function of solute concentration in solu-
tion."? It was clearly shown that the peak of absorption for
the dimer cation is located at a longer wavelength than that
for the cation, that is, the cation peak appears in the UV
region, and dimer cation peak appears in the visible region.
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Conclusions

The photoinduced reaction dynamics of CH,I, in acetonitrile
and hexane have been studied by time-resolved absorption
spectroscopy from the subpicosecond to the nanosecond
timescale over a wide wavelength region. The transient ab-
sorptions consist of three time components. A fast rise
(<200 fs) and fast decay (/500 fs) at around 400 nm were
assigned to the generation of a CH,I radical by direct photo-
dissociation of CH,l, and disappearance by primary gemi-
nate recombination, respectively. A concentration-depen-
dent slow rise with time constants of 7-50 ps was observed
at 400 nm. It was assigned to the formation of a CT complex
(CH,L*+--I*”) between CH,I, and photofragment I based on
the concentration-dependent time-resolved absorption spec-
tra in the picosecond region. This process was followed by a
full electron transfer from CH,I, to I to generate an ion-pair
complex. The kinetics were analyzed by sequential forma-
tion of a CT complex and an ion-pair complex. In this
scheme, a significant role for solute aggregation was pro-
posed. We analyzed the results of the concentration-depen-
dent slow rise by using rate constants to investigate the local
structure around the CT complex, and the difference be-
tween macroscopic and microscopic concentrations was rep-
resented in both solutions. The analysis proposed that only
CH,I, in the neighboring region of initially photoexcited
CH,I, participates in CT-complex formation. Such a condi-
tion is more readily achieved at lower concentrations in ace-
tonitrile than in hexane.

We also observed that the photoproduct gave an absorp-
tion band at around 540 nm. This band had a similar time
profile to the blue band in the sense that the slow-rise com-
ponent became faster with increasing concentration. We ten-
tatively assigned this transient to a charge-separated species
of the dimer cation and I". It was considered that CH,I,
solute interactions strongly influence the chemical processes
after photoexcitation. Our results show that, even in solu-
tion at room temperature, the pre-existing solute aggregates
govern the early dynamics.

Experimental Section

Subpicosecond Transient Absorption Spectrometer and Its Experimental
Procedures

The optical configurations for the UV subpicosecond transient absorption
spectrometer are described elsewhere.*>”"7! Briefly, the light source was
based on a regenerative amplified Ti/sapphire laser. A Ti/sapphire oscilla-
tor (Clark-MXR NJA-4) pumped by a position-stabilized Ar ion laser
(Spectra Physics BeamLok 2060) produced an optical pulse width of 70 fs
with an average power of 400 mW at 800 nm. The output pulse of the os-
cillator was temporally chirped by a stretcher and its energy per pulse
was regeneratively amplified by a CW Q-switched intracavity-doubled
Nd/YAG laser (Clark MXR ORC-1000) with 8-W output. With a pulse
compressor, we finally obtained an amplified pulse with a pulse energy of
900 uJ at 800 nm with a pulse width of 120 fs at a repetition rate of 1 kHz
(Clark MXR CPA-1000).

The fundamental output pulse was used to generate both a third harmon-
ic (268 nm) as a pump pulse and a white-light continuum as a probe
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pulse. The fundamental pulse was passed through a BBO (f-barium
borate) crystal (type I, thickness 1 mm) to generate a second harmonic
(400 nm). After the second harmonic pulse was separated with a dichroic
mirror, the polarization was rotated by a half-wave plate. The second har-
monic and fundamental pulses were mixed on another BBO crystal
(type I, thickness 0.5 mm) to generate a third harmonic pulse. This was
passed through a pair of prisms to compensate for its group velocity dis-
persion and was separated from the fundamental and second harmonic
pulses. The white-light continuum was generated by focusing the funda-
mental or the second harmonic pulse onto a quartz flow cell containing
D,0O with a path length of 10 mm. The available wavelength regions for
the probe light with the second harmonic and fundamental pulses were
340-600 and 500-900 nm, respectively. The configuration of linear polari-
zation between the pump and the probe pulses was set to be the magic
angle.

The pump pulse was loosely focused onto a quartz sample flow cell with
a path length of 1 mm, and the energy in front of the cell was about
10 wl. For the probe and reference pulses, the most stable part of the
white-light continuum, selected by focusing it onto a pin hole, was used
as the spatially stable part. The probed wavelength was selected with a
suitable interference filter (Andover, full width at half maximum=
10 nm). The probe and reference pulses were detected by Si pin photodi-
odes. These signals were processed by two boxcar integrators (Stanford
Research Systems SR250) and sent to an analogue processor (Stanford
Research Systems SR235) to normalize the fluctuations of the white-light
continuum on every laser shot. Finally, the normalized signals were pro-
cessed by a third boxcar integrator operating in toggle mode. We were
able to obtain directly absorbance changes by chopping pump pulses on
every other shot. The absorbance change at a certain time delay on a
computer-controlled stage was accumulated in a computer. The present
transient absorption spectrometer allowed us to detect an absorbance
change of AOD=1x10"* The instrument response assumed with a
Gaussian function was estimated to be 550 fs from the instantaneous rise
of the excited-state absorption or instantaneous bleach for rhodamine 6G
in ethanol and p-terphenyl in cyclohexane, depending on the probe wave-
length.

Nanosecond Flash Photolysis

Transient absorption signals on the nanosecond timescale were measured
by a system described elsewhere.” Briefly, pump and probe pulses were
obtained from an XeCl excimer laser (308 nm; Lambda Physik EMG 101
MSC) and a xenon flash lamp (EG&G FX279U), respectively. The two
pulses were triggered by a pulse generator (Hewlett Packard 8015A) at
1 Hz. Synchronization between the pump and probe pulses was carried
out by a delay generator (Stanford Research Systems DGS535). The
probe beam that passed through a sample cell was directed onto a mono-
chromator (Ritsu MC 10N) equipped with a photodiode. Signals were
amplified with a fast amplifier (Stanford Research System SR445), pro-
cessed with a programmable digitizer (Tektronix 7612D), and accumulat-
ed in a computer.

Samples

CH,], (Tokyo Kasei, >99 %), hexane, acetonitrile, and dichloromethane
(CH,Cl,; Wako, HPLC grade) were used as obtained. Sample solutions
were flowed through a tube attached to a bottle of solution to ensure a
fresh sample on every laser shot. Air was removed from the solutions by
bubbling argon gas, and the solutions were replaced at intervals of a few
hours to avoid degradation by laser irradiation.
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Carbonylative Polymerization of Oxetanes Initiated by Acetyl Cobalt

Complexes

Yessi Permana, Koji Nakano, Makoto Yamashita, Daisuke Watanabe, and

Abstract: Four acetyl cobalt complexes,
[AcCo(CO);P(p-tolyl);] (1; p-tolyl=4-
Me-C¢H,), [AcCo(CO);P(OPh);] (2),
[AcCo(CO);P(NMe,);] 3), and
[AcCo(CO)(dppp)]  (4;  dppp=1.3-

Kyoko Nozaki*!*!

(4-hydroxyalkanoate) and/or ether
units were obtained with complexes 1
and 2, but not with complexes 3 and 4
either in the presence or absence of ad-
ditional phosphorus ligands. The ester

unit/ether unit ratio varied in the range
21:79-63:37, and the highest ester/ether
ratio of 63:37 was achieved by using
complex 1 in the presence of a further
5equivalents of P(OPh);. Although

bis(diphenylphosphanyl)propane),

were synthesized, characterized, and
examined as catalysts for the unprece-
dented carbonylative polymerization of
oxetanes. Copolymers containing ester

lactones -
polymerization

Introduction

Aliphatic polyesters have gained growing interest owing to
their biodegradability.'! The production of such polymers in
nature relies on bacterial processing.”) On the other hand,
synthetic methods toward aliphatic polyesters have attracted
considerable interest. One of the most common synthetic
methods is ring-opening polymerization of lactones such as
p-lactones, d-lactones, or e-lactones, which contain a four-,
six-, or seven-membered ring, respectively [Eq. (1)].?! In
sharp contrast, however, y-lactones, which contain a five-
membered ring, have not yet been successfully utilized as
monomers in ring-opening polymerization under practical
conditions [Eq. (2)].° except for a few examples of copoly-
merizations with methyl methacrylate,” §-valerolactone,”)
and e-caprolactone.™"'?l These examples are limited to in-
corporation of the unsubstituted y-lactone of 2-43%; the
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direct carbonylative polymerization is
possible, preformation and ring open-
ing of the y-lactone is also suggested as
an alternative pathway.

cobalt -
ring-opening

highest incorporation was achieved by the copolymerization
of y-butyrolactone and e-caprolactone, in a 98:1 ratio, initi-
ated by aluminum isopropoxide trimer ([AlI(OiPr);]) to give
only 6% conversion of y-butyrolactone.'Y! The low polymer-
izability of y-lactone is explained by the thermodynamic sta-
bility of its five-membered-ring structure;¥ that is, after nu-
cleophilic ring opening of the y-lactone by a growing anionic
chain end, rapid “back-biting” immediately takes place to
regenerate the original y-lactone. However, by use of harsh
reaction conditions, homopolymerization was reported to
occur. For example, poly(y-butyrolactones) with molecular
weights (M,) of 30000-35000 gmol™" could be prepared
under ultrahigh pressures of 1.2-2.0 GPa at 100-160°C.F*4

0 (0]

As another approach to polyesters, carbonylative poly-
merization of oxirane, a three-membered cyclic ether, is
known to provide an equivalent of poly(f-lactone) [Eq. (3)].
Furukawa et al. reported the first example of the copolymer-

Chem. Asian J. 2008, 3, 710-718
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ization of oxirane with carbon monoxide (CO) by using
AlEt,;/Co(acac); (acac=acetylacetonate) and AliBuy/H,0O/
Co(acac);.["”!

O

A vco —— fo/\)k} (3)
n

Recently, Rieger and co-workers reported that
[Co,(CO)s)/3-hydroxypyridine is an active catalyst for the al-
ternating copolymerization of propylene oxide with CO.!
Several other catalyst systems have also been reported,!”
including an acyl cobalt complex, [AcCo(CO);P(o-tolyl);]
(o-tolyl =2-Me-C4H,).*>324

As the ring opening of y-lactones under mild and industri-
ally practical conditions is apparently impossible for the in-
corporation of the 4-hydroxyalkanoate unit into a polymer,
the carbonylative polymerization of oxetane, a four-mem-
bered cyclic ether, should provide the only efficient synthet-
ic strategy [Eq. (4)]. Herein, we report the first example of
carbonylative polymerization of oxetane, which allowed us
to incorporate the 4-hydroxyalkanoate unit into a polymer
chain. Acetyl cobalt complexes 1-4 (Scheme 1) were exam-
ined as catalysts in the absence and presence of free phos-
phorus ligands. The product contains ester and ether units
because simple ring-opening enchainment without carbonyl-
ation also occurred as well as the targeted carbonylative en-
chainment. The highest incorporation of the ester unit, up to
63 %, was achieved by complex 1 in the presence of free P-
(OPh); ligand for the carbonylative polymerization of 3-
methoxymethyl-3-methyloxetane (5a), which was easily pre-
pared from a commercially available oxetane.

[Teco —— Yoy, @

@)

Results and Discussion
Synthesis and Characterization of Catalysts

The acetyl cobalt complexes [AcCo(CO);L] and [AcCo-
(CO),L,] (L=phosphorus ligand) 1-4 were synthesized as
potential catalysts for the oxetane/CO copolymerization
(Scheme 1). According to the literature, treatment of

Abstract in Indonesian: Metoda sintesa baru bagi poliester
rantai lurus yang ramah lingkungan ditemukan melalui poli-
merisasi oksetan dan gas karbon monoksida menggunakan
katalis logam kobal 1 dan 2. Penggunaan katalis kobal 1
yang ditambahkan ligan P(OPh); sebanyak lima ekivalen
mampu menghasilkan polimer dengan unit ester sampai
dengan 63 %.

Chem. Asian J. 2008, 3, 710-718
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0
L'or LL', Mel, CO (1 atm) oc,,\f

Et,0 OC/C‘°_L

0°C, 1h,thenRT, 4 h

Na[Co(CO),]

L
1: L =CO, L' = P(p-tolyl)s
2:L=CO, L'=P(OPh)s
3:L=CO, L' = P(NMe,);
4:LL'=dppp

Scheme 1. Synthesis of acetyl cobalt complexes 1-4. dppp=1,3-bis(di-
phenylphosphanyl)propane.

Na[Co(CO),] with Mel and P(p-tolyl); (p-tolyl=4-Me-
C¢H,) under CO atmosphere provided phosphine complex
1.5 We also prepared phosphite complex 2, phosphorus
triamide complex 3, and bidentate phosphine complex 4 by
a process similar to that for 1. All the complexes 1-4 were
characterized by 'H, *C, and *P NMR spectroscopy as well
as FTIR spectroscopy and elemental analysis.

The electronic nature of the cobalt center is reflected by
the carbonyl absorptions of 1-4 (Table 1). The frequencies

Table 1. IR data of acetyl cobalt complexes 1-4 (KBr).

Complex P ligand Vo [em™!] Vico for Ac [em™!]
1 P(p-tolyl); 1973 (s), 1958 (s) 1663 (m)

2 P(OPh), 1990 (s), 1971 (s) 1676 (m)

3 P(NMe,), 1969 (s), 1944 (s) 1655 (m)

4 dppp 1967 (m), 1911 (s) 1628 (s)

of the stretching vibrations of the carbonyl ligands and the
C=0 bond in the acetyl ligand decrease in the order 2>1>
3>4, and correspondingly the degree of electron back dona-
tion from the cobalt center to the carbonyl groups increases
in the order 2<1<3<4. In other words, the electron-donat-
ing ability of apical phosphorus ligands increases in the
order P(OPh), < P(p-tolyl); < P(NMe,); < dppp. These trends
match that previously reported for [RC(=0)Co(CO);L]
(L =phosphorus ligand).?*272

Complexes 1, 2, and 4 were further characterized by
single-crystal X-ray analysis (Figure 1 and Table 2).% The
complexes adopt a trigonal-bipyramidal conformation with
three CO ligands at the equatorial sites and an acetyl and a
phosphorus ligand at the apical sites, except for complex 4,
in which the chelating phosphine coordinates at both apical
and equatorial sites.

The Co—P bond lengths are 2.2489(7) (1), 2.1782(7) (2),
and 2.2182(10); 2.2257(11) A (4). The shorter Co—P bond of
complex 2 is well-related to the electron-withdrawing char-
acter of P(OPh);: stronger back donation from the Co
center to the phosphorus atom results in the shorter Co—P
bond.P! This electron-withdrawing character of P(OPh); de-
creases electron density on the cobalt center to cause the
Co—C(acetyl) bond to lengthen (2.039(3) A) in complex 2
relative to that in phosphine complexes 1 (2.0077(8) A) and
4 (1.985(3) A).

www.chemasianj.org 711
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(c)

Figure 1. ORTEP drawings of a) 1, b) 2, and c¢) 4 with thermal ellipsoids
at 50% probability. Hydrogen atoms are omitted for clarity. Selected
bond lengths (A) in 1: Co—C1 2.0077(18), average Co—CO 1.7849(19),
Co—P 2.2489(7), C1-0O1 1.204(2), average C=0O 1.144(2). Selected bond
lengths (A) in 2: Co—Cl 2.039(3), average Co—CO 1.793(3), Co—P
2.1782(7), C1—01 1.215(3), average C=0 1.140(3). Selected bond lengths
(A) in 4: Co—Cl 1.985(3), average Co—CO 1.759(3), average Co—P
2.22195(105), C1-01 1.206(4), average C=0 1.148 (4).
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Table 2. Crystallographic data and structure-refinement details for
complexes 1, 2, and 4.

Complex 1 2 4

Formula CyH,,Co0O,P C,;H ;CoO,P C3H,yCoO5P,
M, 490.35 496.27 570.41

T [K] 120(2) 120(2) 103(2)
2[A] 0.71070 0.71070 0.71070
Crystal system monoclinic orthorhombic ~ monoclinic
Space group P2/c P22,2, P2i/n

a[A] 10.308(3) 9.5979(4) 10.307(3)
b[A] 12.531(3) 11.0455(7) 21.188(7)
c[A] 18.354(5) 20.8127(13) 12.555(4)
al’] 90.0000(11) 90 90.0000(13)
Al 96.2539(13) 90 90.0876(13)
y[°] 90.0000(11) 90 90.0000(13)
VIAY] 2356.7(11) 2206.4(2) 2741.9(16)
V4 4 4 4

D yeq [gem™] 1.382 1.494 1.382

u [mm™] 0.826 0.893 0.773
F(000) 1016 1016 1184
Crystal size [mm®]  0.55x0.45x0.25 0.75x0.50x0.45 0.50x0.40x0.07
26 range [°] 3.15-25.00 3.43-25.00 3.20-25.00
No. of reflections 22214 14070 8758
collected

No. of independent 4104 3869 4529
reflections

Ry 0.0183 0.0222 0.0292

No. of parameters 293 290 335

GOF on F* 1.090 1.214 1.083

R1, wR2 (I>20(I))  0.0286, 0.0728
R1, wR2 (all data)  0.0299, 0.0737

0.0216, 0.0589
0.0228, 0.0783

0.0433, 0.0826
0.0533, 0.0873

Reactions of Oxetanes 5a—e with CO by Using Complexes
14

With complexes 1-4 in hand, we investigated the copolymer-
ization of oxetane Sa with CO. Oxetane Sa was readily pre-
pared from commercially available 3-hydroxymethyl-3-
methyloxetane.”? Copolymers containing both ester and
ether units were obtained with complexes 1 and 2, but no re-
action proceeded with complexes 3 or 4 (Table 3). The reac-
tion of 5a with CO by using complex 1 (5a/Co=200) under
8.0 MPa of CO at 100°C for 12 h gave a copolymer with an
activity of 300 g(mol Co)~'h~!, an ester/ether ratio of 27:73,
and an M, value of 4900 gmol™' (polydispersity index,
PDI=1.5) (Table 3, entry 1). The catalytic activity and the
ester/ether ratio increased from 100 to 140°C (Table 3, en-
tries 1-3), whereas the high reaction temperature of 160°C
(Table 3, entry 4) decreased the formation of the ester unit.
Thus, copolymerization at 140°C gave the highest incorpora-
tion of the 4-hydroxyalkanoate unit (47 %) in the polymer
(Table 3, entry 3) in this series. The molecular weights of the
copolymers obtained decreased with increasing reaction
temperature in spite of an increase in copolymer yields,
most probably due to chain transfer (Table 3, entries 1-4).
When compared at the same temperature, phosphite com-
plex 2 exhibited higher catalytic activity and produced a
higher-molecular-weight copolymer than complex 1, but it
provided the copolymer with a lower ester-unit content
(compare Table 3, entries 1-3 with entries 6-8). The temper-
ature dependency of the catalytic activity, ester/ether ratio,
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Table 3. Copolymerization of oxetanes and CO initiated by complexes 1-4 and 6.

Co complex + L'

Structural Analysis of the

R
R . 5/Co = 200 R ON Copolymers
d‘ '+ co KL ,
o) 6.0 MPa 12h © D/x R The product copolymers were
5 R characterized by 'HNMR
5a: R = CH,0Me, R' = Me 5d: R = CH,0nBu, R' = Me spectroscopy and MALDI-
5b:R=R'=H 5e:R=R'=Me TOF mass spectrometry. The
Sc: R = CH,OEL R = Me '"HNMR spectrum of the co-
Entry Oxetane Complex L' ([equiv]) T  Yield Activity xiy® m ! polymer obtained in Table 3,
[°Cl [%] [g (mol of [gmol™] entry 3 is shown in Figure 2a.
Co) h] (PDI) The peaks at 0.8-1.0 ppm were

1 Sa 1 - 100 12 300 27:73 4900 (1.5) identified as due to protons of

2 Sa 1 - 120 48 1000 32:68 4400 (1.6) th thvl side chai directl

3 5a 1 - 140 54 1200 47:53 3900 (1.7) ¢ methyl side chains directly

4  5a 1 - 160 69 1500 44:56 3400 (2.1) attached to the quaternary

5 S5a 2 - 80 72 1400 8:92 7800 (2.1) carbon atoms. Compared with

6 S5a 2 - 100 80 1600 16:84 6500 (2.3) the 'HNMR spectrum of the
7 5a 2 - 120 81 1600 21:79 5300 (2.5) h

omopolymer of poly-Sa (see

8 Sa 2 - 140 60 1300 34:66 5000 (2.4) p y Poly (

9 5a 3 _ 140 1o reaction below; Figure 2b), the peaks at
10 5a 4 - 140 no reaction 0.8-1.0 ppm show a complex
11 5b 1 - 140 5 50 28:72 oligomericl®! pattern, which implies the exis-
12 5¢ 1 - 140 6 140 60:40 2900 (2.4) tence of neighboring ester and
13 5d 1 - 140 11 420 43:57 oligomericl®! . ..

() ether units. This is also sup-
14 Se 1 - 140 trace copolymer
15 5a 1 P(p-tolyl), 140 12 260 60:40 2800 (1.2) ported by MALDI-TOF MS
(1 equiv) analysis of the copolymers ob-
16 5a 1 P(p-tolyl); (5) 140 no reaction tained: multiple signals were
17 5a 1 P(OPh); (1) 140 19 420 59:41 3300 (1.3) d
etected for the polymer ob-
18 5a 1 P(OPh); (5) 140 19 430 63:37 3000 (1.1) . ) poly
19  5a 2 P(p-tolyl); (1) 140 8 220 22:78 oligomeric! ta“}ed in  Table 3, entr? 3,
20 5Sa 2 P(OPh); (1) 140 30 660 59:41 3200 (1.5) which correspond to a variety
21 5a 2 P(OPh); (5) 140 trace copolymer! of combinations of x and y in
2 5a 6 - 140 37 810 29:71 3900 (19)  Table 3% On the other hand,

[a] Production ratio was estimated by '"H NMR spectroscopy. [b] Determined by gel-permeation chromatogra-
phy with a polystyrene standard. [c] M,<1700 gmol™'. [d] Conversion<4%. [e] Complex 6 is [BnCOCo-

(CO)J.2

and molecular weight observed with 2 was similar to that
with 1 (Table 3, entries 5-8). The highest molecular weight
of 7800 gmol™' was obtained with 2 at 80°C (Table 3,
entry 5).

The reaction of unsubstituted oxetane 5b with CO by
using 1 gave an oligomeric product with an ester/ether ratio
of 28:72 (Table 3, entry 11). Copolymerization of ethyl ether
5S¢ with CO by using the same catalyst provided a copoly-
mer with 60% ester units, which is higher than the copoly-
mer derived from 5a under the same reaction conditions,
and an M, value of 2900 gmol ™' (compare Table 3, entry 12
with entry 3). Copolymerization with 5d, which has a longer
alkyl chain on the alkoxy group, initiated by the same cata-
lyst provided only an oligomeric product with an unexpect-
edly low proportion of ester units (Table 3, entry 13). Co-
polymerization of dimethyl-substituted oxetane Se gave
only trace amounts of the copolymer (Table 3, entry 14).
However, although the Sc-derived copolymer contained
more ester units, the yield was considerably lower (6 % ).
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the existence of both polyether
and polyester blocks was
proven by the following stud-
ies. Hydrolysis of poly-(5a/co-
CO) with concentrated HCI at
85°C for 40 h in dioxane pro-
vided poly-5a (22 %), oligo-5a (31 %), y-lactone 7a, and its
demethylated product 7a’ (12% for 7a+7a’) after separa-
tion by GPC (Scheme 2).%%

The existence of high-molecular-weight poly-Sa after sep-
aration suggests that the polymeric material obtained in
Table 3 contained a certain amount of poly-5a from the be-
ginning. Lactone 7a was most probably derived from the
back-biting degradation of the polyester unit, that is, poly-
(5a/alt-CO), under hydrolysis. Oligo-5a was probably de-
rived from a polymer containing both ether and ester link-
ages.

High-Pressure IR Studies of Complexes 1 and 2 under CO
Pressure

To elucidate the different catalytic performances of phos-
phine complex 1 and phosphite complex 2, their behavior
under CO pressure was investigated.[>®<!

Upon exposure to CO pressure of 7.0 MPa at 100°C, no
clear replacement of the P(p-tolyl); ligand by CO in com-
plex 1 (0.03m in THF) was observed even after 3h
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Figure 2. '"H NMR spectra of a) copolymer obtained from copolymerization of oxetane 5a with CO, b) poly-5a, c) terpolymer from polymerization of
oxetane 5a with CO in the presence of 7b, and d) copolymer from oxetane 5b with CO.

02“502361150’““3 (Figure 3). On the contrary, the exposure of complex 2

W 4(—1“5 . 40 h (0.06 M in THF) to 7.0 MPa of CO at 100°C resulted in im-
o mediate conversion into [AcCo(CO),]. Within 5 min, the in-

xly =53 : 47 itial carbonyl stretching vibrations disappeared, and new ab-

M/ PDI=2700:1.6 sorptions appeared at 2003 and 2023 cm™!, which accorded
o} with the reported values for [AcCo(CO),] (Figure 4).23¢!

. oligo-5a + 0 Notably, the reaction of 2 to give [AcCo(CO),] is a reversi-

/<O ) M, = 900-1100 ble process. When the pressure of CO was released to ambi-
poly-5a 31% RO ent pressure, we detected the absorptions due to 2 again.

M,/ PDI =3700:16 R=Me (7a) This easier replacement of P(OPh); by CO relative to P(p-
22% 1H2%(7a) tolyl); may be explained as follows: the thermodynamic sta-

) ) bilities of complex 2 and [AcCo(CO),] are similar, whereas
Scheme 2. Hydrolysis of poly-(5a/co-CO) with concentrated HCI.

] before CO exposure
1 } .
;] 1 min I,
T 30 mm ¥ (LM,_N ] 5min aftc(l':'%(i’lf’ g
1 €xposurc o a
] 1 atl00°C %
] 976| 961 1 20235003
2200 2100 2000 1900 1800 2200 2100 2000 1900
-~ V/em'! -~ V/em'!
Figure 3. IR spectra of 1 in THF after CO exposure at 7.0 MPa at 100°C. Figure 4. IR spectra of 2 before and after CO exposure in THF.

714 www.chemasianj.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 710-718





Carbonylative Polymerization of Oxetanes

complex 1 is much more stable than either 2 or
[AcCo(CO),] through electron donation of the phosphine
ligand. A similar relationship between lability and the elec-
tron-donating ability of phosphorus ligands was also report-
ed by Jia et al.®¥

Effect of Additional Ligands and Consideration of Active
Species

As ligand dissociation seems to be critical under the poly-
merization reaction conditions, we carried out the 5a/CO
copolymerization in the presence of additional phosphorus
ligands. Addition of 1.0 equivalent of either free P(p-tolyl);
or P(OPh); ligand in the copolymerization of oxetane Sa
and CO initiated by phosphine complex 1 increased the pro-
portion of ester units to 60 %; however, the catalytic activity
and molecular weight were sacrificed (Table 3, entries 15
and 17). Although a large excess of P(OPh);, up to
5.0 equivalents in the above copolymerization, resulted in
slightly more ester units (Table 3, entry 18), an equivalent
excess of P(p-tolyl); deactivated the reaction (Table 3,
entry 16). Complex 2 showed a similar phenomenon only in
the addition of free P(OPh); in a 1:1 ratio to the catalyst
(Table 3, entry 20). A lower proportion of ester units was
obtained when 1.0 equivalent of P(p-tolyl); (Table 3,
entry 19) was added, and only trace amounts of the copoly-
mer was produced when up to 5.0 equivalents of the phos-
phite was added (Table 3, entry 21). In the absence of any
ligand, that is, in the reaction initiated by [BnCOCo(CO),]
(6), a copolymer with an ester/ether ratio of 29:71 and an
M, value of 3900 gmol™' (PDI=1.9) was obtained in 37 %
yield (Table 3, entry 22). The above observations may be
summarized as follows. The stronger electron donor P(p-
tolyl); increases the ester content relative to the weaker
donor (thus, weaker binder) P(OPh); (Table 3, entries 3 and
8). Addition of extra amounts of a phosphorus ligand
seemed to increase the ester content (Table 3, entries 15, 17,
18, and 20), although there were some exceptions (Table 3,
entry 19). A large excess of a free phosphorus ligand retard-
ed the reaction (Table 3, entries 16 and 21). This was proba-
bly the result of an equilibrium shift from a tetracarbonyl
cobaltate species to a phosphorus-ligated cobaltate.*¥ In
other words, the more Lewis acidic ligand-free cobalt spe-
cies tend to give a higher ether content, whereas the less
acidic cobalt species, achieved by the coordination of a
phosphorus ligand, is less active for the homopolymerization
of 5a. As a result, copolymers with a higher ester content
were obtained in the presence of an appropriate amount of
phosphorus ligands.

Possibility of Direct or Indirect Pathway in Carbonylative
Polymerization of Oxetanes

To obtain more information about the mechanism of the
cobalt-catalyzed carbonylative polymerization of oxetanes,
the possibility of indirect carbonylative polymerization,
which involves formation of y-lactone 7a as an intermediate
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followed by its subsequent ring-opening polymerization to-
gether with a ring-opening polymerization of the oxetane Sa
(Scheme 3), should also be taken into account.>>7

MeO

MeO MeO
[AcCo(CO),L] o
+ CcO——mMmMm \éo vy
(0] o
5a MeO
ROP

O

0

7a 5a

Scheme 3. Plausible pathways in oxetane/CO copolymerization. ROP =
ring-opening polymerization.

Thus, we first heated a mixture of y-butyrolactone 7b
with complex 1 or 2 at 140°C for 12 h, which resulted in re-
covery of 7b either in the presence or absence of CO
(8.0 MPa). No reaction proceeded when lactone 7b was
treated in the presence of complex 1 and oxetane 5a. On
the other hand, the reaction of 7b in the presence of 1, CO
(8.0 MPa), and oxetane 5a at 140°C gave a terpolymer con-
taining the ester unit derived from 7b (Scheme 4).

MeO Co complex 1
O © 5a/Co =200

+CO + \V\_7 ELLIA Ll SN
O 140°C, 12 h

5a

7b
MeO MeO 0
for e
e}
o y ‘
39%vyield, x/y/z=7:66:27

M,/ PDI=3200:2.0

Scheme 4. Copolymerization of oxetane 5a and CO in the presence of
v-lactone 7b.

Incorporation of 7b was confirmed by 'H NMR spectros-
copy. The '"HNMR spectrum of the terpolymer obtained
(Figure 2¢) is compared with that of the 5a/CO copolymer
(Figure 2a). In Figure 2c, there are broad peaks at 1.7-
1.9 ppm, which were not observed in Figure 2a. By compar-
ing the spectrum in Figure 2c with that of a copolymer ob-
tained from unsubstituted oxetane S5b and CO (Fig-
ure 2d),® the broad peaks at 1.7-1.9 ppm were assigned to
the methylene protons H, in the ester unit derived from 7b.
The ratio of ester to ether units from Sa to the ester unit
from 7b, that is, x/y/z in Scheme 4, is 7:66:27, which corre-
sponds to the total ester/ether ratio of 34:66. Thus, the incor-
poration of y-butyrolactone 7b indicates that the occurrence
of an indirect pathway exists. On the other hand, the direct
pathway is still possible. Notably, there was a significant de-
crease in the total ester/ether ratio from 47:53 in the copoly-
merization without 7b (Table 3, entry 3) to 34:66 with 7b
(Scheme 4). The fact that the presence of 7b inhibited the
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incorporation of ester units in the 5a/CO copolymerization
seems to contradict the indirect pathway.

In sharp contrast to the observations with substituted oxe-
tane Sa, the opposite trend was observed with unsubstituted
oxetane Sb. The copolymerization of Sb with CO provided
the corresponding copolymer with an ester/ether ratio of
7:93 when the reaction was carried out at 100°C for 20 h
under CO pressure of 6.0 MPa in the presence of 1
(0.36 mol % ). Notably, in this case, y-lactone 7b was ob-
tained in 16 % yield along with the desired copolymer and
the remaining 5b (21 %).”! Furthermore, the ester content
increased when the copolymerization was carried out in the
presence of an equimolar amount of 7b (Scheme 5). Hence,
the indirect pathway may be more probable for the reaction
of 5h.

1 (0.36 mol%)
e

0-_0
(’)j roo m 100 °C, 20 h

s5p 6.0 MPa

fo/\/\(fﬁx{ow/)y

45% yield, x/y=232:68
M,/ PDI=5000:1.9

Scheme 5. Copolymerization of oxetane Sb and CO in the presence of
v-lactone 7b.

Conclusions

We have successfully achieved the first example of copoly-
merization of oxetane and CO initiated by acetyl cobalt
complexes. The copolymerization afforded polymers con-
taining ester and ether units. The phosphorus ligands ligated
to the cobalt center were observed to control the ratio of
ester to ether units, the catalytic activity, and the molecular
weight of the copolymer. The reaction with phosphite com-
plex 2, in which P(OPh); was instantaneously substituted by
CO under the copolymerization conditions, provided a co-
polymer with higher molecular weight, whereas the reaction
with P(p-tolyl); complex 1 gave a copolymer with higher
ester-unit content. In the presence of a free phosphorus
ligand, a copolymer with 63 % ester content was produced.
The possible mechanism of indirect carbonylative polymeri-
zation via a y-lactone intermediate was suggested.

Experimental Section

General

All operations involving air- and/or moisture-sensitive compounds were
carried out with standard Schlenk techniques under argon atmosphere
purified by passing through a hot column packed with a BASF R3-11 cat-
alyst, except where CO was used as indicated. NMR spectra were record-
ed on a JEOL JNM-ECP500 spectrometer (500 MHz for 'H, 202 MHz
for *'P, and 125 MHz for "C). Infrared spectra were recorded on a Shi-
madzu FTIR 8400 spectrometer or ASI ReactIR1000™ spectrometer
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with a SiComp™ probe for high-pressure conditions. The number-aver-
age molecular weight and polydispersity index of the copolymer were de-
termined by gel-permeation chromatography (GPC) by using a GL Sci-
ences instrument equipped with two columns (Shodex KF-804L) and
THF as an eluent at 40°C at 1 mLmin~! relative to polystyrene standards.
X-ray data were collected on a RIGAKU MERCURY CCD diffractome-
ter. Elemental analysis was performed at the Microanalytical Laboratory
of the Department of Chemistry, the Graduate School of Science, the
University of Tokyo. Na[Co(CO),]*"! and oxetanes 5a, Se, and 5d*?
were synthesized according to literature procedures.

Syntheses

1: A solution of Na[Co(CO),] (0.59 g, 3.1 mmol) in diethyl ether (30 mL)
was cooled to 0°C. Neat P(p-tolyl); (0.97 g, 3.2 mmol) was added under
argon atmosphere, and the mixture was stirred under CO atmosphere
(1 atm) for about 5 min before addition of Mel in excess (0.25 mL,
4.0 mmol). Stirring was continued for 1 h at 0°C and for a subsequent 4 h
at room temperature. The solution was filtered under argon atmosphere,
and the filtrate was quickly added to rigorously stirred hexane to give a
purified precipitate of 1 (1.03 g, 2.1 mmol, 69 %). Single crystals suitable
for X-ray crystallography were obtained by recrystallization from diethyl
ether/hexane at 4°C. IR (KBr): #=2043 (w), 1973 (s), 1958 (s), 1663 cm™"
(m; C=0); '"HNMR (CD,Cl,, 25°C): §=2.39 (s, 9H), 2.75 (s, 3H), 7.20-
7.32 ppm (m, 12H); “C{'H} NMR (CDCl;, 25°C): 0=21.5, 50.1 (d, /pc=
22.5Hz), 129.5 (d, Jpc=11.3 Hz), 130.4 (d, Jpc=46 Hz), 133.0 (d, Jpc=
113 Hz), 141.1, 199.3 (d, *Jpc=20Hz), 240.1 ppm (d, *Jpc=35Hz);
SP{'H} NMR (CDCl;, 25°C): 6=48.1 ppm (s); elemental analysis: calcd
(%) for CysH,,CoO,P: C 63.68, H 4.94; found: C 63.42, H, 5.13.

2: The preparation was carried out by using Na[Co(CO),] (0.80 g,
4.1 mmol), P(OPh); (1.2 mL, 4.6 mmol), and Mel (0.30 mL, 4.8 mmol) in
a manner similar to that for 1, except for the treatment after the reaction.
After a total of 5 h of stirring, diethyl ether was removed under reduced
pressure at ambient temperature. The pressure was maintained at about
50 kPa to avoid decarbonylation from an acetyl ligand. The mixture was
extracted with toluene and filtered under argon atmosphere. The filtrate
was concentrated under reduced pressure, and recrystallization from
hexane at —30°C gave 2 as colorless crystals (1.49 g, 3.0 mmol, 73%).
Single crystals suitable for X-ray crystallography were obtained from di-
ethyl ether/hexane at 4°C. IR (KBr): #=2064 (w), 1990 (s), 1971 (s),
1676 cm™ (m; C=0); 'HNMR (CD,Cl,, 25°C): 6=2.50 (s, 3H), 7.25
(brs, 9H), 7.39 ppm (brs, 6H); “C{'"H} NMR (CD,Cl,, 25°C): 6=50.8
(d, Vpc=43.8 Hz), 123.5, 127.9, 132.0, 152.5, 199.1, 2353 ppm (d, YJpc=
60 Hz); *'P{'"H} NMR (CD,Cl,, 25°C): =161.2 ppm (s); elemental analy-
sis: caled (%) for Cy;3H,3CoO,P: C 55.67, H 3.67; found: C 55.74, H 3.56.
3: Complex 3 was synthesized in a similar manner to complex 1 by using
Na[Co(CO),] (0.94 g, 4.9 mmol), P(NMe,); (1.0 mL, 5.5 mmol), and Mel
(0.40 mL, 6.4 mmol) to give 3 (1.07 g, 3.1 mmol, 63%) as a greenish
powder. IR (KBr): #=2039 (w), 1969 (s), 1944 (s), 1655 cm™' (m; C=0);
'HNMR (CDCl;, 25°C): 6=2.58 (s, 18H), 2.71ppm (s, 3H);
BC{'H} NMR (CDCl;, 25°C): 6=37.8 (d, Jpc=6.3 Hz), 49.9 (d, *Jpc=
31.3 Hz), 199.7 (brs), 244.4 ppm (d, Jpc =45 Hz); *P{'H} NMR (CDCl,,
25°C): 6=439ppm (s); elemental analysis: caled (%) for
C;H,, CoN;O,P: C 37.83, H 6.06, N 12.03; found: C 37.56, H 6.01, N
11.82.

4: Complex 4 was synthesized in a manner similar to complexes 1 and 3
by using Na[Co(CO),] (0.10 g, 0.52 mmol), dppp (0.28 g, 0.68 mmol), and
Mel (0.10 mL, 1.56 mmol) to give 4 (0.21 g, 0.37 mmol, 72%) as a yellow
powder. Single crystals suitable for X-ray crystallography were obtained
from acetone/hexane at —30°C. IR (KBr): 7=1967 (m), 1911 (s),
1628 cm™ (s); 'HNMR (CDCl;, —60°C): 6=1.71 (br, 2H,
PCH,CH,CH,P), 2.04-2.74 (br, 7H, COCH,, PCH,CH,CH,P), 6.50-
8.15ppm (br, ArH); "“C{'HINMR (CDCl,, —60°C): 6=18.7 (br,
PCH,CH,CH,P), 28.3 (br, PCH,CH,CH,P), 30.0 (br, PCH,CH,CH,P),
50.9 (br, CoCOCHg;), 128.3 (s, Ar), 129.6 (d, Jpc=40 Hz, Ar), 130.6 (s,
Ar), 132.0 (s, Ar), 136.2 (br, Ar), 203.2 (br s, CoCO), 252.7 ppm (br,
CoCOCHj;); *'P{'"H} NMR (CDCl;, —60°C): 6=19.2 (d, Jpp=61 Hz),
36.4ppm (d, Jpp=57Hz); elemental analysis: caled (%) for
C5H,,Co0O5P,: C 65.27, H 5.12; found: C 64.99, H 5.22.
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X-ray Crystallography

In each case, a suitable crystal was mounted with mineral oil onto a glass
fiber and transferred to the goniometer of a Rigaku Mercury CCD dif-
fractometer with graphite-monochromated Moy, radiation (A=
0.71070 A). Measurements were made to 26, =55° Structures were
solved by direct methods with SIR-971*! and refined by full-matrix least-
squares techniques against F° (SHELXL-971))). Intensities were correct-
ed for Lorentz and polarization effects. Non-hydrogen atoms were re-
fined anisotropically. Hydrogen atoms were placed by using AFIX in-
structions.

Copolymerization

Typical procedure for copolymerization of 5 with CO: Complex 1 (25 mg,
5.0x 107> mmol) was placed in a 20-mL Schlenk tube and dried in vacuo.
Oxetane 5a (1.2 mL, 10 mmol) was placed in another Schlenk tube and
degassed by three freeze—pump-thaw cycles. The oxetane was introduced
into the catalyst-containing Schlenk tube, and the solution was then
transferred to a 50-mL autoclave. After CO was introduced at pressure
(8.0 MPa), the mixture was stirred at 140°C for 12 h. The reaction mix-
ture was cooled to ambient temperature, and the CO pressure was slowly
released. The reaction was quenched with aqueous HCl (0.1m, 1 mL),
and the mixture was dissolved in THF. The volatile materials were evapo-
rated under vacuum, and the residue was weighed to determine the activ-
ity of the catalyst. The residue was dissolved in chloroform and washed
with 0.1m aqueous HCIL. The organic layer was dried over Na,SO, and
concentrated. A small portion of the resulting residue was analyzed by
size-exclusion chromatography and '"H NMR spectroscopy to determine
the component of the reaction product. The ester/ether ratio was calcu-
lated by the integration of the '"H NMR peaks at around 4.0 ppm (H,=
signals for methylene group next to acyloxy group) and 3.5-3.2 ppm
(H,=signals for methylene and methyl groups next to ether oxygen
atom).

Test of incorporation of 7b: Double the molar equivalent of unsubstitut-
ed y-butyrolactone 7b (1.5 mL, 19 mmol) was introduced into a 50-mL
autoclave containing a mixture of complex 1 (24 mg, 5.0 x 10> mmol) and
oxetane 5a (1.2 mL, 9.5 mmol), as treated in the procedure for the co-
polymerization of 5a and CO. After CO was introduced at pressure
(8.0 MPa), the mixture was stirred at 140°C for 12 h. The reaction mix-
ture was cooled to 0°C to avoid any loss of 7b, and the CO pressure was
slowly released. Naphthalene (1.0 mmol, 128 mg), used as an internal
standard, was introduced into the mixture, followed by a rinse of CDCl,.
"HNMR spectroscopic and GC analyses were performed to determine
the remaining 7b after the reaction. It was observed by both techniques
that 19% of 7b was consumed in the polymerization. After the analyses,
the mixture was dissolved in chloroform and washed with aqueous HCI
(0.1m). The organic layer was dried over Na,SO, and concentrated in va-
cuo at 50°C to give the terpolymer (1.11 g). The x/y/z ratio was calculat-
ed to be 7:66:27 by integration of the "H NMR peaks at around 4.0 (H,),
3.5-3.2 (H,), and 1.9-1.7 ppm (H,=central methylene group of ester unit
from 7b). The yields were determined to be 23% for 5a and 16% for
7b. No reaction proceeded in the absence of either CO or oxetane.

Copolymerization of Sb with CO in the presence of 7b: Oxetane 5b
(1.0 mL, 15.4 mmol) and y-butyrolactone 7b (1.2 mL, 15.4 mmol) were
introduced into a 20-mL Schlenk tube containing complex 1 (27 mg, 5.6 x
102 mmol). The mixture was degassed by three freeze-pump-thaw
cycles. After CO was introduced at pressure (6.0 MPa), the mixture was
stirred at 100°C for 20 h. Naphthalene (1.0 mmol, 128 mg), used as an in-
ternal standard, was introduced into the mixture of crude product, fol-
lowed by a rinse of CDCl,. 'H NMR spectroscopic analysis was per-
formed to determine the remaining 7b after the reaction. It was observed
that 27% of 7b was consumed in the polymerization. After the analysis,
the mixture was dissolved in chloroform and washed with aqueous HCI
(0.1m). The organic layer was dried over Na,SO, and concentrated in va-
cuo at 50°C for 2 h to give the copolymer (0.92 g). The x/y ratio was cal-
culated to be 32:68 by integration of the '"H NMR peaks at 4.2-4.0 (H,)
and 2.0-1.7 ppm (H,). The yield of the copolymer was determined to be
45%.
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Hydrolysis of Poly-(5a/co-CO) with Concentrated HCI

Poly-(5a/co-CO) (242 mg), obtained from the copolymerization of 5a
and CO initiated by 1, was dissolved in 1,4-dioxane (10 mL), followed by
addition of concentrated HCI (1.5 mL). The solution was stirred for 40 h
at 85°C. After the reaction, the mixture was diluted with water and
washed over CHCI; followed by drying in vacuo. The organic mixture
was recovered quantitatively. The mixture was separated by GPC (CHCI,
as an eluent) and characterized by '"H NMR spectroscopy to give poly-5a
(22%), oligo-5a (31 %), y-lactone 7a, and its demethylated product 7a’
(12% for 7Ta+17a’).
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Synthesis and Characterization of a Water-Soluble Carboxylated Polyfluorene
and Its Fluorescence Quenching by Cationic Quenchers and Proteins

Yong Zhang,™"! Bin Liu,**! and Yong Cao™'

Abstract: We have developed a new in-
termediate monomer, 2,7-[bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-

9,9-bis(3-(tert-butyl propanoate))]fluo-
rene, that allows the easy synthesis of
water-soluble carboxylated polyfluo-
renes. As an example, poly[9,9’-bis(3"-
propanoate)fluoren-2,7-yl] sodium salt
was synthesized by the Suzuki coupling
reaction, and the properties of the po-
lymer were studied in aqueous solu-
tions of different pH. Fluorescence
quenching of the polymer by different
cationic quenchers (MV>*, MV**, and

studied, and the quenching constants
were found to be dependent on the
charge and electron affinity of the
quencher molecule and the pH of the
medium. The largest quenching con-
stant was observed to be 1.39x10°m™*
for NO,MV?* at pH 7. The change in
polymer fluorescence upon interaction
with different proteins was also stud-
ied. Strong fluorescence quenching of

Keywords: biosensors - fluores-
cence quenching - polyfluorenes -
polymers - proteins

the polymer was observed in the pres-
ence of cytochrome c, whereas weak
quenching was observed in the pres-
ence of myoglobin and bovine serum
albumin. Lysozyme quenched the poly-
mer emission at low protein concentra-
tions, and the quenching became satu-
rated at high protein concentrations.
Under similar experimental conditions,
the polymer showed improved quench-
ing efficiencies toward cationic quench-
ers and a more selective response to
proteins relative to other carboxylated
conjugated polymers.

NO,MV?**; MV =methyl viologen) was

Introduction

Conjugated polyelectrolytes (CPEs) are m-conjugated poly-
mers with ionic side chains that are soluble in water and
other polar solvents.["! The fluorescence of CPEs can be effi-
ciently quenched by oppositely charged quenchers."? Super-
quenching or amplified quenching was first demonstrated
through a single methyl viologen (MV?*) molecule, which
can quench the emission of several sulfonated poly(phenyl-
enevinylene) (PPV) chains containing hundreds of repeat
units.”) This phenomenon has been widely applied in
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chemo/biosensors for the detection of various analytes, such
as metal ions, carbohydrates, proteins, and DNA >

The optical properties and sensor applications of carboxy-
lated conjugated polymers, such as carboxylated poly(p-
phenyleneethynylene)s (PPEs), have been widely investigat-
ed by Swager and co-workers as well as other groups.”! The
quenching behavior of these polymers were studied by using
different quenchers, such as metal ions, MV>*, and proteins;
the polymers showed values of the Stern—Volmer (SV) con-
stant (K,,) in the range 10°-10°F! In a recent publication,
the fluorescence change of carboxylated PPEs in the pres-
ence of lysozyme, histone, myoglobin, hemoglobin, and
bovine serum albumin was studied."™ It was found that lyso-
zyme, histone, myoglobin, and hemoglobin quenched the po-
lymer fluorescence, whereas BSA enhanced it. This random
behavior of polymer fluorescence changes in the presence of
different proteins is due to the nonspecific binding between
proteins and the polymer as well as the different aggrega-
tion behavior of conjugated polyelectrolytes in solution.

For chemo/biosensors that operate by superquenching
mechanisms, the sensor sensitivity is directly related to the
superquenching efficiency of the polymer/quencher pairs. In
general, a higher K, value requires a lower quencher con-
centration to achieve a given level of fluorescence quench-
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ing, which leads to high detection sensitivity. It is thus im-
portant to develop systems that provide as high a K|, value
as possible. With this aim, much effort has been made to
study how polymer concentration, polymer aggregation,
quencher charge, and quencher hydrophobicity affect K>
On the other hand, very little effort has been devoted to the
development of new highly fluorescent polyelectrolytes that
allow for greater contrast between quenched and un-
quenched polymer.

Water-soluble polyfluorenes (PFs) and their derivatives
have emerged as a new class of materials for polymer light-
emitting devices and chemo/biosensors because of their high
fluorescence quantum yields and good water solubility.®”]
Cationic PFs, in particular, have proven useful for sequence-
specific DNA detection.”! However, anionic PFs are not as
well-reported,””’ and there are almost no existing examples
of water-soluble carboxylate-functionalized PFs.®! As op-
posed to carboxylated PPEs, which are synthesized under
mild Sonogashira cross-coupling conditions,”! carboxylated
PFs are more difficult to synthesize. It is generally believed
that the basic reagents used for traditional Suzuki coupling
reactions could hydrolyze the carboxylic ester groups during
the polymerization. Recently, a base-free Suzuki polymeri-
zation method was developed to synthesize an amphiphilic
alcohol-soluble carboxylated PF copolymer.®! Herein, we
report a simple and efficient method of synthesizing water-
soluble carboxylated PFs by using a newly developed inter-
mediate,  2,7-[bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
y1)-9,9-bis(3-(tert-butyl propanoate))]fluorene. The availabil-
ity of water-soluble carboxylated PFs allows us to examine
the effect of pH on the optical properties of the polymer
and how these properties affect its quenching behavior by
different cationic quenchers. Relative to carboxylated PPEs,
the new polymer showed a higher fluorescence quantum
yield in water, a larger K, value toward different quenchers,
and a better selective response to different proteins.

toluene/KOH

Br O‘O Br——————

tert-butyl acrylate

toluene/H,O

K,CO3, Pd®

Results and Discussion

Scheme 1 shows the synthetic strategy for the anionic car-
boxylated PFs. Direct alkylation of 2,7-dibromofluorene
with tert-butylacrylate in a mixture of toluene/aqueous KOH
gave monomer 1 in 51 % yield. Conversion of 1 into dibo-
ronate ester 2 was achieved under Miyaura reaction condi-
tions in the presence of bis(pinacolato)diborane, [Pd-
(dppf),CL,], and KOAc with dry DMF as the solvent.”) Tra-
ditional methods, such as lithiation of the bromo-substituted
fluorene 1,V followed by rapid addition of 2-isopropoxy-
4,4.5,5-tetramethyl-1,3,2-dioxaborolane did not yield the de-
sired product due to the side reaction between nBuLi and
the ester groups. The availability of alkylcarboxylate-con-
taining aryl boronates simplifies the synthesis of the precur-
sor polymers for anionic water-soluble PFs that rely on
Suzuki cross-coupling protocols. A library of carboxylated
water-soluble PFs could be synthesized immediately through
coupling of 2 with various co-monomers. Compound 2 was
obtained in 93 % yield after purification by silica-gel column
chromatography. The structures of 1 and 2 were confirmed
with NMR spectroscopy, MS, and elemental analysis.

The coupling of 1 equivalent of 1 with 2 in a mixture of
toluene and 2m K,CO; under Suzuki conditions for 24 h
yielded poly[9,9'-bis(tert-butyl-3"-propanoate)fluoren-2,7-yl]
(P1) in 71% yield. The '"H NMR spectrum clearly shows the
peak for the C(CHj;); group at 1.31 ppm, which indicates the
existence of the carboxylic ester groups. P1 is readily soluble
in chloroform, dichloromethane, and THF, but is insoluble
in water. Hydrolysis of the ester groups was done in two
steps. First, P1 was dissolved in dichloromethane and treat-
ed with CF;COOH at room temperature for 5 h. After sol-
vent removal, the residue was treated with Na,COj; (0.005m)
for 4 h. The polymer was purified by dialysis (MW cutoff:
12000-14000 Da) against deionized (DI) water for 3 days to
remove the salt and low-molecular-weight fractions. Poly-
[9,9"-bis(3"-propanoate)fluoren-2,7-yl] sodium salt (P2) was
obtained in 62 % yield after freeze-drying. For P2, there was

bis{pinacolato)diboron, DMF j y

[Pd(dppf),Cl,], KOAc

2
i. CF3COOH/DCM O O
—_——
ii. aq. Na,CO.
2 3 OY o
ONa ONa
P2

Scheme 1. The synthetic route to monomers 1 and 2 and polymers P1 and P2. DCM =dichloromethane, DMF = N,N-dimethylformamide, dppf=1,1"-bis-

(diphenylphosphanyl)ferrocene.
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Fluorescence Quenching of a Carboxylated Polyfluorene

no residual peak observed at around 1.31 ppm in the
'"H NMR spectrum, which indicates the complete conversion
of COOC(CHs;); into COONa. P2 is readily soluble in water
(>5mgmL™") and other polar solvents such as methanol
and DMF.

The absorption and photoluminescence spectra of P2
were recorded in DI water at pH 2—7 at a concentration of
1.2x107°m. In general, P2 has a strong absorption band with
a peak at around 390 nm, which can be attributed to the m—
7 transition of the polymer backbone.'”! The absorption
maximum did not change clearly with pH; however, the ab-
sorbance increased with increasing pH. The absorption spec-
tra of P2 at pH 4, 5, and 7 are shown in Figure S1 of the
Supporting Information. At pH 7 and a P2 concentration of
1.2x107°m, the absorbance was over two times higher than
that at pH 4, which indicates the presence of fewer inter-
chain interactions (i.e., hydrogen bonding) at pH 7. P2 emits
blue fluorescence with a main peak at around 434 nm and a
shoulder at about 457 nm (Figure 1). The absolute fluores-

120 T — o T T

/a.u.

norm

400 450 500 550 600
Alnm

Figure 1. Photoluminescence spectra of P2 at pH4 (A), 5 (x), and 7
(O). Inset: Plot of PLQY of P2 as a function of pH.

cence intensities for solutions of P2 also change with pH.
Within the tested pH range, the highest fluorescence intensi-
ty for P2 was observed at pH 7, and the lowest was observed
at pH 2. The photoluminescence quantum yields (PLQY5s)
at different pH values were measured with quinine sulfate
as a reference (Pr=55% in 0.1n H,SO,),'" and the results
are shown in Figure 1. At pH 7, the PLQY of P2 was about
25%, which is higher than that of most carboxylated PPE
derivatives (3-10% in aqueous solution).’) When PLQY
was plotted versus pH, the PLQY values for solutions of P2
at pH 5—7 were found to be nearly the same. However, a
sharp transition in PLQY was observed for solutions of P2
at pH 4—5. At pH 4, the PLQY was around 4 %. There was
almost no detectable fluorescence from the polymer solution
at pH 2. This pH-dependent optical behavior is believed to
be associated with protonation and deprotonation of the
side chains. Due to the similarity between heptane diacid
and the side chains of P2, we estimated the pK, values of
P2 to be 4-6 (pK, values for heptane diacid are pK,, =4.48
and pK,,=5.42)." At pH<4, the carboxylate groups are
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protonated, and P2 is in the acid form. Protonation leads to
decreased solubility of P2 in DI water. Furthermore, a low
pH value favors hydrogen bonding between the protonated
polymers, which leads to a more aggregated polymer state.
The broad energy distribution due to the hydrogen-bonded
states also increases the probability of a nonradiative decay
process to lower the solution fluorescence. This is in agree-
ment with the observation that at low pH (pH<4), the
PLQYs are very low. When the pH is higher than the pK,
values of the polymer, such as at pH 7, deprotonation is a
more favorable process. Under these circumstances, most
polymer chains are negatively charged. The repulsion be-
tween negatively charged side chains would cause P2 to be
in a less aggregated state. Therefore, the solution has a high
PLQY. For solutions of P2 of pH 4-6, it is most likely that
there is a coexistence of protonated and partially deproton-
ated end groups, and the PLQYs are in the range 4-25%.
The polymer fluorescence quenching was studied with
MV?* (N,N'-dimethyl-4,4'-bipyridinium diiodide), NO,MV?*
(N,N'-bis(2,4-dinitro-1-benzyl)-4,4'-bipyridinium dichloride),
and MV** (a,a’-bis(1’-methyl-4,4'bipyridinium)-p-xylene
tetrachloride) as quenchers. The structures of the quenchers
are shown in Scheme 2. These quenchers were chosen as

O,N
NO,

Mz NO,MV2*
/ e
—N
O~ -
MV4+

Scheme 2. Chemical structures of the cationic quenchers.

they are good electron acceptors and have different net
charges and/or LUMO (lowest unoccupied molecular orbi-
tal) energy levels that could affect electron transfer. Cyclic
voltammetry of the quenchers and P1 was performed in
DMF and dichloromethane, respectively, with Ag/AgNO; as
the reference electrode.” The onset potentials were mea-
sured to be —0.69, —0.34, —0.67, and —1.64 V for MV?*+,
NO,MV?>*, MV**, and P1, respectively. The corresponding
LUMO levels were calculated to be —3.49, —4.14, —3.81,
and —2.84 eV (Table 1). The LUMO level of P2 was esti-
mated to be similar to that of P1, as the side chains have
little effect on the oxidation and reduction of the polymer
backbone.! The differences in LUMO energy levels be-
tween the quenchers and P2 were 0.95, 1.30, and 0.97 eV for
MVt NO,MV?*, and MV*", respectively.

The quenching efficiency for P2 and the different quench-
ers can be quantified by measuring K, which can be ob-
tained from the following equation: I,/I=1+ K [quencher],
in which [, and I are the fluorescence intensities of P2 in the
absence and presence of the quenchers, respectively.>* To
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Table 1. K|, values of P2 with three quenchers at different pH and their
LUMO energy levels.

Chromophores K, [x10°M7"] E,./LUMO"
pH4 pHS pH7 [V/eV]

P2 - - - —1.64/-2.84

MV** 0.48 1.24 31.7 —0.69/-3.79

NO,MV?** 6.31 11.6 139 —0.34/-4.14

MV*+ 0.89 2.04 78.5 —0.67/-3.81

[a] Cyclic voltammograms were recorded for [quencher]=1 mm in DMF
and [P1]=1mwm in dichloromethane with Ag/AgNO; as the reference
electrode and glassy carbon as the working electrode at a scan rate of
50mVs~' with 0.1M tetrabutylammonium hexafluorophosphate as the
electrolyte. E., was determined from the onset of reduction, and the
LUMO energy level (eV) was calculated by using the formula E; o=
—e(E,q+4.48).

evaluate how charge density and polymer aggregation affect
the quenching process, we studied the SV plots at pH 4, 5,
and 7. This corresponds to P2 in the neutral, partially depro-
tonated, and mostly deprotonated state, respectively. The
K, values were calculated from the linear part at low
quencher concentrations, at which the quenching process
occurs by static quenching through interactions of ground
states. However, at higher quencher concentrations, the
quenching process occurs through diffusion-controlled dy-
namic quenching.*' Figure 2a shows the SV plots of P2
(1.2x107%M in repeat units) with three quenchers at pH 4.
For MV?* and MV**, weak fluorescence quenching was ob-
served, and the K, values were very small (4.8x10°m~! for
MV?*, 89x10°m™" for MV**; Table 1). The largest K,
value of 6.31x10°M~! was calculated for NO,MV>*. This
value is over 10 times higher than that for MV**. At pH 4,
P2 is nearly in the neutral state, and there are almost no
electrostatic interactions between P2 and the quenchers.
Close contact between P2 and the quenchers is thus mainly
due to the hydrophobic interactions. For NO,MV?**, owing
to the larger driving force for electron transfer (0.95 eV for
MV?* 130eV for NO,MV?") and the greater van der
Waals forces between the electron-poor quencher
(NO,MV?** relative to MV?*) and the electron-rich poly-
mer, a larger K, value was observed.

The SV plots of P2 with different quenchers at pH 5 are
shown in Figure 2b, and the K, values are summarized in
Table 1. The K, values for NO,MV?* and MV** increased
from 6.31x10° and 89x10°m™' to 1.16x107 and 2.04x
10°m~!, respectively. A similar increase in K, value was ob-
served for MV?**, Relative to the solution at pH 4, the
number of deprotonated carboxylate groups should be
higher in solution at pH 5. Both electrostatic and hydropho-
bic interactions between P2 and the quenchers are possible.
The increased K, values at pH 5 could be mainly due to the
increased electrostatic interactions between P2 and the
quenchers.

Figure 2¢ shows the SV plots for P2 at pH 7 upon addi-
tion of MV?**, NO,MV?*, and MV**. As seen in Figure 2¢
and Table 1, the K|, values were significantly improved rela-
tive to those obtained at pH 4 and 5. The response of P2 to
the quenchers became very sensitive even at very low
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Figure 2. SV curves of P2 with different quenchers at pH 4 (a), 5 (b), and
7 (c). O=MV** @ =NO,MV**, A =MV**.

quencher concentrations. A K, value of 7.85x10’mM™' was
determined for MV**+, which is about twice that for MV>*+
(K =3.17x10"m"). This indicates that MV** can quench
the P2 emission about two times more efficiently than
MV?*. The higher K, value for MV** is believed to be due
to the greater ability of the multivalent quencher to induce
aggregation of the polymer.”¥ Aggregation allows more
rapid interchain diffusion of the excition, and hence a more
efficient quenching of the polymer fluorescence. A K, value
of 1.39x10°m ™' was obtained for NO,MV?** which is about
four times higher than that for MV?*. As NO,MV>* and
MV?** have the same number of positive charges per
quencher, it is unlikely that anything related to charge pair-
ing could have such a tremendous effect on electron trans-
fer. The significant difference in K, is thus more likely to be

Chem. Asian J. 2008, 3, 739 -745





Fluorescence Quenching of a Carboxylated Polyfluorene

due to the difference in the LUMO energy levels between
NO,MV?*/P2 and MV?**/P2. The large difference in energy
levels for NO,MV?*/P2 provides more efficient electron
transfer than the other two quenchers.’*®! The large differ-
ence in K, values between MV>* and NO,MV?** relative to
that between MV?** and MV** indicates that the electron
affinity of the quencher plays a more important role in the
amplified quenching than the net charge of the quenchers.
For MV** and MV**, the K, values at pH 7 were almost
100 times larger than those at pH4, and over 30 times
larger than those at pHS. This is due to the increased
amount of deprotonated carboxylate groups at pH 7, which
favors stronger electrostatic interactions and, thus, more ef-
ficient electron transfer. Importantly, at pH 7, the K|, values
for P2 are one to two orders of magnitude greater than
those reported for carboxylated PPEs (i.e., 6x10°M ™" with
MV?2* and 3.6 x 10°m~! with MV*+).[15)

The fast response of P2 to different quenchers suggests
the potential application of P2 in biodetection, for example,
to detect certain proteins by superquenching. We thus tested
the fluorescence quenching of P2 by four different proteins
in phosphate-buffered saline (PBS) buffer at pH 7.2. The
four proteins are bovine serum albumin (BSA; pl=4.8-4.9),
myoglobin (Myo; pI=7.0-7.2), lysozyme (Lys; pI=11) and
cytochrome ¢ (Cyt ¢; pl=10.2-10.7)."") As protein charge is
dependent on solution pH, at pH 7.2, BSA is negatively
charged, Lys and Cytc are both positively charged, and
Myo is neutral. Furthermore, Myo and Cyt ¢ are metallopro-
teins, which favors energy/electron transfer."

The fluorescence spectral changes of P2 upon interaction
with each protein are shown in the Supporting Information,
and the corresponding SV curves are shown in Figure 3. The
fluorescence response of P2 to Cyt c is the most significant
of the four proteins, whereby a K, value of around 7.0 x
10’m~" was shown. At pH 7.2, Cytc can easily form com-
plexes with anionic P2 through electrostatic interaction,
which allows energy and/or charge transfer from P2 to
Cyt c. This is due to the metalloporphyrin functionality in
Cyt ¢, which is capable of quenching the excited state of
P2.') Furthermore, the protein-induced aggregation of P2

1200

1000

800

600

I/ a.u.

400

Figure 3. SV curves of P2 with different proteins in PBS buffer (pH 7.2).
O =No protein, []=BSA, A =myoglobin, ¥ =lysozyme, & =Cytc.
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should also affect its fluorescence quenching. To clarify the
contribution of these two factors, we performed experiments
with lysozyme and myoglobin. Lysozyme is highly charged
at pH7.2, but it does not contain any electron-transfer
center.'”! The polymer fluorescence was also quenched by
lysozyme. However, the fluorescence quenching saturated at
around 35 % of its original fluorescence, whereas under sim-
ilar conditions, the polymer fluorescence was totally
quenched by Cyt c. These results indicate that the polymer
fluorescence is sensitive to low concentrations of polycat-
ions, in which the charge pairing can induce polymer aggre-
gation that decreases fluorescence. On the other hand, myo-
globin is a heme protein with low electron-transfer reactivity
in vivo and in vitro."”? At pH 7.2, the net charge of myoglo-
bin is close to zero, which does not favor electrostatic inter-
actions with the polymer. Under similar experimental condi-
tions, the fluorescence quenching of P2 by myoglobin was
much less obvious than for Cytc. A K,, value of around
5.0x10°M~' was observed for myoglobin, which is over an
order of magnitude lower than that for Cytc. BSA as a
model protein for many bioassays was also used to study its
effect on polymer fluorescence. Owing to its negative charge
in nature, the presence of BSA in polymer solution only
slightly affected the polymer emission. As opposed to previ-
ous reports in which the surfactant nature of BSA was ob-
served to enhance greatly the fluorescence of both carbox-
ylated and sulfonated PPEs," the only slight interference of
BSA on the optical properties of the polymer indicates that
the synthesized polymer is less aggregated in water and has
an improved selectivity in response to different proteins.

Conclusions

In summary, we have developed a new strategy for synthe-
sizing a key intermediate for anionic polyfluorenes. A water-
soluble carboxylated polyfluorene P2 has been synthesized
as an example. P2 has strong blue fluorescence with a
PLQY of about 25% in water at pH 7. Both the absorption
and emission of P2 could be fine-tuned at pH 2-7. At pH 4,
the polymer was in an aggregated state with a very low
charge density. Low K, values were observed for all
quenchers. At pH 5, the polymer had a greater amount of
charged side groups, which led to higher K, values for all
quenchers than those at pH 4. At pH 7, a K, value of 1.39 x
10*m ! was observed for P2 with NO,MV>" as the quencher,
which is over two orders of magnitude higher than those re-
ported for carboxylated PPEs. The response of P2 to differ-
ent proteins showed high fluorescence quenching toward cy-
tochrome c. Little change in fluorescence in the presence of
BSA and myoglobin indicated that P2 is highly soluble in
buffer and is less aggregated than carboxylated and sulfonat-
ed PPEs. The high quantum yield and large K, value of P2
toward cationic quenchers and proteins make anionic poly-
fluorenes a good candidate for chemo/biosensor applications
that take advantage of the amplified fluorescence quench-
ing.
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Experimental Section
Materials

2,7-Dibromofluorene, tert-butyl acrylate, and bis(pinacolato)diboron
were purchased from Aldrich. Bovine serum albumin, myoglobin, lyso-
zyme and cytochrome c were also purchased from Aldrich and used as
received. Other reagents were purchased from Aldrich and used as re-
ceived unless otherwise specified.

Instrumentation

'H and C NMR spectra were recorded on a Burker 300-MHz spectrom-
eter with a probe at 300 MHz for 'H and 75 MHz for "C. Elemental
analysis was performed on a Perkin-Elmer 2400 CHN/CHNS elemental
analysis instrument. UV/Vis spectra were collected with a Shimadzu UV-
2401 recording spectrophotometer. Fluorescence was measured by using
a Perkin—Elmer LS-55 instrument equipped with a xenon lamp excitation
source and a Hamamatsu (Japan) 928 photomultiplier tube, with 90°
angle detection for solution samples. Fluorescence quantum yields were
measured with quinine sulfate in 0.1~ H,SO, as reference. Cyclic voltam-
metry was carried out on a computer-controlled CHI660A electrochemi-
cal workstation with a glassy carbon electrode as the working electrode,
a platinum electrode as the counter electrode, and Ag/AgNO; as the ref-
erence electrode. The scan rate was 50 mVs~'. A solution of tetrabutyl-
ammonium hexafluorophosphate (0.1m) in DMF and dichloromethane
were used as the electrolyte for the quenchers and the polymer, respec-
tively. The pH of the solution was measured by using a pH meter (Sartor-
ius PB-10) with a glass/reference electrode calibrated with buffer solu-
tions of pH 4, 7, and 10.

Fluorescence-Quenching Experiments

Quenching experiments were performed by successive addition of
quenchers to a solution of P2 (1.2x10°m) in water at different pH
values at room temperature. Quenching experiments with proteins were
performed by addition of proteins to a solution of P2 (1.2x10°m) in
PBS buffer (pH 7.2) at room temperature. Fluorescence spectra were re-
corded for each solution at different quencher/protein concentrations,
and [/I was used for the K|, plots.

Syntheses

1: Aqueous KOH (50 wt %, 5 mL) was added dropwise to a solution of
2,7-dibromofluorene (3.3 g, 10.2 mmol) and tetrabutylammonium bro-
mide (250 mg, 0.78 mmol) in toluene (25 mL). The solution was stirred
for 20 min at room temperature. fert-Butyl acrylate (5.25 g, 41 mmol) was
added dropwise, and the mixture was stirred at room temperature for
5 h. The mixture was diluted with dichloromethane (15 mL) and washed
with water (2x10mL). The organic layer was dried over anhydrous
MgSO,. After the solvent was removed, the residue was purified by
column chromatography (dichloromethane/hexane=1:1) to give 2,7-di-
bromo-9,9-bis(3-(tert-butyl propanoate))fluorene (1; 3.0g, 51%) as a
white solid. '"HNMR (300 MHz, CDCLy): 6=7.53 (d, J=8.37 Hz, 2H),
7.48 (d, J=6.27 Hz, 4H), 2.30 (t, /J=8.18 Hz, 4H), 1.46 (t, J=8.36 Hz,
4H), 1.33ppm (s, 18H); "*CNMR (75 MHz, CDCLy): 6=172.4, 150.1,
139.2, 131.2, 126.6, 122.2, 121.6, 80.6, 54.2, 34.5, 30.0, 28.2 ppm; MS (EI):
mlz caled for C,;Hy,Br,0y4: 580.35 [M]*; found: 580.02; elemental analy-
sis: caled (%) for C,;H3,Br,0,: C 55.88, H 5.56; found: C 55.51, H 5.53.

2: A mixture of 1 (2.13 g, 3.7 mmol), KOAc (1.7 g, 17 mmol), and bis(pi-
nacolato)diboron (2.4 g, 9.5 mmol) in DMF (15 mL) was placed in a 100-
mL flask. After the mixture was stirred for 10 min, [Pd(dppf),CL]
(80 mg) was added quickly. The mixture was stirred overnight at 90°C.
After cooling to room temperature, the mixture was poured into water
and extracted with dichloromethane (2x15 mL). The organic layer was
washed with water (2x10mL) and then dried over anhydrous MgSO,.
After the solvent was removed, the residue was purified by column chro-
matography (ethyl acetate/hexane =1:4) to give 2,7-bis(4,4,5,5-tetrameth-
yl-1,3,2-dioxaborolan-2-y1)-9,9-bis(3-(tert-butyl propanoate))fluorene (2;
23g,93%) as a white solid. "H NMR (300 MHz, CDCl;): 6=7.80 (t, /=
8.54 Hz, 4H), 7.71 (d, J=7.68 Hz, 2H), 2.38 (t, J=8.37 Hz, 4H), 1.44 (t,
J=8.37Hz, 4H), 1.37 (s, 24H), 1.29 ppm (s, 18 H); "C NMR (75 MHz,
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CDCly): 6=173.0, 148.0, 144.0, 134.5, 129.1, 119.8, 84.0, 80.1, 53.6, 34.6,
30.1, 28.2, 25.1 ppm; MS (EI): m/z caled for C;HsB,Og: 674.48 [M]*;
found: 674.37; elemental analysis: calcd (%) for C3HyBr,Og: C 69.45, H
8.37; found: C 69.18, H 8.38.

P1: Monomers 1 (291 mg, 0.5 mmol) and 2 (340 mg, 0.5 mmol) were
added into a 50-mL two-necked flask. K,CO; (560 mg), [Pd(PPh;),]
(10 mg), toluene (10 mL), and water (3 mL) were then added. After de-
gassing, the mixture was heated at 90°C with vigorous stirring for 24 h.
After the mixture was cooled to room temperature, it was poured into
methanol. The precipitated solid was collected by filtration to yield poly-
[9,9"-bis(tert-butyl-3"-propanoate)fluoren-2,7-yl] (P1; 300 mg, 71%) as a
greenish solid. '"HNMR (300 MHz, CDCl;): 0=7.87-7.73 (br m, 6H),
7.73 (s, 4H), 2.54 (brs, 4H), 1.64 (brs, 4H), 1.31 ppm (s, 18 H); "C NMR
(75 MHz, CDCl,): 6=172.8, 149.3, 140.2, 127.2, 121.6, 120.4, 80.1, 54.0,
34.8,30.2, 29.7, 28.0 ppm.

P2: P1 (30 mg) was dissolved in dichloromethane (25 mL) in a 50-mL
flask. After addition of trifluoroacetic acid (2mL), the mixture was
stirred overnight at room temperature. After the solvent was removed,
the yellowish-green residue was treated with aqueous Na,CO; (0.005M,
30 mL) at room temperature for 4 h. The polymer was purified by dialy-
sis against DI water for 3 days. The solution was freeze-dried to give
poly[9,9"-bis(3"-propanoate)fluoren-2,7-yl] sodium salt (P2; 23 mg, 62 %)
as a gray solid. "H NMR (300 MHz, CD;0D): 6 =7.94-7.82 (m, 6 H), 2.61
(brs, 4H), 1.65 ppm (br s, 4H).
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Cobalt Hydroxide Nanosheets and Their Thermal Decomposition to Cobalt
Oxide Nanorings

Xiaohe Liu,*™* Ran Yi,""! Ning Zhang,"! Rongrong Shi,”! Xingguo Li,"" and
Guanzhou Qiu*

Abstract: We demonstrate herein that
single-crystalline f-cobalt hydroxide
(B-Co(OH),) nanosheets can be suc-
cessfully synthesized in large quantities
by a facile hydrothermal synthetic
method with aqueous cobalt nitrate as
the cobalt source and triethylamine as
both an alkaline and a complexing re-
agent. This synthetic method has good
prospects for the future large-scale pro-

nanostructures

Introduction

Cobalt hydroxide has attracted increasing attention in
recent years because of its novel electric and catalytic prop-
erties and important technological applications.!'* In partic-
ular, cobalt hydroxide can be used to enhance electrochemi-
cal performance when added to nickel oxyhydroxide elec-
trodes (NOEs) by enhancing the electrode conductivity and
chargeability.”! It is well known that cobalt hydroxide has
two polymorphs: a- and f-Co(OH),. These two phases are
all-layered and have the same hexagonal structures, except
that the f form is isostructural with brucite-like compounds
and consists of a hexagonal packing of hydroxy ions with
Co" occupying alternate rows of octahedral sites.! o-
Co(OH),, however, is isostructural with hydrotalcite-like

duction of single-crystalline 3-Co(OH),
nanosheets owing to its high yield, low
cost, and simple reaction apparatus.
Single-crystalline porous
and nanorings of cobalt oxide (Co;0,)
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were obtained by a thermal-decompo-
sition method with single-crystalline (3-
Co(OH), nanosheets as the precursor.
A probable mechanism of formation of
p-Co(OH), nanosheets, porous Co;0,
nanosheets, and Co;O, nanorings was
proposed on the basis of the experi-
mental results.

nanosheets

hydrothermal

compounds that consist of stacked Co(OH),_, layers interca-
lated with various anions (e.g., nitrate, carbonate, etc.) in
the interlayer space to restore charge neutrality. a-Co(OH),
thus has a larger interlayer spacing (>7.0 A, depending on
the intercalated anions) than the brucite-like -Co(OH),
(4.6 A); because of that, the o form has higher electrochem-
ical activity. However, the hydrotalcite-like phase (o-
Co(OH),) is metastable and easily undergoes a phase trans-
formation into the more stable brucite-like compounds in
strongly alkaline media. 3-Co(OH), is often selected as ad-
ditives of alkaline secondary batteries owing to its stability
in alkaline electrolytes and enhanced conductivity when
charged to p-CoOOH."*”

Several chemical and electrochemical methods have been
employed to prepare cobalt hydroxide, for example, forced
precipitation of Co(NOs;),, direct precipitation with liquid
ammonial® and potassium hydroxide,” urea hydrolysis,'"
and electrochemical synthesis.'!! Sampanthar and Zeng'?!
reported the synthesis of butterfly-like f-Co(OH), nanocrys-
tals by the ethylenediamine-mediated approach. Li et al.l¥!
prepared -Co(OH), nanostructures consisting of a mixture
of nanoflakes and nanorods by the CoC,0,2H,0O conver-
sion method. Recently, Liu et al.'" synthesized single-crys-
talline nanosheets of a- and $-Co(OH), by using hexameth-
ylenetetramine as a hydrolysis agent. Hou et al.™> also syn-
thesized single-crystalline f-Co(OH), nanosheets by homo-
geneous precipitation with sodium hydroxide as the alkaline
reagent in the presence of poly(vinylpyrrolidone). Although
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many attempts have been made on the synthesis of cobalt
hydroxides, the control of their morphology, size, and crys-
tallinity still remains a highly sophisticated challenge to ma-
terials scientists and chemists.

Spinel cobalt oxide (Co;0,) is an important magnetic p-
type semiconductor that has been demonstrated to have
considerable application as, for example, solid-state sensors,
ceramic pigments, heterogeneous catalysts, rotatable mag-
nets, electrochromic devices, and in energy storage.'*” Sev-
eral methods have been successfully applied to the synthesis
of Co;0, nanoparticles, such as spray pyrolysis, chemical
vapor deposition, sol-gel techniques, forced hydrolysis, and
so on.***! Recently, a variety of novel shapes such as Co;0,
nanoboxes,” nanocubes,”! nanofibers,” nanorods,?” and
nanotubes™ have been reported. However, as far as we
know, there is no study on the preparation of Co;O, nano-
rings until now.

Herein we demonstrate that single-crystalline -Co(OH),
nanosheets can be successfully synthesized in large quanti-
ties by a facile hydrothermal synthetic method with triethyl-
amine as both an alkaline and complexing reagent under
mild conditions. The influence of hydrothermal temperature,
reaction time, amount of triethylamine, and concentration
of cobalt nitrate on the size and shape of nanosheets was
carefully investigated. Single-crystalline porous nanosheets
and nanorings of spinel cobalt oxide (Co;0,) were success-
fully obtained by a thermal-decomposition method with
single-crystalline (-Co(OH), nanosheets as the precursor.
The mechanism of formation of porous nanosheets and
nanorings of Co;0O, is also discussed on the basis of the ex-
perimental results. Notably, the current synthetic strategy
can be used to synthesize other metal hydroxide nanosheets
and prepare corresponding metal oxide nanorings by calci-
nation at appropriate temperatures, and it has good pros-
pects for future large-scale applications owing to its high
yields, simple reaction apparatus, and low reaction tempera-
ture.

Results and Discussion
X-ray diffraction (XRD) was carried out to determine the

chemical composition and crystallinity of the as-prepared
products. Figure 1 shows typical XRD patterns of f-

Abstract in Chinese:
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Figure 1. XRD pattern of the as-prepared B-Co(OH), nanosheets
obtained by using 1.5 mL triethylamine at 180°C for 24 h.

Co(OH), nanosheets prepared by using a 1.5-mL solution of
triethylamine at 180°C for 24 h. All diffraction peaks in this
pattern can be indexed to the hexagonal cell of brucite-like
B-Co(OH), with lattice constants a=3.182 and ¢=4.658 A
(space group: P3ml1 (No. 164)), which are consistent with
the values in the literature (JCPDS 30-0443). The (001)
peak is taller and far narrower than other peaks in the re-
flections, which implies the highly preferentially oriented
growth of the B-Co(OH), nanosheets. Diffraction peaks of
a-Co(OH), or impurities were not observed, which indicates
the high purity of the final products successfully synthesized
under the current experimental conditions.

The size and morphology of the as-prepared product were
examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The SEM images
(Figure 2a) indicate that a large quantity of hexagonal f3-
Co(OH), nanosheets with good uniformity were achieved
by using this approach. These nanosheets had a mean width
of about 120 nm with little deviation. The inset shows a
high-magnification SEM image. Here, the corners and edges
of the f-Co(OH), nanosheets can be clearly observed. The
average thickness and edge size of these hexagonal nano-
sheets are about 15 and 60 nm, respectively. SEM observa-
tions also indicated that almost 100% of the as-prepared
products are uniform hexagonal 3-Co(OH), nanosheets. Fig-
ure 2b is the representative TEM image, in which the {3-
Co(OH), nanosheets are hexagonal and quasi-hexagonal
with angles of adjacent edges of 120° and widths in the
range 100-170 nm. The inset of Figure 2b shows the selected
area electron diffraction (SAED) pattern of the -Co(OH),
nanosheets, which reveals that the f-Co(OH), nanosheets
are single-crystalline hexagonal structures lying on their
{001} crystal planes, consistent with the XRD result present-
ed above.

High-resolution  transmission electron  microscopy
(HRTEM) provided further insight into the nanostructure
of the as-prepared hexagonal -Co(OH), nanosheets. Fig-
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Figure 2. a) Low- and high-magnification (inset) SEM images of the as-
synthesized 3-Co(OH), nanosheets. b) TEM image of the hexagonal f3-
Co(OH), nanosheets with angles of adjacent edges of 120°. Inset: SAED
pattern of the f-Co(OH), nanosheets taken from an individual hexagonal
nanosheet. ¢) HRTEM image of the individual $-Co(OH), nanosheets.
d) Side view of the hexagonal $-Co(OH), nanosheets. Insets in c) and d):
Further-magnified images showing the crystal lattice.

ure 2¢ shows a typical image of an individual hexagonal {3-
Co(OH), nanosheet with a mean width of about 120 nm and
edge length of about 65 nm. The inset of Figure 2c¢ displays
a magnified part of the image. The interlayer spacing was
calculated to be about 0.27 nm, which corresponds to the in-
terlayer distance of the (100) crystal plane in -Co(OH),.
Figure 2d shows a side-view HRTEM image of an individual
B-Co(OH), nanosheet with a thickness of about 15 nm. The
well-resolved lattice fringes in the nanosheet can be clearly
observed, which confirms that the nanosheets were formed
with a single-crystalline structure. Further magnification
clearly shows that the interlayer spacing is about 0.46 nm
(Figure 2d, inset), which corresponds to the interlayer dis-
tance of the (001) crystal plane of brucite-like -Co(OH),
and shows that the growth direction of 3-Co(OH), is along
the (001) crystal plane.

To confirm the morphology of the as-prepared product
further, a tilted-angle investigation was carried out to obtain
the TEM images from different viewing angles. Some of the
nanorod-like p-Co(OH), structures were virtually hexagonal
nanosheets in shape, as shown by the areas marked with a
circle in Figure 3. Figure 3b is a perpendicular view of the
-Co(OH), nanocrystals with a perfect rodlike shape. When
the copper grid was tilted through —10-20°, parts of the rod-
like pattern disappeared, and the hexagonal sheetlike pat-
tern appeared gradually. When it was tilted to 20°, nearly
hexagonal nanosheets resulted (Figure 3d). Furthermore,
the hexagonal sheetlike pattern can theoretically transform
into the rodlike pattern because the two patterns are just a
result of the different viewing angles of the same product.
Such a transformation can also be clearly seen in Figure 3.
This behavior means that the as-prepared products are
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Figure 3. TEM images of the as-prepared [-Co(OH), nanosheets
observed at different angles: a) —10°, b) 0°, ¢) 10°, d) 20°.

indeed hexagonal $-Co(OH), nanosheets, which agrees well
with the SEM results.

Furthermore, further studies suggested that hydrothermal
temperature, reaction time, amount of triethylamine, and
concentration of cobalt nitrate all influence the size and
morphology of B-Co(OH), nanosheets. For example, the size
of the Co(OH), nanosheets was small and the crystallinity
was poor at low temperature, whereas the average size and
crystallinity of the nanosheets gradually increased with ele-
vation of hydrothermal temperature. Figure 4a shows a typi-
cal TEM image of the product prepared at 100°C over 24 h.
Here, the hexagonal and quasi-hexagonal nanosheets can be
clearly observed in addition to some nanoparticles. When
the reaction temperature was elevated to 140°C, the final
products were mostly made up of nanosheets with widths in
the range 60-140 nm (Figure 4b). When the reaction time
was decreased to 2 h, the product formed consisted of nano-
sheets with widths in the range 70-150 nm as well as some
nanoparticles with a mean size of 15 nm (Figure 4c). Fig-
ure 4d shows the TEM image of products obtained by using
a 0.5-mL solution of triethylamine at 180°C for 24 h, which
clearly shows the nanosheets as fine hexagons with widths in
the range 100-260 nm. Generally, the size and morphology
of the B-Co(OH), nanosheets could also be manipulated by
changing the concentration of cobalt nitrate. Figure 4e
shows the TEM image of products prepared by using
0.5 mmol Co(NO;),:6H,0, in which hexagonal Co(OH),
nanosheets with a mean length of about 100 nm and a thick-
ness of about 10 nm can be clearly observed. Furthermore, a
few large nanosheets were also found. When the concentra-
tion of cobalt nitrate doubled, that is, when 2 mmol Co-
(NOs),-6H,0 was used, the length and thickness of the hex-
agonal Co(OH), nanosheets were about 150 and 15-20 nm,
respectively (Figure 4 f). However, further elevation of the
cobalt nitrate concentration to five or ten times the original
resulted in morphologies of the hexagonal nanosheets that
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Figure 4. a—c) TEM images of hexagonal -Co(OH), nanosheets synthe-
sized by using 1.5 mL triethylamine at different reaction temperatures
and time: a) 100°C, 24 h; b) 140°C, 24 h; c) 180°C, 2 h. d) TEM images
of hexagonal 3-Co(OH), nanosheets synthesized by using 0.5 mL triethyl-
amine at 180°C for 24 h. e-f) TEM images of hexagonal B-Co(OH),
nanosheets synthesized by using different cobalt nitrate concentrations at
180°C for 24 h: ) 0.5 mmol; f) 2 mmol.

tended to be irregular (see Supporting Information, Fig-
ures S1 and S2), which implies that the nucleation and
growth behavior were out of kinetic control.”””!

The thermal behavior of the hexagonal 3-Co(OH), nano-
sheets oxidized to spinel Co;0O, was investigated with ther-
mogravimetric analysis (TGA) and differential scanning cal-
orimetry (DSC) in the temperature range 25-800°C
(Figure 5). The gradual mass loss in the range 25-150°C can
be attributed to evaporation of the adsorbed triethylamine
and water species on the nanosheet surfaces. The major
weight-loss profile exhibits a well-defined decrease between
150 and 400°C with an inflection point at about 170°C. The
weight loss was measured to be about 13.7% over and
above that of the adsorbed triethylamine and water species,
in good agreement with the theoretical value (13.6%). The
DSC curve shows an endothermic peak at 172 °C, which cor-
responds to the dominant mass loss.

Cobalt oxide can be obtained by a thermal-decomposition
method with cobalt hydroxide as the precursor, on the basis
of the TGA and DSC results. Single-crystalline porous
nanosheets and nanorings of cobalt oxide (Co;0,) were se-
lectively obtained by calcination of as-prepared hexagonal
B-Co(OH), nanosheets obtained by using a 1.5-mL solution
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Figure 5. DSC and TGA curves of the hexagonal 3-Co(OH), nanosheets.

of triethylamine at 180°C for 24 h in air at 400 and 600°C,
respectively, for 2 h. Figure 6 shows the XRD patterns of
the porous Co;O, nanosheets and Co;O, nanorings. All the
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Figure 6. XRD patterns of porous Co;O, nanosheets (A) and Co;O,
nanorings (B) obtained by calcination of as-synthesized $-Co(OH), nano-
sheets in air at 400 and 600°C, respectively, for 2 h.

reflections in the XRD patterns can be indexed to the pure
face-centered-cubic phase (space group: Fd3m (No.227)) of
spinel cobalt oxide with lattice constant a=8.065A
(JCPDS 74-1657). No impurity peaks were observed, which
indicates that brucite-like Co(OH), was completely convert-
ed into the spinel structure Co;O, by calcination in air at
400 and 600°C for 2 h. When the calcination temperature
was increased, the diffraction peaks became taller and much
narrower, thus showing that the crystallinities of the samples
were improved.
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Figure 7. a) TEM image of porous Co;O, nanosheets. Inset: SAED pattern of the porous Co;O, nanosheets taken from an individual nanosheet, which
indicates that each porous nanosheet is a single crystal. b) TEM image and SAED pattern (inset) of Co;0, nanorings. c) HRTEM image of an individual
Co;0, nanoring. Inset: higher-magnification image of Co;O, nanoring obtained from a selected area in c). d) and e) N,-adsorption-desorption isotherms
of porous Co;0O, nanosheets (d) and Co;0, nanorings (e). Squares =adsorption, inverted triangles =desorption. f) The first discharge curve of the Li—
Co;0, cells made by the as-prepared porous Co;O, nanosheets (filled squares) and Co;O, nanorings (empty circles) at a current density of 100 mA g~

Inset: cycle performance of the Li—Co;0, cells at a current density of 100 mA g~' at room temperature.

Figure 7a shows a typical TEM image of the porous
Co;0, nanosheets obtained by calcination of the as-pre-
pared -Co(OH), nanosheets in air at 400°C for 2 h. As
with the B-Co(OH), nanosheets, the porous Co;O, nano-
sheets also consist of hexagonal and quasi-hexagonal struc-
tures with sizes ranging from 80 to 150 nm. However, under
careful observation, the Co;0, nanosheets were found to be
composed of many pores with a mean diameter of 3 nm.
The inset of Figure 7a is an SAED pattern taken from an
individual Co;0, nanosheet; the pattern consists of many
spots, which shows that each porous Co;O, nanosheet is a
single crystal. All spots are identified as diffractions from
spinel Co;0,. It is interesting that the as-prepared -
Co(OH), nanosheets could be converted into Co;O, nano-
rings by calcination in air at 600°C for 2 h. A typical TEM
image of the Co;0, nanorings is shown in Figure 7b. It is
clear that some of the Co;O, nanocrystals exhibit ringlike
structures with an average size of about 100 nm. The inset
shows an SAED pattern taken from a mass of the Co;0,
nanorings; the pattern reveals the satisfactory crystallinity
of the sample, which can be indexed to the face-centered-
cubic phase of spinel Co;0,. A typical HRTEM image of an
individual Co;0, nanoring is shown in Figure 7c. The mag-

736

www.chemasianj.org

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

nified image (inset) shows that the nanoring is structurally
uniform with an interlayer spacing about 0.46 nm, which cor-
responds to the value of the (111) lattice plane of spinel
Co0;0,. The Brunauer-Emmett-Teller (BET) method with
nitrogen adsorption was carried out to investigate the sur-
face-area data of the as-prepared Co;O, samples, which is
critical for their technological application. The N,-adsorp-
tion—desorption isotherm of the as-prepared Co;O, can be
categorized as type IV with a distinct hysteresis loop. The
BET surface-area data was calculated to be about
18.153 m*g ! for the porous Co;O, nanosheets (Figure 7d)
and 13.734 m?’g~! for the Co;0, nanorings (Figure 7¢).
Figure 7t shows the initial discharge curve and the cycle
performance of the Li-Co;0, cell made by the as-prepared
Co;0, at a current density of 100 mA g™ at room tempera-
ture. The porous Co;O, nanosheets had the most initial in-
sertion capacity at 1301 mAhg™', and their capacity came to
about 1011 mAhg™' after the second cycle. Subsequently,
the discharge capacity of the Li—Co;0, cell appeared to in-
crease slightly, which usually proceeds with the activation
process for the electrochemical reaction of lithium. The as-
prepared porous Co;O, nanosheets exhibited excellent cy-
clability. After 21 cycles, the as-prepared porous Co;0,
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nanosheet electrode maintained a capacity of 1001 mAhg*,
which corresponds to about 99 % of the second discharge
capacity. The initial capacity of the as-prepared Co;0,
nanorings reached 1298.7 mAhg™!, whereas the capacity
dropped rapidly to 676 mAhg™" after 21 cycles. The capacity
retention of the porous Co;O, nanosheets was much better
than that of the Co;O, nanorings, which can be ascribed to
the surface area and crystallinity of the samples. The porous
Co,;0, nanosheets have a larger surface area and higher va-
cancy owing to poor crystallinity, which probably makes the
lithium ions easy to extract and insert into the porous Co;0,
electrode and results in the increase in recharge ability.>"!
On the basis of the experimental results, a probable mech-
anism of formation of the hexagonal 3-Co(OH), nanosheets,
porous Co;0, nanosheets, and Co;O, nanorings is proposed.
The formation of the hexagonal f-Co(OH), nanosheets may
mainly comprise two processes: 1) formation of -Co(OH),
crystal nuclei and 2) subsequent crystal growth from these
nuclei to form hexagonal nanosheets. Triethylamine may
play a key role in the crystal-growth process. Triethylamine
was used both as an alkaline reagent to provide an alkaline
environment and as a complexing reagent to influence the
morphology of the final products. Our experimental results
suggest that triethylamine may provide strong kinetic con-
trol over the growth rates of various faces of $-Co(OH), by
being selectively adsorbed on the crystal planes, which re-
sults in the formation of hexagonal B-Co(OH), nano-
sheets.’!! However, it is still not clear how triethylamine in-
fluences the growth of the different crystal planes of (-
Co(OH),. We also used diethanolamine and triethanolamine
as alkaline and complexing reagents to prepare Co(OH),,
but the morphology of the final products was irregular (see
Supporting Information, Figures S3 and S4). The spinel
Co;0, nanorings may begin with the nanopores at the core
of the hexagonal B-Co(OH), nanosheets. The crystal struc-
ture of the hexagonal $-Co(OH), nanosheets includes Co—
OH layers and counter anions between the Co—OH layers.
With elevated calcination temperature, the Co—OH layers
are converted into cobalt oxide through pyrolysis and dehy-
dration. Thus, the spaces of the OH layers and counter
anions are converted into nanopores. With elongation of re-
action time, the hexagonal [3-Co(OH), nanosheets gradually
dehydrate and shrink and are finally converted into porous
Co;0, nanosheets and nanorings at different calcination
temperatures.”” The calcination temperature is especially
important in the formation of Co;O, nanorings. It is difficult
to obtain Co;O, nanorings at low calcination temperature,
whereas the products of Co;0, obtained at 400°C for 2 h
were mostly made up of nanosheets with porous structures.
Hou et al.™ also prepared porous Co;O, nanosheets by
thermal decomposition of hexagonal 3-Co(OH), nanosheets
in air at 450°C for 5 h. Our synthetic strategy could be em-
ployed to fabricate porous nanosheets and nanorings of
other metal oxides by calcination of the corresponding
metal hydroxide nanosheets under appropriate conditions.
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Conclusions

In summary, we have developed a simple method for the
synthesis of single-crystalline hexagonal B-Co(OH), nano-
sheets in large quantities by choosing triethylamine as both
an alkaline and a complexing reagent under mild conditions.
This novel synthetic method can be carried out to synthesize
other high-quality hydroxide nanosheets, and it should have
potential applications in future large-scale syntheses owing
to its high yield, simple reaction apparatus, and low reaction
temperature. Notably, single-crystalline porous Co;O,4 nano-
sheets and Co;O, nanorings were selectively obtained by
thermal decomposition of the single-crystalline (3-Co(OH),
nanosheets in air at 400 and 600°C, respectively, for 2 h.
This strategy may become a general method for the fabrica-
tion of porous nanosheets and nanorings of other metal
oxides by calcination of the corresponding metal hydroxide
nanosheets under appropriate conditions.

Experimental Section

All chemicals used in this work, such as aqueous cobalt nitrate (Co-
(NO3),-6H,0) and triethylamine, were analytical-grade reagents from the
Beijing Chemical Factory, China. They were used without further purifi-
cation.

Synthesis

In a typical procedure, Co(NOs),-6H,O (0.291 g, 1 mmol) was placed in a
50-mL teflon-lined autoclave and dissolved in deionized water (20 mL)
to form a pink solution at room temperature. Triethylamine (0.5-1.5 mL)
was then added dropwise with magnetic stirring, and the solution imme-
diately turned black. Next, the autoclave was filled with deionized water
up to 80% of the total volume and, after 10 min of stirring, sealed and
maintained at 100-180°C for 2-24 h without shaking or stirring. The re-
sulting products were filtered and washed with deionized water and anhy-
drous ethanol several times, and finally dried under vacuum at 60°C for
4 h. As-prepared cobalt hydroxide was calcined to produce porous nano-
sheets and nanorings of Co;0, in air at 400-600°C for 2 h.

Characterization

The samples obtained were characterized on a Brucker D8-advance
powder X-ray diffractometer with Cuy, radiation (A=1.5418 A). The op-
eration voltage and current were kept at 40 kV and 40 mA, respectively.
The size and morphology of the as-synthesized products were determined
at 20 kV by an XL30 S-FEG scanning electron microscope and at 160 kV
by a JEM-200CX transmission electron microscope and a JEOL JEM-
2010F high-resolution transmission electron microscope. SAED was fur-
ther performed to determine the crystallinity. DSC and TGA were car-
ried out with a NETZSCH STA-449C simultaneous TG-DTA/DSC appa-
ratus at a heating rate of 10 Kmin~' in flowing air. A nitrogen-adsorption
system (Coulter SA 3100 plus) was employed to record the adsorption—
desorption isotherm at the liquid-nitrogen temperature of 196°C. The
electrochemical properties of the as-prepared Co;O, as cathode were
evaluated by using two-electrode cells with lithium metal as anode. The
cathode was prepared by compressing a mixture of Co;O,/acetylene
black/polyvinylidene fluoride (PVDF) with a weight ratio 75:15:15. The
cathode was dried for 24 h at 80°C in a vacuum oven and cut into a disk
(1.0 cm?). The electrolyte solution was 1M LiPF, dissolved in a 1:1 mix-
ture of ethylene carbonate/diethyl carbonate. The cell was assembled in
an Ar-filled glovebox with porous polypropylene (Celgard 2500) as a sep-
arator. The electrode capacity was measured by a galvanostatic charge/
discharge experiment with a current density of 100 mA g™ at a potential
between 0 and 3.0 V.
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Abstract: A general nonaqueous route
for the synthesis of phase-pure transi-
tion-metal niobate (InNbO,, MnNb,Oq,
and YNbO,) nanocrystals was devel-
oped based on the one-pot solvother-
mal reaction of niobium chloride and
the corresponding transition-metal ace-
tylacetonates in benzyl alcohol at
200°C. All samples were carefully char-
acterized by XRD, TEM, HRTEM,

Markus Niederberger*!!

analysis. The crystallization mechanism
of these niobate nanocrystals points to
a two-step pathway. First, metal hy-
droxide crystals and amorphous niobi-
um oxide are formed. Second, metal
niobate nanocrystals are generated
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particles - niobium - sol-gel process-
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from the intermediates by a dissolu-
tion-recrystallization mechanism. The
reaction mechanisms, that is, the pro-
cesses responsible for the oxygen
supply for oxide formation, were found
to be rather complex and involve niobi-
um-mediated ether elimination as the
main pathway, accompanied by solvoly-
sis of the acetylacetonate ligands and
benzylation reactions.
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Introduction

Metal oxides represent one of the most diverse classes of
materials with important structure-related properties. Many
metal oxides have properties of superconductivity, ferroelec-
tricity, magnetism, catalysis, gas-sensing capability, and so
on.! Some of these properties can be enhanced by decreas-
ing the size of metal oxides to the nanometer scale. Thus,
great effort has been made to synthesize different nano-
structured metal oxides. These efforts mainly focused on the
synthesis and the study of the structure-related properties of
binary metal oxide nanostructures. In comparison with
binary metal oxides, relatively little work has been per-
formed on the fabrication of ternary metal oxide nanocrys-
tals,>! thus hindering further experimental investigations
into the size-dependent properties of these technologically
important materials.

Ternary metal oxides are traditionally synthesized by
high-temperature solid-state ceramic reactions that often re-
quire several days of thermal treatment at temperatures
higher than 1000°C. This is because solid-solid diffusion is
the rate-limiting step in their formation.®” It is therefore
difficult to control the morphology or the kinetics of phase
formation during high-temperature ceramic synthesis. For
instance, for the preparation of MnNb,Og4 ground MnO,
and Nb,Os were heated slowly to 930°C, held at that tem-
perature for 22 h, then reground and fired at 1200°C for
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36 h with one intermediate regrinding. Recently, soft (or so-
lution) chemical routes, including sol-gel, microemulsion,
hydrothermal, and solvothermal methods, have been suc-
cessfully utilized to prepare various nanosized metal oxides
with good control over their morphology, crystal phase, and
size. Unfortunately, the formation of single-phase ternary
metal oxides by soft chemical routes is not as successful as
that of binary oxides because the reactivities of the different
metal oxide precursors are different in solution. One way to
diminish the problem is to switch from aqueous to non-
aqueous reaction media. This approach was successfully ap-
plied to various metal oxide nanoparticles with the spinel
structure.®” Ternary metal oxide nanocrystals, mainly from
the family of ABOs-type perovskites,"'* were also pre-
pared by our group by using benzyl alcohol as well as
ketone-based nonaqueous sol-gel methods. Among the vari-
ous ternary metal oxides, metal niobates are important
owing to their pronounced electrical, optical, ferroelectric,
and catalytic properties. We developed a nonaqueous
method of synthesizing LiNbO; by the reaction between
niobium(V) ethoxide and lithium metal dissolved in benzyl
alcohol at 220°C.'% Recently, we prepared the nanocrystal-
line visible-light photocatalyst InNbO, by a soft-chemistry
route involving the solvothermal reaction of indium acetyl-
acetonate and niobium chloride in benzyl alcohol at 200°C.
We found that the as-synthesized nanopowder exhibited a
much higher photocatalytic activity than that obtained with
traditional high-temperature ceramic methods under visible
light.['%!

We report in this study the synthesis of not only InNbO,,
but also YNbO, and MnNb,O4 nanocrystals by the solvo-
thermal reaction of niobium chlorides and transition-metal
acetylacetonates in benzyl alcohol, thus indicating the gener-
ality of this process for producing nanosized metal niobates.

There is growing evidence, especially from studies in the
field of biomineralization, that points to the existence of
crystallization pathways that go beyond the simple attach-
ment of ions or molecules to a growing nucleus.'” The crys-
tallization of nanomaterials also seems to be more complex
than originally anticipated. The exact growth mechanisms
involved with most of the synthetic methods used for creat-
ing ternary metal oxide nanostructures are often a matter of
speculation.!!! Recently, we reported a surprising and unpre-
cedented crystallization pathway for the formation of
indium tin oxide nanoparticles, which did not crystallize in a

Abstract in Chinese:
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simple nucleation-and-growth process, but first formed an
intermediary phase consisting of aligned nanocrystallites
embedded in an organic matrix, followed by the transforma-
tion into the bixbyite structure with larger crystallites ac-
companied by the disappearance of both the organic phase
and the superstructure."” For the metal niobates synthesized
in this study, we found another growth mechanism that re-
veals the unusual and unpredictable crystallization behavior
of ternary metal oxides in benzyl alcohol.

Results and Discussion

Powder X-ray diffraction (XRD) patterns of the as-synthe-
sized metal niobate samples are shown in Figure 1. All dif-
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Figure 1. XRD patterns of the as-prepared samples of a)InNbO,,
b) MnNb,Og, and ¢) YNbO,.

fraction peaks in Figure 1a can be assigned to the monoclin-
ic phase of InNbO, (space group P2/c (No. 13), JCPDS file
No. 33-619) without any indication of crystalline by-prod-
ucts. The most intense peaks at 24.0, 29.5, and 35.6° are the
diffractions from the (011), (111) and (111), and (120)
planes of monoclinic InNbO,, respectively. All the peaks in
Figure 1b and c can be well-indexed to the orthorhombic
phase of MnNb,Og (space group Pcan (No. 60), JCPDS file
No. 33-899) and the monoclinic phase of YNbO, (space
group I2 (No.5), JCPDS file No. 23-1486), respectively. In
Figure 1b, the most prominent peaks at 24.1, 29.8, and 37.2°
are the diffractions from the (130) and (111), (131), and
(002) planes of orthorhombic MnNb,Og, respectively, where-
as in Figure 1c, the peaks at 29.5, 34.0, and 48.6° are as-
signed to the (121) and (121), (200), and (240) and (042)
planes of monoclinic YNbO,, respectively. The XRD results
prove that single-phase metal niobates can be obtained by
the solvothermal reaction of niobium chloride with the cor-
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responding transition-metal acetylacetonates in benzyl alco-
hol.

Representative transmission electron microscopy (TEM)
images of the sample of indium niobate are shown in
Figure 2. Because of the lack of any stabilizing surfactants,

Figure 2. a) TEM and b) HRTEM images of the as-prepared sample of
InNbO,. The resolved crystal planes are marked.

the indium niobate particles are slightly agglomerated (Fig-
ure 2a). However, it is easy to estimate the diameters of the
particles, which are in the range 10-30 nm. The high crystal-
linity as well as the single-crystalline nature of the particles
is further confirmed by high-resolution TEM (HRTEM)
analysis (Figure 2b). Due to the overlapping of several
InNbO, nanoparticles in Figure 2b, the unambiguous deter-
mination of the orientation of the zone axis of any of the
crystallites was not possible. Therefore, only the resolved
lattice fringes, (011) and (211), of InNbO, are denoted.
Figure 3 shows typical TEM images of the as-prepared
MnNb,O¢ sample. The MnNb,O; particles are uniform in

Figure 3. a) TEM and b) HRTEM images of the as-prepared sample of
MnNDb,Oq. Inset: Corresponding power spectrum with lattice indices.

size with diameters of a few nanometers, which are signifi-
cantly smaller than those of InNbO,. As with InNbO,, the
MnNb,O; particles are also slightly agglomerated (Fig-
ure 3a). Figure 3b shows one isolated MnNb,Og nanoparti-
cle of about 10 nm in diameter. The corresponding power
spectrum (fast Fourier transform; Figure 3 b, inset) points to
the single-crystalline nature of the MnNb,O4 nanoparticle.
Analysis of the distances and angles of the array of discrete
spots in the power spectrum reveals that the displayed
MnNb,Oj crystallite is in the [310] zone-axis orientation.
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TEM images of the as-prepared YNbO, sample are
shown in Figure 4. The YNbO, particles are more agglomer-
ated than those of InNbO, and MnNb,O,. The diameters
are in the range 10-20 nm (Figure 4a). The HRTEM image
in Figure 4b also confirms that the YNbO, particles are
single-crystalline. The well-resolved (002) lattice planes with
a d spacing of 2.526 A are indicated.

Figure 4. a) TEM and b) HRTEM images of the as-prepared sample of
YNbO,.

To understand the growth mechanism of InNbO, nanopar-
ticles in benzyl alcohol, we studied the intermediates after
reaction times of 3 and 6 h. XRD analysis reveals that crys-
talline InNbO, was already formed after 3 h (Figure 5a). Be-
sides InNbO,, another set of peaks can be indexed to
In(OH); (JCPDS file No. 16-0161). Upon extension of the
reaction time to 6 h, the intensity of the peaks correspond-
ing to the InNbO, particles increased. As the initial In/Nb
molar ratio is one, and given that In(OH); was detected by
XRD, an additional niobium-containing compound should
also be present in the sample. However, the XRD pattern
does not display any reflections of such a compound, which
means that the niobium species is amorphous. This is con-
firmed by TEM and energy-dispersive X-ray (EDX) analy-
sis. Figure 5b shows a TEM image of the sample obtained
after 3 h. The EDX spectrum (Figure 5c) reveals that the
particles on the left of Figure 5b contain niobium and
oxygen, and the HRTEM image (Figure 5d) of these parti-
cles shows that they are completely amorphous. On the con-
trary, the particles on the right of Figure 5b are well-crystal-
line InNbO,, as confirmed by the EDX spectrum (Fig-
ure Se), which proves the presence of niobium and indium,
and by the HRTEM image in Figure 5 f. The (011) and (111)
lattice planes of InNbO,, which belong to different grains
with a random orientation with respect to each other, are in-
dicated in Figure 5f.

On the basis of these results, we propose the following
growth mechanism of InNbO, nanoparticles (Scheme 1).
First, indium acetylacetonate and niobium chloride react
with benzyl alcohol to produce crystalline In(OH); and
amorphous niobium oxide. InNbO, nanoparticles are then
generated by the reaction between these species formed
in situ. The second process is presumably quite similar to
the hydrothermal or sonochemical formation of SrTiO; (or
BaTiO;) from Sr(OH), (or Ba(OH),) and amorphous TiO,
by a dissolution—crystallization mechanism."®?) Amorphous

Chem. Asian J. 2008, 3, 746 -752
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Figure 5. a) XRD patterns of the intermediate samples obtained after 3 h (bottom) and 6 h (top). *=InNbO,, #=1In(OH);. b) TEM image of the sample
obtained after 3 h. ¢) EDX spectrum of the particles on the left in Figure 5b, proving the exclusive presence of Nb and O. d) HRTEM image of the amor-
phous niobium oxide particles. ¢) EDX spectrum of the particles on the right in Figure 5b, proving the presence of In, Nb, and O. f) HRTEM image of
the particles in e) with lattice planes corresponding to InNbO,.

niobium oxide particles dissolve in benzyl alcohol to form at the surface to produce InNbO, nuclei. Further growth is
niobium hydroxy species, which instantly react with In(OH); then promoted by the higher thermodynamic stability of the
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niobium oxide

Scheme 1. Formation process of InNbO, nanocrystals by solvothermal re-
action of niobium chloride and indium acetylacetonate (In(acac);) in
benzyl alcohol.

mixed species. Interestingly, we found that the direct solvo-
thermal reaction of In(OH); and amorphous niobium oxide
at 200°C did not yield InNbO,. Clearly, some other species
produced in situ during the reaction or a different composi-
tion of the amorphous intermediate promoted the solubility
of the reactants in benzyl alcohol and subsequently support-
ed the formation of the InNbO, nanocrystals from In(OH);
and amorphous niobium oxide.

We found that the final reaction solution of these metal
niobates consists of two liquid phases, a clear, colorless
aqueous phase and a yellow, more viscous organic phase.
Both phases were subjected to detailed NMR spectroscopic
and GC-MS analyses (see Supporting Information) to iden-
tify the individual components and to elucidate the mecha-
nism of the chemical reaction by retroanalysis. The aqueous
phase, which is only about one tenth of the total liquid
volume, was indeed found to contain water as the main
component, as well as some benzyl alcohol, benzyl acetate,
and acetone. The organic phase, on the other hand, was
found to be very complex and quite similar for all three sys-
tems InNbO,, MnNb,O4 and YNbO,. Interestingly, the
major component was not the expected benzyl alcohol but
dibenzyl ether, which is rather unusual for this type of non-
aqueous sol-gel synthesis. Clearly, one of the intermediates
is acting as a dehydration/etherification catalyst. Further-
more, the mixture also contained substantial amounts of
benzyl alcohol, benzyl acetate, and 2-benzylbenzyl alcohol,
as well as minor quantities of 3-benzylbenzyl alcohol, ace-
tone, benzaldehyde, diphenylmethane, 4-benzyltoluene, 4-
phenyl-3-buten-2-one, and traces of several other polyaro-
matic compounds, including 1,4-bisbenzylphenol, stilbene,
3,3'-dimethylbiphenyl, and 1,2,3,4-tetraphenylbutane.

We recently studied the reaction of several metal acetyl-
acetonates, including In(acac)s;, in benzylamine, which led to
the formation of In,0; nanocrystals under conditions similar
to those used herein.™ The oxide formation commenced
with a solvolysis of the acetylacetonate ligands to result in
N-benzylacetamide and enolate ligands, which underwent
ketimine-type condensation reactions in the second step to
form imines and metal-coordinated hydroxy groups that in-
duced the oxide formation. We also investigated the reac-
tion of Fe(acac); in benzyl alcohol, and it was found to in-
volve a similar reaction sequence. First, benzyl alcohol indu-
ces solvolysis of the acetylacetonate to benzyl acetate and
acetone (which remains bound to the metal center as an
enolate ligand). Then, an addition reaction of the enolate
ligand and benzyl alcohol, catalyzed by the metal center,
takes place, which results in metal-coordinated hydroxy

750 www.chemasianj.org
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groups that induce further condensation to the oxide, as
well as 4-phenyl-2-butanone as a side product.?¥

In the systems investigated herein, the acetylacetonate li-
gands also undergo a metal-promoted, effective alcoholysis,
as shown by the formation of acetone and benzyl acetate as
well as the absence of any acetylacetone signals in the NMR
spectra (Scheme 2a). Interestingly, further condensation of

(a) In
o In

o
| ~o
5 -CH3;COOCH,Ph

O
Ph-CHp-OH O/\
ﬁ

+ In—OH

Scheme 2. Main reaction pathway for the formation of the hydroxy spe-
cies upon reaction of In(acac); with benzyl alcohol. a) Solvolysis of
acetylacetonate species. b) Ligand-exchange reaction. c) Mechanism of
ether condensation.

the enolate species only occurred to a small extent, as the
only potential condensation product found in the reaction
mixture was 4-phenyl-3-buten-2-one (molar ratio to acetone
~1:4). However, the main reaction enabling oxide forma-
tion proceeded by a ligand-exchange reaction to release ace-
tone through coordination of benzyl alcohol to the Nb metal
center (Scheme 2b) followed by ether elimination
(Scheme 2c¢). The catalyzed ether-formation reaction pro-
ceeded to a very large extent, thus resulting not only in hy-
droxy species that induced the formation of In(OH);, but
also in free water that separated from the organic medium.

Notably, this ether formation took place only in the pres-
ence of NbCls in the system, as no ethers were formed upon
the reaction of acetylacetonates with benzyl alcohol. Inter-
estingly, no benzyl chloride or other alkyl halides formed
during the reaction, thus indicating the strong preference of
ether formation over alkyl halide elimination. These obser-
vations were previously reported by Li and co-workers®!
and also in the synthesis of TiO, in benzyl alcohol with vari-
ous organic ligands.” Therefore, the only remaining ques-
tion is the fate of the chloride ligands of NbCls. As the Nb
center evidently acts as catalyst for ether formation, the
water produced would hydrolyze the chloride to form
metal-bound hydroxy groups. We propose that the chloride
then forms hydrochloric acid (a weaker acid than NbCls), a
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hypothesis supported by the high acidity (pH 1) of the aque-
ous phase. The presence of chloride ions in the aqueous
phase was proven by the silver nitrate test. The large
number of additionally formed bi- and multiaromatic com-
pounds is attributed to the presence of Nb metal centers in
the system, which are known to function as good catalysts
for benzylation reactions.’ In fact, we have already ob-
served such benzylation reactions during the synthesis of
NaNbO; nanocrystals from niobium(V) ethoxide in benzyl
alcohol.¥ Still, it is notable that these benzylations also pro-
ceed in the presence of a second, aqueous phase in the
system.

In summary, three processes were identified to occur
almost simultaneously during particle formation. Whereas
the Nb-mediated condensation of benzyl alcohol to benzyl
ether supplies water for the formation of hydroxide species,
amorphous intermediates, and finally particle formation, the
acetylacetonate ligands undergo solvolysis. Owing to the
high-temperature conditions in the system, additionally oc-
curring benzylation reactions lead to the formation of multi-
aromatic compounds as side products. Notably, in the
YNDbO, sample, the formal water required for oxide forma-
tion is in principle already present in the used precursor.
Thus, no further elimination of water is required, but the
ether-condensation reaction still proceeds almost to comple-
tion. For the MnNb,Oj5 sample, significantly larger amounts
of benzaldehyde were found in the final mixture, which ex-
plains the formation of Mn" from the manganese(IIl) pre-
cursor. Benzyl chloride was also detected in this sample (see
Supporting Information).

Conclusions

We have demonstrated a general approach to the synthesis
of transition-metal niobate nanocrystals, such as InNbO,,
MnNb,Og, and YNbO,, by using the one-pot solvothermal
reaction of niobium chloride with transition-metal acetyl-
acetonates in benzyl alcohol. The mechanism of formation
of these transition-metal niobates is interesting with respect
to the crystallization pathway as well as from an organic-
chemical point of view. On the one hand, particle formation
involves a dissolution-recrystallization process of the crys-
talline metal hydroxide and amorphous niobium oxide
formed in situ as intermediates; on the other, the chemical
mechanisms responsible for the oxygen supply are based on
three almost-simultaneously occurring processes: 1) benzyl
ether elimination as the main pathway mediated by the
niobium species, which provides water that is formally re-
quired for oxide formation; 2) solvolysis of the acetylaceto-
nate ligand to acetone and benzyl acetate; and 3) benzyla-
tion. Instead of alkyl halide elimination, the chlorides turn
into HCI, which dissolves in the aqueous phase.

The soft-chemistry synthesis of the metal niobate nano-
particles represents, in our opinion, a relevant step forward
in the controlled preparation of complex nanomaterials that
are of high scientific and technological relevance.
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Experimental Section
Materials

Manganese acetylacetonate (STREM, 97+ %), yttrium acetylacetonate
hydrate (Aldrich, 99.99 %), indium acetylacetonate (Aldrich, 99.99 %),
niobium chloride (Aldrich, 99.9+ %), and anhydrous benzyl alcohol (Al-
drich, 99.84 %) were used as precursor materials. Solvothermal treat-
ment was performed in Parr acid digestion bombs with teflon cups
(45 mL). As a first step, niobium chloride was ground into a fine powder
and stored in a vessel with a punched cap until its color changed com-
pletely from yellow to white.

Synthesis

Typically, indium acetylacetonate (1 mmol) or manganese acetylacetonate
(0.5 mmol) and niobium chloride (1 mmol) were added to anhydrous
benzyl alcohol (20 mL) in a teflon cup. The mixture was then placed in a
steel autoclave and heated in a furnace at 200°C for 1-4 days. Upon cool-
ing to room temperature, the resulting precipitate was collected by cen-
trifugation, washed thoroughly with acetone and ethanol, and dried at
60°C in air.

Characterization

XRD patterns of all samples were gathered in reflection mode (Cug, ra-
diation) on a Bruker D8 diffractometer equipped with a scintillation
counter. TEM was performed on a Zeiss EM 912Q instrument at an ac-
celeration voltage of 120 kV. HRTEM and EDX were performed with a
Philips CM200-FEG microscope (200 kV, C,=1.35mm). Nitrogen-ad-
sorption and -desorption isotherms were obtained at 77 K with a Micro-
metritics ASAP2010 system after the samples were vacuum-dried at
160°C overnight. The reaction mechanisms were investigated by retro-
analysis by using reaction solutions obtained after the removal of particu-
late products by centrifugation and filtration. The initial concentration of
the precursor species was increased by decreasing the amount of benzyl
alcohol to 5 mL to obtain well-detectable amounts of organic by-prod-
ucts. GC-MS analysis was carried out on a GC 6890 N device (Agilent
Technologies). The liquids were directly injected into the GC device. 'H-
decoupled *C NMR spectroscopy was performed on a Bruker DPX 400
spectrometer at 100 MHz on samples diluted with CDCI; at a sample
spinning rate of 20 Hz and with the ZG30 pulse program.
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Abstract: The reactivity of Fischer al-
kenyl carbenes toward S8-azaheptaful-
venes is examined. Alkenyl carbenes
react with 8-azaheptafulvenes with
complete regio- and stereoselectivity
through formal [8+3] and [8+2] het-
erocyclization reactions, which show an
unprecedented dependence on the Cg
substituent at the alkenyl carbene com-
plex. Thus, the formal [8+3] hetero-
cyclization reaction is completely fa-
vored in carbene complexes that bear a
coordinating moiety to give tetrahydro-

alkenyl carbenes that lack appropriate
coordinating groups undergo a formal
[84+2] cyclization with 8-azaheptaful-
venes to give compounds that bear a
tetrahydroazaazulene  structure. A
likely mechanism for these reactions
would follow well-established models
and would involve a 1,4-addition/cycli-
zation in the case of the [8+2] cycliza-

Keywords: azaazulenes - azaful-
venes - carbenes « chromium - cycli-
zation

tion or a 1,2-addition/[1,2] shift-metal-
promoted cyclization for the [8+3] re-
action. The presence of a coordinating
moiety in the carbene would favor the
[1,2] metal shift through transition-
state stabilization to lead to the [8+3]
product. All these processes provide an
entry into the tetrahydroazaazulene
and cycloheptapyridone frameworks
present in the structure of biologically
active molecules.

cyclohepta[b]pyridin-2-ones. Otherwise,

Introduction

Over the last few years, the ability of a,B-unsaturated car-
bene complexes to participate in cyclization reactions and
thus allow the construction of a great number of cyclic com-
pounds has been demonstrated.l'! The strong activation of
carbon—carbon double and triple bonds by metal carbenes
has permitted [442]? and [34+2]" cycloadditions to pro-
ceed with very high selectivity. More importantly, when a
metal-carbon bond is involved, these a,p-unsaturated com-
plexes can behave as one-, three-, or even five-carbon syn-
thetic equivalents. In this context, two-component carbocyc-
lization reactions—[2+1]," [342], [3+3],© [443],>7
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[5+1],8 [542],”) [643]!"—have been reported, as well as
multicomponent processes such as [34+24+1],M' [342+
2],12 and [5 42+ 1] cyclization.

Conversely, the reaction of o,fB-unsaturated Fischer car-
benes with substrates that contain heteroatoms has been less
intensively studied. Apart from the known [442], [2+2],
and 1,3-dipolar heterocycloaddition reactions that occur
through the activated carbon-carbon bond,'" some reac-
tions involving the metal-carbene functionality have been
described; imines and unsaturated imines are the substrates
in most of these reactions (Scheme 1). Thus, Akiyama and

[4+1] [8+2]
4+2 [6+2] 8+3
}3_%2] e B3l />[ :
(&
/N:< _ N” N
N \
Ref. [15] Ref. [14a, 16, 17]  Ref. [20] This work

Scheme 1. Cyclization reactions of imine derivatives with unsaturated
Fischer carbene complexes.

. HWILEY 3
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co-workers reported that simple imines undergo diastereo-
and enantioselective [3+2] cyclization with enantiopure al-
kenyl carbene complexes to provide pyrrolidinone deriva-
tives.'”) Moreover, the reaction of a,p-unsaturated imines
with simple carbenes and alkynyl carbenes takes place
through the terminal N1 and C4 atoms to afford the [4+
1% and  [442]"/[443]""  cycloadducts, respectively
(Scheme 1). Convinced of the potential of Fischer metal car-
bene complexes and imines in heterocyclic synthesis,'® we
were intrigued by new pathways for these reactions. Specifi-
cally, we focused our attention on the 8-azaheptafulvene
framework, a particular eight-m-electron cross-conjugated
imine, which seems to be a suitable system for higher-order
cycloaddition reactions.'”) The feasibility of this goal is sup-
ported by the precedent of the [6+2] and [64 3] cycloaddi-
tion reactions of unsaturated carbene complexes with penta-
fulvenes and 2,5-diazapentafulvenes (Scheme 1).2

Herein we describe the first cycloaddition reactions of
Fischer carbene complexes with the 8-azaheptafulvene
system. Specifically, we show that alkenyl carbene com-
plexes 1 react with azaheptafulvenes 2 (Scheme 2) to pro-
duce the [8+2] and [8+3] cycloadducts 3-6 in a selective
way (Scheme 1).

Abstract in Spanish: Se ha estudiado la reactividad de al-
quenilcarbenos de Fischer con 8-azaheptafulvenos. Los al-
quenilcarbenos reaccionan con 8-azaheptafulvenos a través
de reacciones de heterociclacion formales [8+3] y [8+2]
con completa regioselectividad y estereoselectividad, mos-
trando una dependencia del sustituyente Cg del complejo al-
quenilcarbeno sin precedentes. Asi, en los complejos carbe-
no que contienen un resto coordinante la reaccién de hete-
rociclacion formal [8+3] se favorece completamente para
dar tetrahidrociclohepta[b]piridin-2-onas. Por otra parte, los
alquenilcarbenos que carecen de grupos coordinantes apro-
piados, experimentan una ciclacién formal [8+42] con los 8-
azaheptafulvenos para dar compuestos con estructura de te-
trahidroazuleno. Un mecanismo probable para estas reaccio-
nes se fundamenta en modelos bien establecidos e implica
una adicién 1,4/ciclacién en el caso de la ciclacién [8+2] o
una adicién 1,2/ciclacién promovida por una migracién 1,2
del metal en el caso de la reaccién [8+3]. La presencia de
un resto coordinante en el carbeno favorece la migracién
1,2 del metal a través de una estabilizacién del estado de
transicion, conduciendo al producto [8+3]. Todos estos pro-
cesos representan una via de acceso a los esqueletos de te-
trahidroazuleno y cicloheptapiridona presentes en la estruc-
tura de moléculas biolégicamente activas.
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R?= p-MeO-CgH,  2b

Scheme 2. Carbene complexes 1 and azaheptafulvenes 2 used.

Results and Discussion

[8+2] Cycloaddition of Alkenyl Carbene Complexes 1 with
8-Aryl-8-azaheptafulvenes 2

First, chromium alkenylcarbene 1a (R!'=Ph) was mixed
with 8-azaheptafulvene 2a (R?*=p-Me-C¢H,) (1:1 molar
ratio) in MeCN, and the mixture was stirred for 12h at
room temperature. Removal of the solvent and analysis of
the crude reaction mixture by 'H and *C NMR spectrosco-
py revealed the formation of a new carbene complex 3a
(Scheme 3). As all attempts at purification resulted in par-

1
RR R f R K
N omeon L SuM oo NS0
X + "'( Y "'l\/
H OMe H OMe
MeQ” [M]
f  2ab 3

1a- a, a-g da-f

[M]= M(CO)s, M = Cr, W

Scheme 3. [842] Cycloaddition of Fischer carbene complexes 1a—f and
8-azaheptafulvenes 2. Py =pyridine.

tial oxidation, compound 3a was subjected to oxidation with
pyridine oxide (THF, 25°C, 1 h) to furnish, after extraction
with diethyl ether and filtration through celite, pure
1,2,3,3a-tetrahydro-1-azaazulene 4a (91 % overall yield from
1la) as a single diastereomer (Scheme3 and Table 1,
entry 1). When this [84+2] cycloaddition/oxidation sequence
was extended to alkenyl carbenes 1b-e and 8-azaheptaful-
vene 2a, the expected tetrahydro-1-azaazulenes 4b-e were
obtained in high yields (79-86 %) and always with complete
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Cyclization of Alkenyl Carbenes and 8-Azaheptafulvenes

Table 1. Cycloadducts 4 from carbene complexes 1a—f and azaheptaful-
venes 2.

Entry 1 2 M R! R? Product  Yield
[%]t

1 la 2a Cr Ph p-Me-CiH, 4a 91

2 1b 2a Cr p-MeO-CH, p-Me-CH, 4b 86

3 1lc 2a Cr p-Cl-CH, p-Me-CH, 4c 84

4 1d 2a Cr 3-furyl p-Me-CiH, 4d 79

5 le 2a Cr 1Bu p-Me-CiH, 4e 84

6 la 2b Cr Ph p-MeO-CH, 4f 80

7 1f 2a W Ph p-Me-CiH, 4a 84

a] Overall yields after celite filtration (hexanes/EtOAc=2:1).

stereoselectivity (Table 1, entries 2-5). Moreover, we found
that the N-deprotectable azaheptafulvene 2b (R?*=p-MeO-
C¢H,)P?" underwent cycloaddition efficiently with carbene
la (80% yield; Table 1, entry 6). On the other hand, the
[8+2] cycloaddition can also be carried out with tungsten
carbene complexes. Thus, the cycloadduct 4a was also
formed from the tungsten carbene 1f in yields slightly lower
than that reached with the chromium carbene 1a (84 vs.
91 % yield; Table 1, entries 7 and 1).

The structural arrangement and stereochemistry of com-
pounds 4 were in accordance with the spectroscopic data
('H and *C NMR, HRMS), and the full structure was unam-
biguously determined for 4d (R'=3-furyl, R*=p-Me-C¢H,)
by an X-ray analysis of crystals grown from hexanes/chloro-
form (Figure 1).

Figure 1. X-ray crystal structure of compound 4d.

Owing to the presence of a cycloheptatriene unit and an
enolizable ester function, compounds 4 might easily undergo
epimerization, either thermally or under acidic/basic condi-
tions (Scheme 4). For instance, compounds 4a and 4b af-
forded various mixtures of epimers 4a,b and 4'a,b when
subjected to column chromatography (SiO,, hexanes/
EtOAc=10:1) as a consequence of [1,5] hydrogen sigma-
tropic shifts. Gratifyingly, the resulting epimeric mixture
could be transformed into the stereochemically pure alco-
hols 5a,b by LAH reduction (THF, 25°C, 1 h) and column
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Rz R dab+4'ab
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H OMe
]
Rz R
4a,b N
93-94% H"”BH
Si0, or CH,Cly
LAH/THF o
R? = p-Me-CgH, 5a,b

Scheme 4. Reduction and epimerization of ester cycloadducts 4a and 4b.
LAH =lithium aluminum hydride.

chromatography (85-87% yield). In accordance with this
finding, the treatment of 4a,b with LAH (THF, 25°C, 1 h)
resulted in clean ester reduction to alcohols 5a,b (93-94 %
yield) without detectable epimerization. Furthermore, these
cycloadducts completely epimerized to 5a,b either by
column chromatography or upon standing in dichlorometh-
ane. The relative stereochemistry of Sa,b and 5 a,b was con-
firmed by NOESY experiments on compounds 5a and 5'a
(Scheme 5). The trans arrangement of the R' and ester

Scheme 5. Selected NOESY correlations for compounds 5a, 5'a, and 5i.

groups probably makes this portion thermodynamically
stable, whereas the epimerization of the C-bridged atom to
the more stable trans,trans isomer by consecutive [1,5] hy-
drogen rearrangements seems favorable.

With the aim of expanding the synthetic utility of this re-
action, a,fB-disubstituted carbene complexes were used with
the expectation that complex cycloadducts with a quaternary
carbon center would be accessible (Scheme 6). Thus, carbo-
cyclic and heterocyclic carbenes 1g and 1h were treated
with 8-azaheptafulvene 2a under the same reaction condi-
tions to furnish the polycyclic chromium carbenes 3h and 3i
as a single diastereomer, according to the 'H NMR spectrum
of the crude reaction mixture. Further purification by
column chromatography (SiO,, hexanes/ethyl acetate =10:1)
afforded the pure cycloadducts in 92-94 % yield. In turn, the
cycloadduct 3i was subjected to oxidative demetalation (pyr-
idine oxide/THF, room temperature, 1 h) to afford the corre-
sponding ester 4i (91% yield). Finally, LAH reduction of
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Rz H
X MeCN N Py'0-
+ 2a X
92-94% H/ OMe 91%
MeO [CI’] [C{‘]— for 3i
1g-h 3h (X =CHy) 4i (R = CO,Me)

3i (X=0) gg\r';
° 5i (R = CH,OH)

[Cr] = CH{CO)s, R? = p-Me-CgH,

Scheme 6. [8+2] Cycloaddition reaction of cyclic carbene complexes
1g-h and 8-azaheptafulvene 2a.

the latter gave rise to alcohol 5i (88% yield). NOESY ex-
periments on compound 5i (Scheme 5) allowed us to ascer-
tain the relative stereochemistry of adducts 3i-Si. Unlike
the bicyclic adducts 4a—f (Scheme 3), the tricyclic adducts
3h, 3i, 4i, and Si are configurationally stable and do not
suffer epimerization under the purification conditions.

Therefore, this first regio- and diastereoselective [842]
cycloaddition of Fischer carbenes represents a facile access
to the interesting tetrahydroazaazulene structure® in which
three stereogenic centers are created in a stereoselective
manner. Notably, the sole precedent of [8+2] cycloaddition
of 8-azaheptafulvenes to olefins found in the literature is
limited to doubly activated styrenes."™ Accordingly, this
new reaction demonstrates once again the superiority of al-
kenyl carbenes over classical metal-free electrophilic al-
kenes in the participation of selective cycloaddition reac-
tions.

[84+3] Cycloaddition of Alkenyl Carbene Complexes 1 with
8-Aryl-8-azaheptafulvenes 2

During the study into the optimization of the [8+2] cyclo-
addition reaction described above, we found that when the
reaction of carbene 1a and 8-azaheptafulvene 2a was car-
ried out in hexane instead of MeCN, a minor compound was
formed along with the known cycloadduct 3a in a 1:2 ratio.
After column chromatography of the crude mixture (SiO,,
hexanes/EtOAc=10:1), the new compound was isolated and
identified as the 1,2,4,4a-tetrahydrocyclohepta[b]pyridin-2-
one 6a as a single diastereomer (Scheme 7 and Table 2,
entry 1). Therefore, a new [8+3] cycloaddition between 1a
and 2a was found to compete by performing the reaction in

2

1 R%
R N hexane for 1a-c
i . | MeCN for 1i-m
MeO™ " [M]
1a-c¢,i-m 2a,b 6a-h

[M] = M(CO)s, M = Cr, W

Scheme 7. [8+3] Cycloaddition reaction of alkenyl Fischer carbene
complexes la—c,i-m and 8-azaheptafulvenes 2.
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Table 2. Cyclohepta[b]pyridin-2-ones 6 from alkenyl carbenes 1 and
8-azaheptafulvenes 2.

Entry 1 R! 2 R Product  Yield
[%] [a]

1 la Ph 2a p-Me-CiH, 6a 27

2 1b  p-MeO-C¢H, 2a p-Me-CiH, 6b 210!

3 1c p-Cl-CH, 2a p-Me-CiH, 6¢ 250!

4 1i  2-furyl 2a p-Me-CH, 6d 87

5 1j  2-thienyl 2a p-Me-CH, 6e 85

6 1k  2-(N-methylpyrrolyl) 2a p-Me-CH, 6f 70

7 11 (E)-CH,CH=CH 2a p-Me-CH, 6g 78

8 1i  2-furyl 2b p-MeO-C¢H, 6h 83

9 1m 2-furyl 2a p-Me-CH, od 51

[a] Yields after purification by column chromatography (silica gel, hex-
anes/EtOAc=10:1). [b] Obtained along with the corresponding [8+2]
cycloadduct (6a-c/4a—c=1:2).

hexane. In the same way, the use of 3-aryl alkenyl carbenes
1b and 1c led to separable mixtures of cycloadducts 6b,c
and 3b,c (Table 2, entries 2 and 3). Surprisingly, it was ob-
served that carbene 1i (R'=2-furyl) and azaheptafulvene
2a underwent the [8 4 3] cycloaddition exclusively and inde-
pendently of the solvent used—either hexane or MeCN—to
give 6d in high yield (Table 2, entry 4).**) This particular re-
action pathway for carbene 1i was successfully extended to
other alkenyl carbenes bearing similar heterocyclic substitu-
ents, such as 1j (R'=2-thienyl) and 1k (R'=2-(N-methyl-
pyrrolyl)), as well as dienyl carbene 11 (R!=trans-styryl), to
lead exclusively to adducts 6e-g (Table?2, entries5-7).
Moreover, the chromium furyl alkenyl carbene 1i reacted
efficiently with the N-p-methoxyphenyl azaheptafulvene 2b
to afford the N-p-methoxyphenyl-protected adduct 6h (83 %
yield; Table 2, entry 8),*!! whereas its tungsten analogue 1m
reacted with 2a to provide the adduct 6d in rather low yield
(51% yield; Table 2, entry 9). Significantly, the reaction of
3-furyl alkenyl carbene 1d with 2a did not follow this [8 + 3]
cycloaddition model but led cleanly to the [8+42] cycload-
duct 4d (see above; Table 1, entry 4).

The structures of cycloadducts 6 were ascertained on the
basis of their NMR spectroscopic and HRMS data. An X-
ray analysis allowed us to confirm unambiguously the struc-
ture of compound 6e (Figure 2).

Figure 2. X-ray crystal structure of compound 6e.
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Finally, this new [8+43] cyclization of alkenyl carbenes
makes accessible the cyclohepta[b]pyridine structure, which
is present in the skeleton of some biologically active com-
pounds? and natural products, such as the homoaporphine
family of alkaloids.™!

Mechanistic Proposal

A tentative mechanism that might explain the [8+42] and
[8+3] cycloaddition models as well as the observed prefer-
ence for one over the other, depending on the substituent at
the C; carbon atom of the alkene, is displayed in Scheme 8.

[8+2] N
route R1

[8+3]
route

R? R?
/ OMe | +
Hﬂ [M]
le-‘/ -
R HR1

[ m
[M] = M(CO),

Scheme 8. Proposed mechanisms for the cyclization of 1 and 2.

First, we anticipate that models for both individual pathways
have already been well-established. Thus, the [8+42] cyclo-
addition would involve the 1,4-addition of the heptafulvene
nitrogen atom to the activated carbon—carbon double bond
of the carbene to form the intermediate I. Further cycliza-
tion from the endo metal conformation, which would be fa-
vored by charge interaction between the ionic metal and cy-
cloheptatrienyl-ring moieties, would provide the kinetic car-
bene cycloadduct 3. On the other hand, the formation of the
[843] cycloadduct would be initiated by 1,2-nucleophilic
attack of the nitrogen atom on the metal-carbene bond to
generate the zwitterionic species II. At this point, if we
assume this step to be reversible under the reaction condi-
tions, the following steps would control the overall process.
Thus, the cyclization is known to be induced by [1,2] metal
migration to generate the intermediate III, a species that
would lead to the final cycloadduct 6 upon reductive metal
elimination and enol ether hydrolysis. According to this sce-
nario, the rate of cyclization of II to III seems to control the
type of cycloaddition. Thus, the presence of substituents (2-
furyl, 2-thienyl, 2-pyrrolyl, styryl, but not 3-furyl) capable of
coordinating to the metal would stabilize the transition state
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IV (Scheme 8) and drive the reaction according to the [8+
3] model.”® To the best of our knowledge, there is no prece-
dent for this dependence of the substituent on the reaction
course.

Conclusions

New higher-order heterocyclization reactions have been de-
scribed for alkenyl Fischer carbenes with fulvenoid sub-
strates. Alkenyl carbene complexes react with 8-azaheptaful-
venes with complete regio- and stereoselectivity through
[84+2] and [8+3] heterocyclization reactions. The progress
of the reaction is highly dependent on the C; substituent of
the alkenyl carbene complex. The presence of a coordinat-
ing moiety favors the reaction to proceed completely by the
[8+ 3] cyclization route, whereas formal [8+ 2] cycloaddition
takes place when the carbene complex lacks appropriate co-
ordinating groups. This work can be regarded as a selective
and straightforward entry into the tetrahydroazaazulene and
cycloheptapyridone frameworks. The presence of this skele-
ton in the structures of biologically active molecules enhan-
ces the interest of the cycloadducts described herein and
makes them promising for bioactivity screening.

Experimental Section
General

All reactions involving air-sensitive compounds were carried out under
nitrogen atmosphere (99.99%). All glassware were oven-dried (120°C),
evacuated, and purged with nitrogen. All common reagents and solvents
were obtained from commercial suppliers and used without further pu-
rification unless otherwise indicated. Fischer carbene complexes 1?7 and
8-azaheptafulvenes 2% were prepared by following described procedures.
Solvents were dried by standard methods and distilled prior to use. Flash
column chromatography was carried out on silica gel 60, 230-240 mesh.
NMR spectra were recorded on Bruker AC-200, AC-300, or DPX-300
spectrometers. 'H NMR spectra were recorded in CDCI; (unless other-
wise noted) at 300.08 MHz at 20°C with tetramethylsilane (6 =0.0 ppm)
as the internal standard. "C NMR spectra were recorded in CDCl,
(unless otherwise noted) at 75.46 MHz at 20°C. "H NMR signal multiplic-
ities are abbreviated as: s=singlet, d=doublet, m =multiplet. *C NMR
signal multiplicities were determined by DEPT (distortionless enhance-
ment by polarization transfer) and are abbreviated as: q=CHj, t=CH,,
d=CH, s=quaternary carbon atoms; some *C NMR signals overlapped.
COSY, HMSQC (heteronuclear multiple/single quantum coherence),
HMBC, and NOESY experiments were carried out on a Bruker AMX-
400 spectrometer. Standard pulse sequences were employed for the
DEPT experiments. High-resolution mass spectrometry (HRMS) was per-
formed on a Finnigan Mat95 mass spectrometer, and electron-impact
(EI) techniques (70 eV) were employed. Elemental analysis was carried
out with a Perkin—Elmer 240 B microanalyzer.

Syntheses

General procedure for the synthesis of 3 and 4: A solution of 1a-h
(0.5 mmol) and 2 (0.5 mmol) in MeCN (3 mL) was stirred under nitrogen
at room temperature for 12 h, and the solvent was removed in vacuo. The
crude adducts 3a-g and 3i were oxidized to the corresponding esters 4a—
f and 4i by treatment in THF with pyridine oxide (3 equiv) followed by
extraction, workup, and filtration through celite (hexanes/EtOAc=2:1).
The crude carbenes 3h and 3i were purified by column chromatography
(silica gel, hexanes/EtOAc=10:1).
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3h: Yield=94%. '"HNMR: 6=7.03 (d, 7.9 Hz, 2H), 6.84 (d, J=7.9 Hz,
2H), 6.47 (dd, /=102, 7.4 Hz, 1H), 6.15-6.04 (m, 2H), 513 (d, J=
6.7 Hz, 1H), 4.93 (s, 3H), 4.37 (dd, J=7.8, 5.8 Hz, 1H), 3.68 (s, 1H),
2.96-2.86 (m, 1H), 2.21 (s, 3H), 2.14-2.06 (m, 2H), 1.66-1.43 (m, 4H),
0.85-0.71 ppm (m, 2H); C NMR (C,Dy): 0=372.4 (s), 222.1 (s), 216.2
(s, 4C), 141.6 (s), 140.0 (s), 136.0 (s), 131.0 (d), 129.8 (s, 2C), 126.9 (d),
126.5 (s, 2C), 120.1 (d), 107.6 (d), 94.3 (d), 71.0 (s), 68.7 (d), 63.6 (q), 53.6
(d), 35.1 (t), 24.2 (t), 23.9 (t), 21.1 (q), 20.6 ppm (t); HRMS: m/z calcd
for C;H,sCrNOg: 511.1087 [M]™; found: 511.1089.

3i: Yield=92%. 'HNMR: 6=7.18 (d, J=85Hz, 2H), 7.04 (d, J=
8.5 Hz, 2H), 6.58 (dd, /=104, 6.7 Hz, 1H), 6.27-6.13 (m, 2H), 5.37 (d,
J=17.0Hz, 1H), 5.08 (s, 3H), 4.48 (dd, /=9,5, 6.1 Hz, 1H), 4.12-4.03 (m,
1H), 3.87 (s, 1H), 3.50-3.41 (m, 1H), 2.62 (d, J=5.2 Hz, 1H), 2.08-1.93
(m, 1H), 1.90-1.77 (m, 1H), 1.55-1.42 (m, 1H), 1.39-1.25 ppm (m, 1H);
BCNMR: 6=368.5 (s), 223.2 (s), 216.2 (s, 4C), 141.2 (s), 139.7 (s), 135.8
(s), 131.4 (d), 130.0 (d, 2C), 127.7 (d), 125.7 (d, 2C), 120.3 (d), 107.0 (d),
94.5 (s), 94.2 (d), 68.4 (q), 66.0 (t), 61.3 (d), 53.7 (d), 22.4 (1), 21.5 (q),
19.6 ppm (t); HRMS: m/z caled for C,sH,;CrNOg: 485.0925 [M—COJ*;
found: 485.0923.

4a: Yield=91%. 'HNMR: 6=7.42 (d, J=7.7Hz, 2H), 7.32-7.22 (m,
5H), 7.01 (d, J=7.7Hz, 2H), 6.60 (dd, /=10.5, 6.8 Hz, 1H), 6.38-6.19
(m, 2H), 5.48 (d, J=6.8 Hz, 1H), 5.20 (dd, /=8.5, 4.9 Hz, 1H), 5.02 (d,
J=9.4Hz, 1H), 3.75 (s, 3H), 3.53 (t, J=9.4 Hz, 1H), 2.69-2.50 (m 1H,),
221 ppm (s, 3H); "CNMR: 6=171.2 (s), 141.5 (s), 140.2 (s), 139.5 (5),
134.7 (s), 131.1 (d), 129.4 (d, 2C), 128.4 (d, 2C), 127.9 (d), 127.7 (d, 2C),
127.6 (d), 124.8 (d, 2C), 120.9 (d), 111.1 (d), 93.5 (d), 69.9 (d), 53.6 (q),
51.8 (d), 43.6 (d), 20.7 ppm (q); HRMS: m/z caled for C,;H,;NO,:
357.1729 [M]*; found: 357.1732.

4b: Yield=86%. 'HNMR: 0=7.34 (d, J=7.8Hz, 2H), 7.00 (d, J=
8.0 Hz, 2H), 6.90 (d, /J=7.8 Hz, 2H), 6.81 (d, /=8.0, Hz, 2H), 6.62 (t, /=
6.8 Hz, 1H), 6.38-6.21 (m, 2H), 5.46 (d, /J=6.2 Hz, 1H), 5.22-5.20 (m,
1H), 4.96 (d, J=9.2Hz, 1H), 3.85 (s, 3H), 3.81 (s, 3H,), 347 (t, J=
8.7 Hz, 1H), 2.66-2.64 (m, 1H), 2.29 ppm (s, 3H); *C NMR (C,Dy): 6 =
171.1 (s), 159.5 (s), 141.7 (s), 140.9 (s), 134.8 (s), 131.7 (d), 131.4 (s), 129.6
(d, 2C), 129.2 (d, 2C), 128.5 (d), 125.7 (d, 2C), 121.4 (d), 114.0 (d, 2C),
110.9 (d), 94.3 (d), 70.1 (d), 54.3 (q), 53.9 (q), 51.2 (d), 44.0 (d), 20.5 ppm
(q); HRMS: m/z caled for CpsH,sNO;: 387.1834 [M]*, found: 387.1836;
elemental analysis: caled (%) for C,sH,sNO;: C 77.49, H 6.50, N 3.61;
found: C 77.67, H 6.39, N 3.77.

4c: Yield=84%. 'HNMR: 6=7.38 (d, J=83Hz, 2H), 731 (d, J=
7.8 Hz, 2H), 7.07 (d, J=7.8 Hz, 2H), 6.90 (d, J=8.3 Hz, 2H), 6.62 (dd,
J=10.2, 6.6 Hz, 1H), 6.35-6.20 (m, 2H), 5.48 (d, J=6.7 Hz), 5.20 (dd, J=
8.8, 5.0 Hz, 1H), 497 (d, J=9.6 Hz, 1H), 3.73 (s, 3H), 3.48-3.40 (m, 1H),
2.69-2.60 (m, 1H), 2.21 ppm (s, 3H); *CNMR: 6 =171.2 (s), 141.4 (s),
140.2 (s), 138.1 (s), 135.5 (s), 133.6 (s), 129.7 (d, 2C), 129.3 (d, 2C), 128.8
(d, 2C), 127.8 (d), 125.1 (d, 2C), 124.9 (d), 121.4 (d), 111.1 (d), 93.9 (d),
69.3 (d), 53.8 (q), 52.1 (d), 43.7 (d), 20.9 ppm (q); HRMS: m/z calcd for
C,,H,,CINO,: 389.1177 [M—2H]*; found: 389.1173.

4d: Yield=79%. 'HNMR: 6=7.38 (d, /J=8.0 Hz, 2H), 7.37-7.23 (m,
1H), 7.13-7.06 (m, 2H), 6.97 (d, J=8.0 Hz, 2H), 6.62 (t, J=10.2 Hz,
1H), 6.50-6.48 (m, 1H), 6.34-6.28 (m, 1H), 6.29-6.15 (m, 1H), 5.41 (d,
J=6.5Hz, 1H), 5.29-5.17 (m, 1H), 4.98 (d, J=9.7 Hz, 1H), 3.81 (s, 3H,),
3.51 (t, J=9.2 Hz, 1H), 2.69-2.61 (m, 1H), 2.25 ppm (s, 3H); °C NMR:
0=171.3 (s), 155.3 (d), 141.5 (s), 140.2 (s), 135.4 (s), 131.3 (d), 127.8 (4,
2C), 126.7 (d), 124.9 (d, 2C), 124.5 (d), 124.0 (s), 116.4 (d), 110.7 (d),
107.4 (d), 93.9 (d), 61.8 (d), 52.0 (q), 51.5 (d), 43.5 (d), 20.9 ppm (q);
HRMS: m/z caled for C,H, NO;: 347.1521 [M]*; found: 347.1524; ele-
mental analysis: caled (%) for C,,H,NO;: C 76.06, H 6.09, N 4.03;
found: C 75.89, H 6.13, N 4.24.

de: Yield=84%. 'HNMR: 6=7.13-7.09 (m, 4H), 6.58-6.50 (m, 1H),
6.26-6.18 (m, 1H), 6.15-6.08 (m, 1H), 5.27 (d, J=6.9 Hz, 1H), 4.97 (dd,
J=9.0, 48 Hz, 1H), 4.23 (d, /J=7.6 Hz, 1H), 3.86 (s, 3H), 3.48 (dd, J=
9.7, 7.6 Hz, 1H), 2.67-2.55 (m, 1H), 2.32 (s, 3H), 0.93 ppm (s, 9H);
BCNMR (CgDg): 6=173.3 (s), 144.4 (s), 143.6 (s), 136.6 (s), 131.01 (d),
129.8 (d, 2C), 127.3 (d), 126.4 (d, 2C), 119.5 (d), 111.8 (d), 93.1 (d), 75.3
(d), 51.9 (q), 46.4 (d), 44.3 (d), 29.5 (s), 26.9 (q), 22.5ppm (g, 3C);
HRMS: m/z caled for C,,H,,NO,: 337.2042 [M]*, found: 337.2046.
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4f: Yield=80%. 'HNMR: 6=7.48-7.21 (m, 5H), 6.98 (d, J=7.7 Hz,
2H), 6.76 (d, J=7.7 Hz, 2H), 6.69-6.50 (m, 1H), 6.39-6.30 (m, 1H),
6.28-6.20 (m, 1H), 5.41 (d, J=6.1 Hz, 1H), 5.29-5.20 (m, 1H), 4.98 (d,
J=93Hz, 1H), 3.81 (s, 3H), 3.78 (s, 3H), 3.57 (t, J=9.0 Hz, 1H), 2.75-
2.65 ppm (m, 1H); "C NMR: 0=171.1 (s), 157.0 (s), 142.2 (s), 139.2 (s),
1357 (s), 128.7 (d), 1283 (d, 2C), 127.9 (d, 2C), 127.8 (d), 127.6 (d),
126.8 (d, 2C), 120.7 (d), 114.0 (d, 2C), 110.6 (d), 93.5 (d), 70.3 (d), 5.0
(q), 53.0 (q), 51.8 (d), 43.5 ppm (d); HRMS: m/z caled for C,;H,;NOs:
373.1672; found 373.1676; elemental analysis: calcd (%) for C,,H,;NO;:
C77.19, H 6.21, N 3.75; found: C 77.46, H 6.34, N 3.89.

4i: Yield=91%. 'HNMR: 6=7.19 (d, J=8.1Hz, 2H), 7.05 (d, J=
8.1 Hz, 2H), 6.57 (dd, /=108, 6.6 Hz, 1H), 627-6.15 (m, 2H), 5.31 (d,
J=6.6 1H), 5.02 (dd, J=9.1, 8.4 Hz, 1H), 4.05 (s, 1H), 4.03-3.96 (m,
1H), 3.92 (s, 3H), 3.56-3.40 (m, 2H), 2.35 (s, 3H), 2.09-1.97 (m, 1H),
1.95-1.87 (m, 1H), 1.68-1.60 (m, 1H), 1.40-1.27 ppm (m, 1H); *C NMR:
0=171.1 (s), 141.6 (s), 139.4 (s), 136.0 (s), 131.6 (d), 129.9 (d, 2C), 127.6
(d), 126.4 (d, 2C), 1205 (d), 107.5 (d), 93.8 (d), 83.2 (s), 65.5 (1), 62.1 (q),
52.6 (d), 51.8 (d), 21.1 (t), 21.0 (q), 19.4 ppm (t); HRMS: m/z calcd for
C, H;;NO;: 337.1673 [M]*; found: 337.1674; elemental analysis: calcd
(%) for C,,H,;NO;: C 74.75, H 6.87, N 4.15; found: C 74.87, H 6.70, N
4.01.

Synthesis of 5a,b,i and 5'a,b: The ester adducts 4a,b,i (0.4 mmol) were
treated with LAH (0.8 mmol) in toluene (1.5 mmol) under nitrogen, and
the mixture was stirred for 1 h. Next, the reaction was quenched with the
addition of a few drops of NaOH (2Mm), and the mixture was filtered
through Na,SO, and celite. The filtrate was concentrated under vacuum
to give alcohols 5a,b,i. Additionally, if the resulting crude mixture was
purified by column chromatography (silica gel, hexanes/EtOAc=5:1) al-
cohols 5'a,b and 5i were obtained.

5a: Yield=94%. '"H NMR (C,Dg): 6=7.37 (d, J=8.1 Hz, 2H), 7.23-7.11
(m, 5H), 7.09 (d, J=8.1 Hz, 2H), 6.88-6.78 (m, 1H), 6.59-6.41 (m, 2H),
5.96 (d, J=6.5 Hz, 1 H), 5.55-5.48 (m, 1H), 4.51 (d, /=9.1 Hz, 1H), 3.83—
3.75 (m, 1H), 3.62-3.50 (m, 1H), 2.85-2.78 (m, 1H), 2.60-2.51 (m, 1H),
2.04 ppm (s, 3H); "CNMR (C,Dg): 6=143.0 (s), 142.4 (s), 141.6 (s),
134.0 (s), 132.0 (d), 130.0 (d, 2C), 129.1 (d, 2C), 128.5 (d), 127.8 (d),
127.6 (d, 2C), 124.1 (d, 2C), 122.5 (d), 112.2 (d), 96.1 (d), 71.5 (d), 60.1
(t), 50.3 (d), 43.8 (d), 20.9 ppm (q).

5b: Yield=93%. 'HNMR (C¢Dy): 6=7.26 (d, J=7.8 Hz, 1H), 7.11 (d,
J=7.6 Hz, 2H), 6.89 (d, J=7.6 Hz, 2H), 6.89 (d, /=7.8 Hz, 2H), 6.67-
6.53 (m, 1H), 6.51-6.47 (m, 1H), 5.95 (d, J=6.7 Hz, 1H), 5.61-5.53 (m,
1H), 4.49 (d, J=8.9 Hz, 1H), 4.01-3.90 (m, 1H), 3.72-3.60 (m, 1H), 3.47
(s, 3H), 2.92-2.84 (m, 1H), 2.73-2.61 (m, 1H), 2.11 ppm (s, 3H);
BCNMR: 0=169.3 (s), 142.7 (s), 141.3 (s), 133.9 (s), 133.3 (s), 130,5 (d),
129.7 (d, 2C), 128.6 (d, 2C), 127.3 (d), 124.3 (d, 2C), 122.2 (d), 114.3 (d),
111.3 (d), 95,3 (d), 70.8 (d), 60.3 (t), 54.5 (q), 50.0 (d), 43.4 (d), 20.6 ppm
(@)

5a: Yield=85%. 'H NMR (CD,Cl,): 6=7.30-7.27 (m, SH), 7.15 (d, J=
8.6 Hz, 2H), 7.10 (d, /J=8.6 Hz, 2H), 6.46 (dd, J=10.7, 7.1 Hz, 1H),
6.27-6.15 (m, 1H), 6.05 (dd, /=10.7, 5.6 Hz, 1H), 541 (d, J=7,1 Hz,
1H), 5.10 (d, J=7.2 Hz, 1H), 5.03 (dd, /=11.0, 4.7 Hz, 1H), 3.91 (dd, /=
11.1, 6.5Hz, 1H), 3.84 (dd, /=11.1, 5.5 Hz, 1H), 2.77-2.74 (m, 1H),
2.59-2.50 (m, 1H), 2.21 ppm (s, 3H); "CNMR (C¢D;): 6=146.5 (5),
141.9 (s), 139.0 (s), 133.0 (s), 131.3 (d), 129.6 (d, 2C), 128.7 (d, 2C), 128.5
(d), 127.2 (d, 2C), 127.0 (d), 123.7 (d, 2C), 123.1 (d), 121.1 (d), 94.1 (d),
69.3 (d), 62.3 (t), 56.3 (d), 45.2 (d), 20.5 ppm (q); HRMS: m/z calcd for
C3H,;3NO: 329.1780 [M]*; found: 329.1779; elemental analysis: caled
(%) for C;3H;NO: C 83.85, H 7.04, N 4.25; found: C 83.70, H 7.35, N
4.36.

5'b: Yield=87%. 'H NMR (C¢D;): 6=7.19 (d, J=7.7 Hz, 2H), 7.13 (d,
J=7.4Hz, 2H), 6.89 (d, J=7.4 Hz, 2H), 6.71 (d, J=7.7 Hz, 2H), 6.70-
6.61 (m, 1H), 6.50-6.46 (m, 1H), 6.42-6.33 (m, 1H), 5.89 (d, /=6.9 Hz,
1H), 5.19-5.11 (m, 1H), 5.09 (d, J=7.0 Hz, 1H), 3.62-3.51 (m, 2H), 3.23
(s, 3H), 3.08-3.00 (m, 1H), 2.51-2.45 (m, 1H), 2.09 ppm (s, 3H);
BCNMR (C¢Dg): 6=159.8 (s), 147.8 (s), 139.1 (s), 133.3 (s), 133.1 (s),
131.8 (d), 129.7 (d, 2C), 128.5 (d, 2C), 128.1 (d), 124.4 (d, 2C), 123.8 (d),
120.8 (d), 114.1 (d, 2C), 94.2 (d), 69.0 (d), 62.3 (t), 56.1 (d), 54.5 (q), 45.1
(d), 20.5ppm (q); HRMS: m/z caled for C,HysNO,: 359.1885 [M]*;
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found: 359.1880; elemental analysis: calcd (%) for C,,HysNO,: C 80.19,
H 7.01, N 3.90; found: C 80.31, H 6.90, N 4.03.

5i: Yield=88%. 'HNMR (C¢Dy): 6=6.87 (s, 4H), 6.68 (dd, J=10.7,
6.8 Hz, 1H), 6.40-6.37 (m, 1H), 6.32-6.28 (m, 1H), 5.58 (d, /J=6.8 Hz,
1H), 5.21 (dd, /=92, 5.2 Hz, 1H), 3.87 (d, /J=12.1 Hz, 1H), 3.64 (d, /=
12.1 Hz, 1H), 3.44-3.36 (m, 1H), 3.28-3.26 (m, 1H), 2.92 (t, J=2.6 Hz,
1H), 2.55 (d, J=5.2 Hz, 1H), 2.04 (s, 3H), 1.79-1.71 (m, 1H), 1.62-1.45
(m, 1H), 1.09-1.05 (m, 1H), 0.78-0.72 ppm (m, 1H); "CNMR (C¢Dy):
0=141.5 (s), 140.3 (s), 135.2 (s), 131.4 (d), 129.9 (d, 2C), 128.1 (d), 125.9
(d, 2C), 120.6 (d), 110.0 (d), 94.7 (d), 80.1 (s), 61.5 (d), 61.2 (t), 58.8 (t),
50.7 (d), 219 (1), 20.7 (q), 199ppm (t); HRMS: m/z caled for
CyHy;NO,: 309.1723 [M]*; found: 309.1729; elemental analysis: calcd
(%) for C,yH,;3NO,: C 77.64, H 7.49, N 4.53; found: C 77.47, H 7.30, N
4.69.

General procedure for the synthesis of 6: A solution of la-c,i-m
(0.5 mmol) and 2 (0.5 mmol) in hexane (3 mL; for 1a—¢) or MeCN
(3mL; for 1i-m) was stirred under nitrogen at room temperature for
12 h. Next, the solvent was removed under vacuum, and the crude prod-
uct was dissolved in hexanes/EtOAc (20:1) and air-oxidized in an open
flask in sunlight (4-6 h). The solution was then filtered over celite, and
the filtrate was concentrated under vacuum. The resulting crude product
was purified by column chromatograhy (silica gel, hexanes/EtOAc=
10:1).

6a: Yield=27%. 'HNMR: 6=7.41-7.31 (m, 2H), 7.31-7.22 (m, 3H),
7.20 (d, /=83, 2H), 7.01 (d, J=8.3 Hz, 2H), 6.50-6.45 (m, 2H), 6.29—
6.20 (m, 1H), 5.49-5.44 (m, 1H), 5.25 (dd, /=9.1, 5.4 Hz, 1H), 3.50-3.41
(m, 1H), 2.92 (d, /J=7.4Hz, 2H), 2.39 (s, 3H), 2.22-2.16 ppm (m, 1H);
BC NMR: 6=170.9 (s), 141.1 (s), 137.2 (s), 137.0 (s), 134.7 (s), 129.9 (d,
2C), 128.8 (d, 2C), 128.7 (d), 127.8 (d, 2C), 127.4 (d), 127.2 (d, 2C),
127.1 (d), 122.8 (d), 111.4 (d), 44.7 (d), 43.1 (d), 40.3 (t), 21.0 ppm (q);
HRMS: m/z caled for C,3H,;NO: 327.1618 [M]*; found 327.1614; ele-
mental analysis: caled (%) for C;3H, NO: C 84.37, H 6.46, N 4.28; found:
C 84.76, H 6.72, N 4.00.

6b: Yield=21%. 'HNMR: 0=7.23-7.19 (m, 4H), 7.10 (d, J=7.8 Hz,
2H), 6.90 (d, /=83 Hz, 2H), 6.46-6.44 (m, 2H), 6.30-6.26 (m, 1H),
5.47-5.43 (m, 1H), 5.24 (dd, J=8.3, 5.0 Hz, 1H), 3.81 (s, 3H), 3.45-3.40
(m, 1H), 2.99-2.89 (m, 2H), 2.36 (s, 3H), 2.20-2.13 ppm (m, 1H);
BCNMR: 6=171.0 (s), 158.7 (s), 137.2 (s), 137.1 (s), 134.9 (s), 133.2 (s),
129.9 (d, 2C), 128.8 (d), 128.2 (d, 2C), 127.8 (d, 2C), 127.4 (d), 127.1 (d),
122.5 (d), 114.2 (d, 2C), 111.4 (d), 55.2 (q), 44.9 (d), 42.4 (d), 40.6 (t),
21.1 ppm (q); HRMS: m/z caled for C,;H;NO,: 357.1729 [M]*; found:
357.1727.

6¢: Yield=25%. 'HNMR: §=7.45 (d, /=83 Hz, 2H), 7.30-7.20 (m,
4H), 7.00 (d, /=83 Hz, 2H), 6.55-6.45 (m, 2H), 6.34-6.27 (m, 1H),
5.51-5.46 (m, 1H), 523 (dd, /=9.1, 54 Hz, 1H), 3.51-3.41 (m, 1H),
2.95-2.88 (m, 2H), 2.37 (s, 3H), 2.19-2.12 ppm (m, 1H); "CNMR: 6=
170.6 (s), 139.8 (s), 137.4 (s), 137.0 (s), 134.5 (s), 133.1 (s), 130.1 (d, 2C),
129.1 (d, 2C), 129.0 (d), 128.6 (d, 2C), 127.8 (d, 2C), 127.7 (d), 127.2 (d),
122,4 (d), 111.6 (d), 44.7 (d), 42.7 (d), 40.2 (t), 21.1 ppm (q); HRMS: m/z
caled for C,3H,CINO: 361.1228 [M]*; found: 361.1223.

6d: Yield=87%. 'HNMR: 6=7.40-7.38 (m, 1H), 7.21 (d, J=8.1 Hz,
2H) , 6.99 (d, J=8.1Hz, 2H), 6.50-6.48 (m, 2H), 6.41-6.36 (m, 2H),
6.19-6.17 (m, 1H), 5.40-5.32 (m, 2H), 3.64-3.57 (m, 1H), 3.06 (dd, J=
15.2, 3.4 Hz, 1H), 2.90 (dd, /=15.2, 10.7 Hz, 1H), 2.36 (s, 3H), 2.35-
229 ppm (m, 1H); *C NMR: 6 =169.6 (s), 154.4 (s), 141.9 (d), 137.2 (s),
136.6 (s), 133.7 (s), 129.9 (d, 2C), 129.0 (d), 127.8 (d, 2C), 127.3 (d),
127.0 (d), 122.3 (d), 110.8 (d), 110.1 (d), 105.5 (d), 41.8 (d), 37.0 (t), 36.4
(d), 20.9 ppm (q); HRMS: m/z caled for C;H NO,: 317.1416 [M]*;
found 317.1411; elemental analysis: caled (%) for C,;H;(NO,: C 79.47, H
6.03, N 4.41; found: C 79.11, H 6.14, N 4.28.

6e: Yield=85%. 'HNMR: 6=7.28-7.21 (m, 3H), 7.02-6.99 (m, 4H),
6.50-6.46 (m, 2H), 6.38-6.36 (m, 1H), 5.44 (d, J=3.1 Hz, 1H), 5.36-5.31
(m, 1H), 3.83-3.77 (m, 1H), 3.10 (dd, /=14.9, 3.5 Hz, 1H), 2.96 (dd, J=
14.9, 11.7 Hz, 1H), 2.37 (s, 3H), 2.26-2.23 ppm (m, 1H); "CNMR: 6=
169.9 (s), 144.9 (s), 137.3 (s), 136.7 (s), 134.0 (s), 130.0 (d, 2C), 128.9 (d),
127.7 (d, 2C), 127.5 (d), 127.2 (d), 126.9 (d), 124.1 (d), 124.0 (d), 122.5
(d), 111.2 (d), 45.4 (d), 40.7 (t), 38.4 (d), 21.1 ppm (q); HRMS: m/z calcd
for C,;H;,NOS: 333.1187 [M]*; found: 333.1185.
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6f: Yield=70%. 'HNMR: 6=7.22 (d, J=55Hz, 2H), 7.03 (d, J=
5.5Hz, 2H), 6.63-6.62 (m, 1H), 6.49-6.45 (m, 2H), 6.32-6.31 (m, 1H),
6.11-6.09 (m, 1H), 5.95-5.93 (m, 1H), 5.40-5.38 (m, 1H), 5.26-5.23 (m,
1H), 3.68 (s, 3H), 3.54-3.49 (m, 1H), 2.96 (dd, /=1H), 2.76 (dd, J=1H),
2.37 (s, 3H), 2.34-2.20 ppm (m, 1H); *C NMR: §=169.8 (s), 137.3 (s),
136.6 (s), 134.2 (s), 132.0 (s), 130.0 (d, 2C), 129.1 (d), 127.9 (d, 2C), 1274
(d), 127.1 (d), 122.7 (d), 122.6 (d), 110.0 (d), 107.1 (d), 105.6 (d), 42.3 (d),
39.3 (t), 34.8 (q), 33.8 (d), 21.1ppm (q); HRMS: m/z caled for
C,H,,N,0: 330.1732 [M]*; found 330.1732; elemental analysis: calcd
(%) for C,,H,N,O: C 79.97, H 6.71, N 8.48; found: C 79.22, H 6.86, N
8.33.

6g: Yield=78%. 'HNMR: 0=7.43-7.38 (m, 5H), 7.31 (d, /J=8.0 Hz,
2H), 7.06 (d, J=8.0 Hz, 2H), 6.67 (d, /=159 Hz, 1H), 6.54-6.52 (m,
2H), 6.40-6.32 (m, 1H), 6.23 (dd, /=159, 7.1 Hz, 1H), 5.50-5.47 (m,
1H), 5.36-5.34 (m, 1H), 3.19-3.11 (m, 1H), 2.96 (dd, J=14.6, 2.9 Hz,
1H), 2.77 (dd, J=14.6, 12.0 Hz, 1H), 2.41 (s, 3H), 2.09-2.01 ppm (m,
1H); "CNMR: 6=170.3 (s), 137.1 (s), 136.9 (s), 136.6 (s), 134.3 (s),
131.1 (d), 129.9 (d, 2C), 129.6 (d), 128.9 (d), 128.5 (d, 2C), 127.8 (d, 2C),
127.5 (d), 127.4 (d), 127.0 (d), 126.2 (d, 2C), 122.7 (d), 111.1 (d), 43.2 (d),
40.5 (d), 38.5 (t), 21.0ppm (q); HRMS: m/z caled for C,;H,;NO:
353.1780 [M]*; found: 353.1777; elemental analysis: caled (%) for
C,sH,;;NO: C 84.95, H 6.56, N 3.96; found: C 84.22, H 6.69, N 3.83.

6h: Yield=83%. 'HNMR: 6=7.41-7.39 (m, 1H), 7.07 (d, /=22 Hz,
2H), 6.93 (d, /=220 Hz, 2H), 6.51-6.48 (m, 2H), 6.35-6.33 (m, 2H),
6.18-6.13 (m, 1H), 5.49-5.47 (m 1H), 5.34 (dd, /=9.1, 5.6 Hz, 1H), 3.87
(s, 3H), 3.61-3.58 (m, 1H), 3.08 (dd, /=15.5, 3.4 Hz, 1H), 2.93 (dd, /=
15.2, 10.7 Hz, 1H), 2.33-2.29 ppm (m, 1H); *C NMR: 6=169.8 (s), 158.6
(s), 154.4 (s), 142.0 (d), 134.0 (s), 132.0 (s), 129.1 (d, 3C), 127.34 (d),
127.1 (d), 122.4 (d), 114.6 (d, 2C), 110.7 (d), 110.1 (d), 105.6 (d), 55.3 (q),
41.7 (d), 37.0 (t), 36.4ppm (d); HRMS: m/z caled for C,H;(NOj:
333.1365 [M]*; found: 317.1316; elemental analysis: caled (%) for
C,H;yNO;: C 75.66, H 5.74, N 4.20; found: C 75.31, H 5.24, N 4.41.

X-ray Crystal-Structure Determination

The most relevant crystal and refinement data for 4d and 6e are as fol-
lows.

4d: C,,H,NO;, M,=347.40, T=293(2) K, 1=1.54178 A, orthorhombic,
Pna2,, a=17.6486(2), b=18.2306(3), c=5.7996(3) A, V=1865.99(12) A?,
Z=4, Poea=1237Mgm™, u=0.660 mm~', F(000)=736, crystal size:
0.36x0.07x0.03 mm, 6 range: 3.49-75.68°, index ranges: —20<h <21,
—22<k<21, =7<I<5, reflections collected/unique =7216/2896 (R;,,=
0.0645), completeness to 260 =70.00 (97.6 %), absortion correction: semi-
empirical from equivalents, refinement method: full-matrix least squares
on F?, data/restraints/parameters=2896/60/233, goodness-of-fit on F’*=
0.917, final R indices (I >20(l)): R,=0.0733, wR,=0.1765, R indices (all
data): R,=0.1314, wR,=0.2167, extinction coefficient=0.0097(12), larg-
est difference peak and hole=0.234 and —0.217 e A=, The ortho and
meta carbon atoms of the phenyl ring were disordered over two posi-
tions; refinement of the anisotropic displacement parameters was unsta-
ble for these atoms, therefore they were kept isotropic.

6e: CyHyNOS, M, =333.43, T=293(2) K, 1=1.54178 A, triclinic, P1, a=
7.0088(2), b=11.8766(3), c=12.3066(3) A, o =108.257(2), f=105.501(2),
y=103.853(2)°, V=877.06 (4)A’, Z=2, pou=1263Mgm=>, u=
1.675 mm™!, F(000)=352, crystal size: 0.25x0.12x0.10 mm, 6 range:
4.19-68.19°, index ranges: 0<h <8, —14<k <13, —14<[<13, reflections
collected/unique =8575/3166 (R;,=0.0506), completeness to 26=68.19
(98.3%), absortion correction: semiempirical from equivalents, refine-
ment method: full-matrix least squares on F’, data/restraints/parame-
ters =3166/0/218, goodness-of-fit on F*=1.128, final R indices (I>20(I)):
R,=0.0811, wR,=0.2585, R indices (all data): R,=0.0929, wR,=0.2773,
extinction coefficient=0.015(4), largest difference peak and hole=0.817
and —0.667 e A%,

CCDC-654648 (4b) and -654649 (6e) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre at www.cam.ac.uk/
data_request/cif.
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could compete with the intramolecular chelation of functional R
substituents (transition state IV). Thus, low-coordinating R' sub-
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Efficient Synthesis of Symmetrically and Unsymmetrically Substituted
Hexaphenylbenzene Analogues by Suzuki-Miyaura Coupling Reactions

Xiaoyin Yang, Xi Dou, and Klaus Miillen*!*!

Abstract: A series of symmetrically and unsymmetrically substituted hexaphenyl-

benzene (HPB) analogues were efficiently synthesized by using a sterically hin-
dered Suzuki-Miyaura cross-coupling reaction of arylboronic acids with 14-
diiodo-2,3,5,6-tetraarylbenzenes under our optimized reaction conditions. The 1,4-
diiodo-2,3,5,6-tetraarylbenzenes can be readily prepared by using a one-pot Hart
reaction. Oxidative cyclodehydrogenation of the dibromo derivative with FeCl;

Keywords: aromatic compounds -
C—C coupling - cyclodehydrogena-
tion - hexabenzocoronene - hexa-
phenylbenzene

gave the corresponding hexabenzocoronene (HBC) derivative in good yield.

Introduction

The preparation of hexaphenylbenzene (HPB) analogues is
an important synthetic task, as these aromatic compounds
have been widely applied in organic synthetic chemistry and
in materials science.['’ Of particular importance is that HPBs
are direct precursors of hexabenzocoronene (HBC) deriva-
tives, which are potential candidates for organic semicon-
ducting materials in field-effect transistors (FETs), hole-con-
ducting layers in photovoltaic devices, light-emitting diodes
(LEDs), and molecular wires in nanoscale molecular elec-
tronics.””! Several distinct approaches have been reported for
the preparation of HPBs, such as the transition-metal-cata-
lyzed cyclotrimerization of diphenylacetylenes or the Diels—
Alder cycloaddition between tetraphenylcyclopentadienones
and substituted diphenylacetylenes.®’! However, these meth-
ods suffer from limitations, such as harsh reaction conditions
or multistep synthetic pathways. Moreover, unsymmetrically
substituted starting materials afford a mixture of regioiso-
meric products, usually with little or no selectivity. The re-
gioselective synthesis of unsymmetrically substituted HPBs
is thus difficult when using the existing protocols.) The
ever-increasing complexity of target molecules and the con-
stant need for functional-group tolerance make the develop-
ment of novel methods for the straightforward, mild, and ef-
ficient preparation of HPBs a timely challenge.! Herein, we

[a] Dr. X. Yang, X. Dou, Prof. Dr. K. Miillen
Max-Planck-Institute for Polymer Research
Ackermannweg 10p-55128 Mainz (Germany)
Fax: (+49)6131-379-100
E-mail: muellen@mpip-mainz.mpg.de
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report a new approach for the synthesis of symmetrically
and unsymmetrically substituted HPBs by Hart and sterical-
ly hindered Suzuki-Miyaura cross-coupling reactions
(Scheme 1). Further oxidative cyclodehydrogenation with
FeCl; of selected HPBs resulted in the corresponding HBC
or some unexpected products.

Results and Discussion

Treatment of 1,2,4,5-tetrabromo-3,6-dichlorobenzene (1)
with various arylmagnesium bromides in THF at room tem-
perature for 12 h led to the formation of dimagnesium inter-
mediate 2 (Scheme 2). Its direct reaction with iodine pro-
vided diiodobenzenes 3 in 40-60 % yields. The observed cor-
relation between the yield and the length of the alkyl side
chain (H vs. CgH;; vs. C;,H,5) may be a consequence of an
enhancement of the solubility of intermediate 2 with in-
creasing chain length.

With the compounds 3 in hand, our attention was refo-
cused on the subsequent coupling reactions. The Suzuki-
Miyaura coupling was chosen because it is one of the most
powerful biaryl C—C bond-forming transformations avail-
able to synthetic organic chemists. This transformation
enjoys a broad scope and wide functional-group tolerance.’]
However, in the case of sterically hindered aryl or alkenyl
halides, limited success has been realized and special ligands
and harsh reaction conditions are often required.’! Pioneer-
ing work by Buchwald and co-workers afforded a general
protocol for the sterically hindered Suzuki-Miyaura cross-
coupling reaction, in which a novel and readily available
phosphine, 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl

. HWILEY 3
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cl MgBr |
Br Br amger | AY Ar I, Ar Ar
. g RT.12h | A A | RT.OBN Ar
Cl MgBr |
1 2 3
Ar'B(OH), (1.0 equiv)
Suzuki-Miyaura Ar'B(OH),
Ar, Ar', Ar' Ar?= (4.0 equiv)

aryl or heteroaryl ring Suzuki-Miyaura

Ar' Ar’ Ar'
Ar Ar AB(OH), Ar Ar Ar Ar
Ari:[Ar Suzuki-Miyaura ArI;:Ar Ar Ar
Ar? | Ar'
6 5 4

Scheme 1. Synthesis of symmetrically and unsymmetrically substituted
HPBs by Hart and Suzuki-Miyaura coupling reactions.

(S-phos), was used as a ligand in conjuction with [Pd,-
(dba);] (dba=dibenzylideneacetone).”) Owing to the steri-
cally hindered nature of the tetraaryl-substituted diiodoben-
zenes 3, we employed Buchwald’s catalyst system for the ini-
tial reaction. The 65% yield was very encouraging (Table 1,
entry 1), but left room for further improvement.”*® Thus,
some optimization work was conducted by using compound
3a and phenylboronic acid as the substrates. The results are
summarized in Table 1.

Screening alternative palladium sources revealed the su-
periority of [Pd(PPh;),] over other Pd precusors (Table 1,
entries 2-5). The effect of the base was also examined, and
K,CO; was found to be the
most effective (Table 1, en-
tries 5-8). Furthermore, solid

o]
Br Br ROMQBF

Br Br THF, RT, 12 h
Cl
1 2
R R
2 3
'2 ()
—_—
RT,05h O
e
R R
3
D0 T T
T O T O
n-CgHy7 n-CgHq7
3a; 40% 3b; 50%
n-CyzHos O | O n-CyzHos
n-CyoHas n-CyaHas
3c; 60%

Scheme 2. One-pot procedure for the synthesis of 1,4-diiodo-2,3,5,6-tet-
raarylbenzenes 3.

such as Bu,NBr, were found not to promote this reaction
(Table 1, entry 12).

Table 1. Optimization of reaction conditions for the sterically hindered Suzuki-Miyaura coupling reaction.

K,CO; (Table 1, entry 6; 94%) O

was more effective than aque- O ' O B(OH), O O

ous 2M K,CO, (Tablel, O ) _Pd source (5 mol%) O

entry 9; 70%). Increasing the O O Dase, addiive O O

reaction temperature from ! O

100°C to 120°C had a detri-

mental effect on the reaction, % “a

and several by-products, such Entry Catalyst system T[°C] t[h] Base Yield [%]"

as mono-coupled and deiodin- 1 [Pd,(dba)s] +S-phos 100 24 K,;PO, 65

ated compounds, were ob- 2 [PACI,(PPhy),] 100 24 K;PO, 30

served (Table 1, entry 10). In- 3 [PACl(dppf)] 100 24 K,PO, 26
; ’ i 4 [Pd(OAc),] + PPh, 100 24 K,PO, _Ib)

terestingly, the introduction of s [Pd(PPh),] 100 o4 K,PO, 36

the phase-transfer catalyst ali- ¢ [Pd(PPhy),] 100 24 K,CO,4 94

quat 336 (2 mol%) was found 7 [PA(PPh;),] 100 24 Cs,CO, 85

to accelerate the reaction rate, 8 [Pd(PPh),] 100 24 Ba(OH),8H,0 Jbiq

and .the fiesired product was ?0 gggigz;ﬂ gg ig Eiggz 2(6)

obtained in an excellent yield 1y [Pd(PPh,),] +aliquat 336 100 12 K,CO; 95

of 95% after a reaction period 12 [Pd(PPh;),] +Bu,NBr 100 12 K,CO, 45

of 12h (Table1, entry11).

Other phase-transfer catalysts, 2wm aqueous solution.
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[a] Yield of isolated, analytically pure compound. [b] No desired product was detected. [c] K,CO; was used as a
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Synthesis of Substituted Hexaphenylbenzene Analogues

To explore the scope of this method (Table?2), the
Suzuki-Miyaura coupling reaction of diiodobenzenes 3a—c
with a variety of arylboronic acids was performed under the
optimized reaction conditions (Table 2). The presence and/
or length of the alkyl side chain had no influence on the out-
come of the reaction. Compounds 3a—c reacted with phenyl-
boronic acid to give compounds 4a-c in essentially the same
yield (92-95%) (Table2, entries 1-3).'”" The electronic
nature of the substituted phenylboronic acids also had little
effect on the yield of the coupling, and thus HPBs with both
electron-donating and electron-withdrawing groups could be
synthesized in good to excellent yields (Table 2, entries 4—
10). For the coupling with 4-bromophenylboronic acid, a
lower temperature (80°C) and longer time (18 h) were nec-
essary for the achievement of chemoselectivity between the
hindered aryl iodides and the non-hindered aryl bromide
functionality of the 4-bromophenylboronic acid. Under
these conditions, HPB 4g was prepared in 91 % yield. More-
over, the reaction could be performed on a synthetically
useful scale. For example, compounds 4f and 4h were pre-
pared on a gram scale in 81 % and 91 % yields, respectively.
Variation of the position of the substituent on the phenyl-
boronic acids did not significantly affect the reaction, and
the corresponding HPB analogues were formed in 74-98 %
yield (Table 2, entries 8-10). Remarkably, even the sterically
hindered 2-methoxyphenylboronic acid readily participated
in the formation of HPB analogue 4j, and two rotamers
were obtained after column purification (Table 2, entry 10).
Heteroaromatic boronic acids also reacted well and this was
demonstrated by the efficient formation of compounds 4k
and 41 by this protocol (Table 2, entries 11-12).

The Suzuki-Miyaura coupling reaction is not only an ex-
pedient approach to symmetrically substituted HPBs with a
1,4-Ar'-2,3,5,6-Ar? pattern, but also to unsymmetrically sub-
stituted ones with a 1-Ar'-2,3,5,6-Ar>4-Ar® pattern. Thus,
treatment of 3a with various arylboronic acids (1.05 equiv)
at 80°C for 12 h provided mono-coupled products of type 5
in moderate yields (Scheme 3). Under these conditions, less
than 5% of the bis-coupled product was obtained. The
lower reaction temperatures and shorter reaction times are
essential for the selectivity (higher reaction temperature and
longer reaction time resulted in relatively greater amounts
of the bis-coupled product).

Compounds of type 5§ are very useful HPB precursors as
they open the door for unsymmetrically substituted HPB de-
rivatives by  sequential = Suzuki-Miyaura reactions
(Scheme 4). Thus treatment of 5a and 5b with aryl and het-
eroaryl boronic acids under our standard reaction conditions
provided the unsymmetrically substituted HPBs 6a-d in 85-
93 % yield, respectively. The heteroaryl-substituted iodoben-
zene Sc also reacted well with 3-cyanophenylboronic acid,
furnishing 6e in 86 % yield.

As mentioned at the beginning, HPBs are useful precur-
sors for the synthesis of hexabenzocoronene (HBC) deriva-
tives. Thus, the oxidative cyclodehydrogenation of the HPB
4¢g with FeCl; as an oxidant in a mixture of CH;NO, and
CH,Cl, at room temperature for 30 min afforded fused

Chem. Asian J. 2008, 3, 759 -766
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Table 2. Preparation of symmetrically substituted HPBs 4 by sterically
hindered Suzuki-Miyaura coupling reaction.

Entry 3  ArB(OH), 4

Yield [% ]!
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Table 2. (Continued)
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Table 2. (Continued)

Entry 3  ArB(OH),

Yield [% ]

Entry 3  ArB(OH),

-

Yield [% ]

B(OH),
7 3¢
Br
B(OH),
8 3c
OMe
B(OH),
9 3a
MeO
B(OH),
10 3a MO
B(OH),
11 32/ \
S

91

94

7411

88
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12 3a g 76
B(OH), o’
al

[a] Yield of isolated, analytically pure compound. [b] Yield of a multi-
gram-scale reaction. [c] Total yield of two rotamers.

[Pd(PPh3),]
| (5 mol%) Ar'
aliquat 336
0
O + ArB(OH), —2Mmo%) O
K,CO;, toluene
saaviE-rJsans

3a 5

OMe
|

CO,Me

5a; 60% 5b; 52%

5¢; 50%

Scheme 3. Synthesis of pentaaryl iodobenzenes of type 5 by a selective
Suzuki-Miyaura coupling reaction.

HBC derivative 7a in 85 % yield after chromatographic pu-
rification (Scheme 5). Interestingly, cyclodehydrogenation of
the HPB 4h under the same reaction conditions unexpect-
edly provided the meta-dimethoxy HBC 7b along with bis-
spirocyclic dienone 8.1

Conclusions
In summary, we have developed a new and efficient method
for the synthesis of HPB analogues in excellent yields by

the Suzuki-Miyaura coupling reaction. The tetraphenyl-sub-
stituted diiodobenzenes of type 3 are highly sterically hin-
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Synthesis of Substituted Hexaphenylbenzene Analogues

[Pd(PPh3),]
(5 mol%)
aliquat 336
(2 mol%)

A O 0
| + APB(OH), ————— O R R R
K,CQ3, toluene,
FeCl
i 100°C, 12 h O A2 O O |
5 6

CO,Me CO,Me OMe
10 : ;\ : ® ) ®
E » E
OMe TMS
6a; 93% 6b; 91% 6c; 88%

OMe

O S
CN CN

6d:; 85% 6e; 86%

Scheme 4. Synthesis of unsymmetrical HPB analogues by Suzuki-
Miyaura coupling reaction.

dered aryl iodides, which to our knowledge have not been
used previously in Suzuki-Miyaura coupling reactions. Our
protocol provides a novel method for the efficient synthesis
of symmetrically substituted HPB analogues of type 4 in the
presence of various functional groups. The selectivity of this
coupling reaction allows a general and expedient approach
to synthesize unsymmetrically substituted HPBs of type 6,
which are very difficult to prepare by other standard meth-
ods. Oxidative cyclodehydrogenation of HPB 4g provided
the desired HBC 7a in good yield. However, in case of 4h,
the unexpected HBC 7b and bis-spirocyclic dienone 8 were
formed under the same reaction conditions. Further applica-
tions of this convenient protocol, for example, for polymeri-
zation or for the preparation of functionalized HBC deriva-
tives, are underway in our laboratories.

Experimental Section

General

Unless otherwise indicated, all reactions were carried out with stirring
and, if air- or moisture-sensitive, in flame-dried glassware under argon.
Syringes used to transfer reagents and solvents were purged with argon
prior to use. Reactions were monitored by FD-MS or thin-layer chroma-
tography (TLC). All starting materials were purchased from commercial
sources and used without further purification. Yields refer to yields of

Chem. Asian J. 2008, 3, 759 -766
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Br

CH3NO,/CH,Cl,
O RT, 30 min
a7

Br R =n-CqoHys
49

R =n-Cy,Hys
4h

33
RY.e
W

R

X

8; 70%

Scheme 5. Oxidative cyclodehydrogenation of HPBs 4g and 4h.

isolated compounds estimated to be >95% pure as determined by
"H NMR and capillary GC.

Synthesis

4-Octylphenyl magnesium bromide and 4-dodecylphenyl magnesium bro-
mide: Magnesium turnings (200 mmol) were placed in an Ar-flushed
flask, and THF (10 mL) was added. 1,2-Dibromoethane (0.1 mL) was
added, and the resulting mixture was stirred at room temperature for a
few minutes. After the reaction ceased, the solution was removed by can-
nulation, and dry THF (120 mL) was added. Then, a solution of 1-
bromo-4-octylbenzene or 1-bromo-4-dodecylbenzene (150 mL) in dry
THF (30 mL) was slowly added at room temperature. The reaction start-
ed within a few minutes. After addition, the reaction mixture was stirred
for 12 h at room temperature. The grey solution of 4-octylphenyl magne-
sium bromide or 4-dodecylphenyl magnesium bromide was cannulated to
another flask under argon and removed in this way from the excess mag-
nesium.

Typical Procedure for the Formation of Compounds of Type 3 (TP A)

3a: A suspension of 14-dichloro-2,3,5,6- tetrabromobenzene (1.85 g,
4.0 mmol) in dry THF (20mL) was added to a solution of PhMgBr
(32 mmol) in dry THF (32 mL) under argon, and the resulting mixture
was stirred at room temperature for 12 h. I, (6.35 g, 25 mmol) was added
directly to the reaction mixture at 0°C, and the reaction was stirred at
room temperature for 2 h. The reaction was quenched with water, and
the resulting mixture was extracted with CHCl; (3x100 mL). The com-
bined organic layers were washed with 2M aqueous NaHSO; solution (2 x
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200 mL), brine (50 mL), and water (50 mL) and dried with MgSO,. After
filtration of the MgSQO,, the solvent was removed in vacuo, and the result-
ing mixture was filtered. The solid was washed with a little bit of benzene
and hexane to give 3a (0.7 g). The filtrate was purified by chromatogra-
phy (eluent n-hexane/benzene =30:1) to give 3a (0.3 g). The total yield is
40%. '"HNMR (CD,Cl,, 250 MHz): 6=7.05 ppm (m, 20H); “C NMR
(CD,Cl,, 75 MHz): 6=146.8, 143.6, 141.9, 130.1, 127.6, 108.9 ppm; FD-
MS (8 kV): m/z (%): caled: 634.3; found: 634.7 (100); HRMS (EI): caled
for CyHyl,: 633.9654 [M]*; found: 633.9629.

3b: The reaction was carried out according to 7P A with 1,4-dichloro-
2,3,5,6-tetrabromobenzene (1.85 g, 4.0 mmol), 4-octylphenyl magnesium
bromide (32.0 mmol), and I, (6.35 g, 25.0 mmol). Standard workup and
purification by flash chromatography (SiO,, n-hexane/benzene=230:1)
yielded 3b (2.2 g). Yield=50%. 'HNMR (CD,Cl,, 250 MHz): §=7.05
(d, J=8.1Hz, 8H), 6.98 (d, /J=8.1 Hz, 8H), 2.75 (t, J=7.6 Hz, 8H), 1.47
(m, 48H), 0.96 ppm (t, J=6.9 Hz, 12H); “C NMR (CD,Cl,, 75 MHz):
0=146.8, 143.6, 141.9, 130.1, 127.6, 108.9, 35.9, 32.3, 31.6, 29.8, 29.7, 29.5,
23.1, 143 ppm; FD-MS (8kV): m/z (%): caled: 1083.1; found: 1083.2
(100); HRMS (ESI): caled for CgHgl,: 1082.4662 [M]*; found:
1082.4663.

3c¢: The reaction was carried out according to 7P A with 1,4-dichloro-
2,3,5,6-tetrabromobenzene (4.16 g, 9.0 mmol), 4-dodecylphenyl magnesi-
um bromide (72.0 mmol), and I, (12.7 g, 50.0 mmol). Standard workup
and purification by flash chromatography (SiO,, n-hexane/benzene=
30:1) yielded 3¢ (7.1 g). Yield=60%. 'H NMR (CD,Cl,, 250 MHz): 6 =
6.81 (d, J=7.7Hz, 8H), 6.75 (d, J=7.6 Hz, 8H), 2.43 (t, /=72 Hz, 8H),
1.24 (m, 80H), 0.72 (t, J=6.6 Hz, 12H). *C NMR (CD,Cl,, 75 MHz): =
146.9, 143.7, 142.0, 130.2, 127.7, 109.0, 35.9, 32.4, 31.7, 30.2, 30.1, 29.9,
29.8, 29.6, 23.1, 14.3. FD-MS (8kV): m/z (%): caled: 1307.6; found:
1307.4 (100); HRMS (ESI): caled for C;gHj6l,: 1306.7166 [M]*; found:
1306.7169.

Typical Procedure for the Formation of HPB Analogues of Type 4 (TP B)

An oven-dried 100-mL Schlenk tube equipped with a magnetic stirrer
bar and a septum was charged with a suspension of 1,4-diiodo-2,3,5,6-
tetraarylbenzene (3) (0.5 mmol, 1.0 equiv), arylboronic acid (1.5 mmol,
3.0 equiv), K,CO; (10 mmol, 20equiv), and aliquat 336 (0.01 mmol,
0.02 equiv) in toluene (15mL). The mixture was degassed by three
“freeze-pump-thaw” cycles, and then [Pd(PPh;),] (0.025 mmol,
0.05 equiv) was added. The resulting mixture was degassed again by
three “freeze—pump-thaw” cycles. The mixture was warmed to the re-
quired temperature and stirred for the required time under argon. The
reaction mixture was quenched with water and extracted with CHCl,.
The organic extract was washed with brine, dried over MgSO,, and con-
centrated in vacuo. Flash chromatographic purification on silica gel fur-
nished the desired product.

4a: Prepared according to TP B from 3a (100 mg, 0.158 mmol, 1.0 equiv),
phenylboronic acid (58 mg, 0.47 mmol, 3.0 equiv), K,CO; (441 mg,
3.2 mmol, 20equiv), aliquat336 (1.0 mg, 3.3 umol, 0.020 equiv), [Pd-
(PPh;),] (9.1 mg, 7.9 umol, 0.05 equiv) at 100°C for 12 h up to give 4a
(80 mg, 95%) after workup. '"H NMR (CD,Cl,, 250 MHz): 6=7.05 (m,
30H). "CNMR (CD,Cl,, 75MHz): 0=140.6, 142.0, 131.4, 126.6,
125.2 ppm; FD-MS (8 kV): m/z (%): calcd: 534.7; found: 534.9 (100).

4b: Prepared according to TP B from 3b (162 mg, 0.15 mmol, 1.0 equiv),
phenylboronic acid (55 mg, 0.45mmol, 3.0 equiv), K,CO; (414 mg,
3.0 mmol, 20 equiv), aliquat336 (1.0 mg, 3.0 umol, 0.020 equiv), [Pd-
(PPh;),] (9.0 mg, 7.5 pmol, 0.050 equiv) at 100°C for 12h to give 4b
(137 mg, 93%) after workup. '"HNMR (CD,Cl,, 250 MHz): 6=6.76 (m,
10H), 6.62 (d, /=8.1 Hz, 8H), 6.56 (d, J=8.2 Hz, 8H), 2.26 (t, /=7.5 Hz,
8H), 1.14 (m, 48H), 0.79 ppm (t, J=7.0 Hz, 12H); *C NMR (CD,CL,
75 MHz): 6=141.9, 141.1, 141.0, 140.3, 138.9, 132.2, 132.0, 127.2, 127.1,
1257, 35.9, 32.7, 31.9, 30.2, 30.1, 29.6, 23.5, 14.7 ppm; FD-MS (8 kV): m/z
(%): caled: 983.5; found: 984.3 (100); HRMS (EI): caled for C,;Hos:
983.7434 [M +H]*; found: 983.7419.

4c: Prepared according to TP B from 3¢ (196 mg, 0.15 mmol, 1.0 equiv),
phenylboronic acid (55 mg, 0.45mmol, 3.0 equiv), K,CO; (414 mg,
3.0 mmol, 20equiv), aliquat336 (1.0 mg, 3.0 pumol, 0.020 equiv), [Pd-
(PPh;),] (9.0 mg, 7.5 umol, 0.050 equiv) at 100°C for 12h to give 4¢

764 www.chemasianj.org

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

K. Miillen et al.

(167 mg, 92%) after work-up. '"H NMR (CD,Cl,, 250 MHz): §=6.76 (m,
10H), 6.62 (d, J=8.0 Hz, 8H), 6.56 (d, J=8.2 Hz, 8H), 2.26 (t, /=7.4 Hz,
8H), 1.18 (m, 80H), 0.80 ppm (t, J=6.9 Hz, 12H); "C NMR (CD,Cl,,
75 MHz): 6=141.9, 141.1, 141.0, 140.3, 138.9, 132.2, 132.0, 127.2, 127.1,
125.7, 36.0, 32.7, 32.0, 30.5, 30.4, 30.3, 30.2, 29.6, 23.5, 14.7 ppm; FD-MS
(8kV): m/z (%): caled: 1208.0; found: 1208.2 (100); HRMS (ESI): calcd
for CogH 560 1206.9860 [M]7; found: 1206.9871.

4d: Prepared according to TP B from 3a (200 mg, 0.32 mmol, 1.0 equiv),
4-trimethylsilanylphenylboronic acid (183 mg, 0.95 mmol, 3.0 equiv),
K,CO; (871 mg, 6.31 mmol, 20equiv), aliquat336 (2.5mg, 6.3 pmol,
0.020 equiv), [Pd(PPh;),] (18.2mg, 0.0158 mmol, 0.050 equiv) at 100°C
for 12h to give 4d (199 mg, 93%) after work-up. '"HNMR (CDCl,,
250 MHz): 6=6.89 (d, /J=7.8 Hz, 4H), 6.73 (m, 20H), 6.69 (d, J=8.0 Hz,
4H), 0.00 ppm (s, 18H); "*CNMR (CDCl;, 75 MHz): §=142.2, 141.8,
141.6, 141.5, 137.7, 132.7, 132.6, 131.9, 127.7, 125.3, 0.00 ppm; FD-MS
(8kV): m/z (%): caled: 679.0; found: 678.8 (100 % ); HRMS (ESI): calcd
for CusH,6Si,: 678.3138 [M]T; found: 678.3147.

4e: Prepared according to TP B from 3a (200 mg, 0.32 mmol, 1.0 equiv),
3-cyanophenylboronic acid (140 mg, 0.95 mmol, 3.0equiv), K,CO;
(871 mg, 6.31 mmol, 20equiv), aliquat 336 (2.5mg, 6.3 umol,
0.020 equiv), [Pd(PPhs),] (18.2 mg, 0.0158 mmol, 0.050 equiv) at 100°C
for 12h to give 4e (160 mg, 87 %) after work-up. '"HNMR (CDCl,,
250 MHz): 6=7.08 (s, 2H), 7.05 (t, J=7.3 Hz, 2H), 6.90 (t, J=7.3 Hz,
4H), 6.81 ppm (m, 22H); *CNMR (CDCl;, 75 MHz): 6=142.3, 140.8,
140.0, 139.3, 135.9, 134.9, 131.6, 131.4, 129.6, 127.9, 127.4, 127.2, 126.2,
119.0, 111.2 ppm; FD-MS (8kV): m/z (%): calcd: 584.2; found: 584.5
(100); HRMS (ESI): caled for C,HygN,: 584.2252 [M]*; found: 584.2241.

4f: Prepared according to TP B from 3a (2.54 g, 4.0 mmol, 1.0 equiv), 4-
methoxycarbonylphenylboronic acid (2.16 g, 12.0 mmol, 3.0 equiv),
K,CO; (11.0 g, 80.0 mmol, 20 equiv), aliquat 336 (32.3mg, 0.08 mol,
0.020 equiv), [Pd(PPh;),] (231 mg, 0.2 mol, 0.050 equiv) at 110°C for 24 h
to give 4f (2.11 g, 81 %) after work-up. 'H NMR (CD,Cl,, 250 MHz): 6 =
7.43 (d, J=8.3 Hz, 4H), 6.88 (d, /=83 Hz, 4H), 6.79 (m, 20H), 3.66 ppm
(s, 6H); "C NMR (CDCl;, 75 MHz): 6 =167.5, 146.5, 140.9, 132.2, 132.0,
132.0, 128.5, 127.6, 127.5, 127.4, 126.3, 52.5 ppm; FD-MS (8 kV): m/z
(%): caled: 650.8; found: 649.9 (100); HRMS (EI): calcd for C,H3,0,:
650.2457 [M]*; found: 650.2439.

4g: Prepared according to TP B from 3¢ (196 mg, 0.15 mmol, 1.0 equiv),
4-bromophenylboronic acid (90 mg, 0.45mmol, 3.0 equiv), K,CO;
(414 mg, 3.0 mmol, 20 equiv), aliquat 336 (1.0 mg, 3.0 umol, 0.020 equiv),
[Pd(PPh;),] (9.0 mg, 7.5 umol, 0.050 equiv) at 80°C for 18 h to give 4g
(186 mg, 91%) after work-up. '"H NMR (CDCl;, 250 MHz): 6=6.88 (d,
J=8.4Hz, 4H), 6.62 (d, J=8.4 Hz, 4H), 6.60 (s, 16H), 2.29 (t, J=7.5 Hz,
8H), 1.18 (m, 80H), 0.80 ppm (t, /=6.9 Hz, 12H); *C NMR (CDCl,,
75 MHz): 6=140.7, 140.6, 140.3, 139.7, 138.0, 133.5, 131.5, 129.9, 127.1,
119.5, 35.6, 32.3, 31.6, 30.2, 30.1, 30.0, 29.9, 29.8, 29.2, 23.1, 14.3 ppm. FD-
MS (8 kV): m/z (%): caled: 1365.7; found:1365.6 (100).

4h: Prepared according to TP B from 3¢ (2.6 g, 2.0 mmol, 1.0 equiv), 4-
methoxyphenylboronic acid (0.91 g, 6.0 mmol, 3.0 equiv), K,CO; (5.5 g,
40 mmol, 20 equiv), aliquat 336 (14 mg, 0.04 mol, 0.020 equiv), [Pd-
(PPh;),] (120 mg, 0.2 mmol, 0.050 equiv) at 100°C for 12 h to give 4h
(231 g, 91%) after work-up. '"H NMR (CD,Cl,, 250 MHz): 6 =6.68 (m,
20H), 6.40 (d, J=8.8 Hz, 4H), 3.59 (s, 6H), 2.37 (t, J=6.8 Hz, 8H), 1.28
(m, 80H), 0.88 ppm (t, /=6.9 Hz, 12H); *C NMR (CD,Cl,, 75 MHz):
0=157.3, 140.9, 140.2, 139.8, 138.7, 133.9, 132.8, 131.6, 126.9, 112.2, 55.2,
35.6, 32.3, 31.6, 30.09, 30.06, 30.0, 29.9, 29.82, 29,76, 29.3, 23.1, 14.3 ppm;
FD-MS (8kV): m/z (%): caled: 1268.1; found: 1267.6 (100); elemental
analysis: caled (%) for Cy,H,30,: C 87.14, H 10.13; found: C 87.03, H
10.01.

4i: Prepared according to TP B from 3a (200 mg, 0.32 mmol, 1.0 equiv),
3-methoxyphenylboronic acid (144 mg, 0.95 mmol, 3.0 equiv), K,CO;
(871 mg, 6.31 mmol, 20equiv), aliquat 336 (2.5mg, 6.3 umol,
0.020 equiv), [Pd(PPhs),] (18.2 mg, 0.0158 mmol, 0.050 equiv) at 100°C
for 12h to give 4i (182 mg, 94%) after work-up. 'HNMR (CD,Cl,,
250 MHz): 6 =6.91-6.88 (m, 20H), 6.77 (t, J=7.8 Hz, 2H), 6.47-6.38 (m,
6H), 3.48 ppm (s, 6H); "CNMR (CD,Cl,, 62.5Hz): §=158.6, 142.3,
141.2, 141.1, 140.7, 140.6, 140.5, 131.7, 131.7, 131.6, 131.5, 127.8, 126.9,
125.7, 125.6, 125.6, 124.6, 124.5, 117.2, 111.9, 55.3 ppm; FD-MS (8 kV):
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mlz (%): caled: 594.7; found: 595.1 (100); HRMS (ESI): caled for
C,,H;350,: 595.2637 [M +H]*; found: 595.2618.

4j: Prepared according to TP B from 3a (200 mg, 0.32 mmol, 1.0 equiv),
2-methoxyphenylboronic acid (144 mg, 0.95 mmol, 3.0 equiv), K,CO;
(871 mg, 631 mmol, 20equiv), aliquat336 (2.5mg, 6.3 umol,
0.020 equiv), [Pd(PPh;),] (18.2 mg, 0.0158 mmol, 0.050 equiv) at 120°C
for 18 h. After chromatographic purification on silica gel, two isomers
(tentatively assigned as anti-4j and syn-4j) were readily obtained. The
total yield is 74 % (80 mg of anti-4j and 60 mg of syn-4j).

For anti-4j: "H NMR (CDCl;, 250 MHz): 6 =6.89-6.74 (m, 24H), 6.43 (,
J=7.5Hz, 2H), 634 (d, J=8.1Hz, 2H), 3.42 ppm (s, 6H); "C NMR
(CDCl;, 75 MHz): 6=156.9, 141.1, 137.4, 132.8, 131.9, 131.3, 131.0, 130.4,
127.9, 126.7, 126.5, 125.6, 119.4, 109.8, 55.1 ppm FD-MS (8 kV): m/z (%):
caled: 594.7, found: 594.4 (100); HRMS (EI): caled for CyHs350;:
595.2637 [M +H]*; found: 595.2618.

For syn-4j: 'HNMR (CDCl,, 250 MHz): 6=6.92-6.72 (m, 24H), 6.44 (t,
J=8.0Hz, 2H), 6.32 (d, J=8.1 Hz, 2H), 3.47 ppm (s, 6H); "CNMR
(CDCl;, 75 MHz): 6=157.3, 141.7, 137.8, 133.6, 131.8, 131.4, 131.0, 130.7,
128.4, 127.1, 126.8, 126.0, 119.8, 110.3, 55.7 ppm; FD-MS (8 kV): m/z
(%): caled: 594.7; found: 594.3 (100); HRMS (EI): calcd for C,H;s0,:
595.2637 [M +H]*; found: 595.2618.

4k: Prepared according to TP B from 3a (200 mg, 0.32 mmol, 1.0 equiv),
3-thiopheneboronic acid (122 mg, 0.95 mmol, 3.0 equiv), K,CO; (871 mg,
6.31 mmol, 20 equiv), aliquat 336 (2.5 mg, 6.3 umol, 0.020 equiv), [Pd-
(PPh;),] (18.2 mg, 0.0158 mmol, 0.050 equiv) at 100°C for 12 h to give 4k
(152 mg, 88 %) after work-up. 'H NMR (CD,Cl,, 250 MHz): 0 =6.97-6.87
(m, 20H), 6.81-6.78 (m, 2H), 6.53-6.48 ppm (m, 4H); *C NMR (CD,CL,
62.5 Hz): 0=141.6, 141.4, 141.3, 141.2, 141.0, 140.8, 140.7, 135.9, 131.7,
131.4, 131.1, 130.9, 127.2, 127.0, 127.0, 125.9, 125.8, 125.6, 125.0,
123.0 ppm; FD-MS (8 kV): m/z (%): caled: 545.7; found: 546.1 (100);
HRMS (ESI): caled for CyHyS,Na: 569.1395 [M+Na]*; found:
569.1359.

41: Prepared according to TP B from 3a (200 mg, 0.32 mmol, 1.0 equiv),
3-benzofuranboronic acid (155mg, 0.95mmol, 3.0 equiv), K,COs;,
(871 mg, 6.31mmol, 20equiv), aliquat 336 (2.5mg, 6.3 umol,
0.020 equiv), [Pd(PPh;),] (18.2 mg, 0.0158 mmol, 0.050 equiv) at 100°C
for 12h to give 41 (147 mg, 76%) after work-up. 'HNMR (CD,Cl,,
250 MHz): 6=7.13 (m, 4H), 6.97 (m, 10H), 6.91 (m, 4H), 6.85 (m, 10H),
5.98 ppm (s, 2H); *CNMR (CD,CL, 62.5 MHz): 6=154.4, 154.2, 142.6,
139.9, 1323, 130.7, 128.5, 1272, 126.4, 123.8, 122.6, 120.8, 110.8,
108.4 ppm; FD-MS (8 kV): m/z (%): caled: 614.7; 614.6 (100); HRMS
(ESI): calcd for CusH3O,: 615.2324 [M +H]™*; found: 615.2306.

Typical Procedure for the Formation of Compounds of Type 5 (TP C)

An oven-dried 100-mL Schlenk tube equipped with a magnetic stirrer
bar and a septum was charged with a suspension of 1,4-diiodo-2,3,5,6-tet-
raphenylbenzene (3a) (1.0 mmol, 1.0 equiv), arylboronic acid (1.0 mmol,
1.0 equiv), K,CO; (20 mmol, 20 equiv), and aliquat336 (0.02 mmol,
0.02 equiv) in toluene (20 mL). The mixture was degassed by three
“freeze—pump-thaw” cycles, and [Pd(PPh;),] (0.05 mmol, 0.05 equiv) was
then added. The resulting mixture was degassed again by three “freeze—
pump-thaw” cycles. The mixture was warmed to 80°C and stirred for the
required time under argon. The reaction mixture was quenched with
water and extracted with CHCIl;. The organic extract was dried over
MgSO, and concentrated in vacuo. Flash chromatographic purification
on silica gel furnished the desired product.

S5a: Prepared according to TP C from 3a (634 mg, 1.0 mmol, 1.0 equiv),
4-methoxycarbonylphenylboronic acid (122 mg, 1.0 mmol, 1.0 equiv),
K,CO; (2.76 g, 20 mmol, 20 equiv), aliquat336 (8.1 mg, 0.020 mmol,
0.020 equiv), [Pd(PPh;),] (58 mg, 0.050 mmol, 0.050 equiv) at 80°C for
12h to give 5a (386mg, 60%) after work-up. 'HNMR (CD,Cl,,
250 MHz): 6=17.42 (d, J=8.0 Hz, 2H), 7.06 (m, 10H), 6.87 (d, J=8.0 Hz,
2H), 6.76 (m, 10H), 3.66 ppm (s, 3H); *C NMR (CD,Cl,, 62.5 MHz): 6 =
154.4, 154.2, 142.6, 139.9, 132.3, 130.7, 128.5, 127.2, 126.4, 123.8, 122.6,
120.8, 110.8, 108.4 ppm; FD-MS (8 kV): m/z (%): calcd: 642.5; found:
642.2 (100); HRMS (ESI): caled for CyH,I0,: 643.1134 [M+H]";
found: 643.1109.
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5b: Prepared according to TP C from 3a (634 mg, 1.0 mmol, 1.0 equiv),
4-methoxyphenylboronic acid (152 mg, 1.0 mmol, 1.0 equiv), K,CO;
(2.76 g, 20.0 mmol, 20 equiv), aliquat 336 (8.1 mg, 0.020 mol, 0.020 equiv),
[Pd(PPh;),] (58.0 mg, 0.050 mmol, 0.050 equiv) at 80°C for 12 h to give
5b (319 mg, 52%) after work-up. '"H NMR ([Dg]THF, 250 MHz): 6 =7.16
(m, 10H), 6.88 (m, 10H), 6.43 (d, /J=8.62 Hz, 2H), 3.58 ppm (s, 3H);
BCNMR ([Dg]THF, 75 MHz): § =156.5, 145.5, 145.1, 145.0, 139.8, 132.1,
131.1, 130.1, 129.6, 126.8, 126.5, 125.8, 125.7, 124.7, 111.1, 54.0 ppm; FD-
MS (8 kV): m/z (%): caled: 613.8; found: 614.1 (100); HRMS (EI): calcd
for C3;H,;10: 614.1107 [M]*; found: 614.1111.

5c: Prepared according to TP C from 3a (634 mg, 1.0 mmol, 1.0 equiv),
3-thiopheneboronic acid (128 mg, 1.0 mmol, 1.0 equiv), K,CO; (2.76 mg,
20.0 mmol, 20 equiv), aliquat 336 (8.1 mg, 0.020 mol, 0.020 equiv), [Pd-
(PPhs),] (57.8 mg, 0.050 mol, 0.050 equiv) at 80°C for 12 h to give S¢
(295 mg, 50%) after work-up. '"HNMR (CDCl;, 250 MHz): 6=7.42 (d,
J=8.0Hz, 2H), 7.06 (m, 10H), 6.87 (d, /=8.0 Hz, 2H), 6.76 (m, 10H),
3.66 ppm (s, 3H); "CNMR (CDCl;, 75 MHz): §=154.4, 154.2, 142.6,
139.9, 1323, 130.7, 1285, 127.2, 1264, 123.8, 122.6, 120.8, 110.8,
108.4 ppm; FD-MS (8kV): m/z (%): calcd: 642.5; found: 642.2 (100),
HRMS (EI): caled for Cy,H,31S: 590.0565 [M]*; found: 590.0563.

6a: Prepared according to TP B from 5a (150 mg, 0.23 mmol, 1.0 equiv),
4-methoxyphenylboronic acid (52 mg, 0.35mmol, 1.5equiv), K,CO,
(644 mg, 4.7 mmol, 20 equiv), aliquat 336 (1.9 mg, 4.7 pmol, 0.020 equiv),
[Pd(PPh;),] (13.5 mg, 0.012 umol, 0.050 equiv) at 100°C for 12 h to give
6a (135 mg, 93%) after work-up. 'H NMR ([Dg]THF, 250 MHz): 6 =7.60
(d, J=8.2Hz, 2H), 7.05 (d, J=8.3 Hz, 2H), 6.93 (m, 20H), 6.83 (d, /=
8.6 Hz, 2H), 6.50 (d, J=8.7Hz, 2H), 3.82 ppm (s, 3H), 3.64 (s, 3H);
“C NMR ([Dg]THF, 75 MHz): 6=167.6, 159.2, 147.8, 143.0, 142.7, 142.4,
142.2, 142.0, 141.8, 141.3, 134.2, 134.0, 133.2, 133.1, 129.4, 128.8, 128.3,
128.2, 127.0, 126.8, 113.8, 55.8, 52.5 ppm; FD-MS (8 kV): m/z (%): calcd:
621.5; found: 622.7 (100); HRMS (EI): caled for C,sHssOs5: 623.2586
[M+H]*; found: 623.2568.

6b: Prepared according to TP B from 5a (150 mg, 0.23 mmol, 1.0 equiv),
3-thiophenephenylboronic acid (45 mg, 0.35mmol, 1.5equiv), K,CO;
(644 mg, 4.7 mmol, 20 equiv), aliquat 336 (1.9 mg, 4.7 umol, 0.020 equiv),
[Pd(PPhs),] (13.5 mg, 0.012 pmol, 0.050 equiv) at 100°C for 12 h to give
6b (127 mg, 91 %) after work-up. '"H NMR ([D¢]THF, 250 MHz): 6 =7.57
(dd, J=82Hz, J=1.6 Hz, 2H), 7.00 (dd, /=82 Hz, J=2.0 Hz, 2H), 6.93
(m, 10H), 6.88 (m, 11H), 6.59 (d, /J=2.6 Hz, 1H), 6.50 (d, /=4.9 Hz,
1H), 3.78 ppm (s, 3H); *CNMR ([D4]THF, 75 MHz): 6=167.6, 147.7,
1432, 142.8, 142.5, 142.217, 142.1, 141.5, 137.7, 133.2, 133.1, 132.8, 132.0,
129.5, 128.9, 128.5, 128.4, 128.3, 127.1, 126.4, 124.5, 52.6 ppm; FD-MS
(8kV): m/z (%): caled: 598.1; found: 597.8 (100); HRMS (ESI): calcd for
CyH300,8: 599.2045 [M +H]*; found: 599.2026.

6c¢: Prepared according to TP B from 5b (150 mg, 0.24 mmol, 1.0 equiv),
4-trimethylsilanylphenylboronic acid (70 mg, 0.36 mmol, 1.5 equiv),
K,CO; (674 mg, 4.9 mmol, 20 equiv), aliquat 336 (2.0 mg, 4.9 pmol,
0.020 equiv), [Pd(PPh;),] (14.1 mg, 0.012 umol, 0.050 equiv) at 100°C for
12h to give 6¢ (137mg, 88%) after work-up. 'HNMR ([Dg]THF,
250 MHz): 6=6.91 (d, J=7.8 Hz, 2H), 6.73 (m, 22H), 6.62 (d, J=8.6 Hz,
2H), 6.29 (d, J=8.6 Hz, 2H), 3.44 (s, 3H), 0.00 ppm (s, 9H); “C NMR
([Ds]THF, 75 MHz): 6=159.4, 143.4, 143.0, 142.8, 142.8, 1424, 142.2,
138.1, 135.7, 134.8, 134.3, 133.4, 133.3, 132.8, 128.5, 128.4, 1284, 1282,
126.9, 114.0, 56.0, 0.0 ppm; FD-MS (8 kV): m/z (%): calcd: 636.2; found:
635.6 (100); HRMS (ESI): caled for Cy,H,,OSi: 636.2848 [M]*, found:
636.2837.

6d: Prepared according to TP B from 5b (150 mg, 0.24 mmol, 1.0 equiv),
3-cyanophenylboronic acid (53 mg, 0.36 mmol, 1.5equiv), K,CO;
(674 mg, 4.9 mmol, 20 equiv), aliquat 336 (2.0 mg, 4.9 pmol, 0.020 equiv),
[Pd(PPh;),] (14.1 mg, 0.012 pmol, 0.050 equiv) at 100°C for 12 h to give
6d (122 mg, 85%) after work-up. '"H NMR ([Dg]THF, 250 MHz): 6 =7.22
(s, 1H), 7.17 (d, J=8.0 Hz, 2H), 7.03 (t, J=7.6 Hz, 1H), 6.89 (m, 21 H),
6.78 (d, /=88Hz, 1H), 645 (d, J=85Hz, 2H), 3.59 ppm (s, 3H);
BC NMR ([Dg]THF, 75 MHz): 6=159.2, 144.1, 143.3, 142.8, 142.3, 140.2,
140.0, 137.3, 136.5, 134.1, 134.0, 133.1, 133.0, 133.0, 132.9, 130.6, 128.6,
128.4, 128.3, 127.2, 126.9, 119.8, 113.8, 55.7; FD-MS (8kV): m/z (%):
calcd: 589.2; found: 589.1 (100); HRMS (ESI): caled for C,H;NO:
589.2406 [M]*; found: 589.2396.
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6e: Prepared according to TP B from 5S¢ (180 mg, 0.31 mmol, 1.0 equiv),
3-cyanophenylboronic acid (86 mg, 0.47 mmol, 1.5equiv), K,CO;
(842 mg, 6.1 mmol, 20 equiv), aliquat 336 (2.5 mg, 6.1 pmol, 0.020 equiv),
[Pd(PPhs),] (17.6 mg, 0.015 mmol, 0.050 equiv) at 100°C for 12 h to give
6e (148 mg, 86 %) after work-up. 'H NMR ([Ds]THF, 250 MHz): 6 =7.20
(m, 3H), 7.06 (dd, J=8.0Hz, /J=1.6 Hz, 1H), 6.94 (m, 21H), 6.60 (m,
1H), 6.50 ppm (d, J=4.9 Hz, 1H); *CNMR ([Dy|THF, 75 MHz): 6=
144.0, 143.4, 142.9, 142.3, 141.8, 140.3, 140.2, 137.7, 137.3, 136.4, 133.1,
132.9, 132.7, 131.9, 130.7, 129.3, 128.4, 127.3, 127.1, 126.4, 124.6, 119.7,
112.9 ppm; FD-MS (8kV): m/z (%): caled: 565.1; found: 564.9 (100);
HRMS (ESI): caled for C,H,NS: 566.1942 [M +H]*; found: 566.1934.
7: A solution of 5g (100 mg, 0.073 mmol, 1.0 equiv) in freshly distilled
CH,Cl, (100 mL) was bubbled with argon for 15 min. Then a solution of
FeCl; (242 mg, 1.49 mmol, 20.4 equiv) in CH;NO, (1 mL) was added
slowly to the reaction solution with bubbling of argon. The resulting
black solution was stirred at room temperature for 30 min with bubbling
of argon, and the reaction was quenched with methanol (50 mL). The sol-
vent was removed under reduced pressure, and the residue was purified
by fast chromatography with hot toluene as eluent to give the crude
product as a yellow solid. The crude product was precipitated in metha-
nol to give the desired product 7 (84 mg, 85%). '"H NMR (50% CDCly/
CS,, 300 MHz): 6=7.51 (b, 4H), 7.11 (s, 8H), 2.42 (t, /J=7.4 Hz, 8H),
1.71-1.40 (m, 80H) 0.98 ppm (t, J=6.8 Hz, 12H); "CNMR (CDCl,,
75 MHz): 6=138.8, 130.0, 127.8, 126.8, 122.6, 121.4, 121.1, 120.8, 120.2,
117.2, 116.9, 37.3, 32.8, 32.6, 30.9, 30.8, 30.7, 30.6, 30.3, 23.7, 15.0 ppm;
FD-MS (8 kV): m/z (%): caled: 1354.3; found: 1353.6 (100).
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Abstract: The oxidative intramolecular
diamination of alkenes with tethered
ureas and related groups as the nitro-
gen source has been investigated both
with the iodonium reagent IPy,BF,
(Py=pyridine) and under palladium

proceed through different stereochemi-
cal pathways. An advanced protocol
for palladium-catalyzed diamination
through six-membered-ring annulation
was also developed, and the first exam-
ples of the intramolecular diamination

this case, the same stereochemical out-
come was observed for the iodonium-
promoted and palladium-catalyzed
transformations. On this basis, it was
possible to determine the importance
of aminohalogenated intermediates in

catalysis in the presence of copper(1I)
bromide as a reoxidant. For terminal
alkenes, the two procedures enable se-
lective and high-yielding transforma-
tions. Studies with deuterated material
led to the conclusion that the reactions

iodonium
palladium

Introduction

Nitrogenated compounds are of major pharmaceutical, bio-
logical, and medicinal interest. As a consequence, the devel-
opment of synthetic approaches to the selective incorpora-
tion of nitrogen functional groups into organic frameworks

of internal alkenes are described. In
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both diamination reactions. Overall,
the disclosed procedures broaden sig-
nificantly the synthetic applicability of
the oxidative intramolecular diamina-
tion of alkenes.

- diamines -
oxidation -

is an important endeavor.!! The direct transfer of nitrogen
compounds to alkenes is a versatile strategy for the con-
struction of aminated compounds. As both amines and al-
kenes are nucleophilic in character, this approach usually
relies on suitable electrophilic promoters to exercise reac-
tion control. In principle, such transformations may result in
the 1,2-difunctionalization of alkenes, depending on the sub-
sequent manipulation of the second carbon atom of the
former double bond. Apart from hydroamination reactions,
were this position undergoes protonation, there have been
numerous reports on additional 2-functionalization. One
particularly interesting reaction consists of a direct 1,2-dia-
mination of alkenes. In principle, this procedure establishes
an economical approach to the important class of vicinal di-
amines.”) Such a reaction was pioneered in the 1970s by one
of our research groups in studies on the use of thallium(III)
and mercury(II) compounds as promoters.’l Additional re-
search included the use of stoichiometric amounts of palla-
dium,™ copper,” and preformed imidoosmium reagents.
In contrast to the use of stoichiometric promoters, catalytic
diamination was developed only recently with palladium
and nickel catalysts.™)

We describe herein approaches to the diamination of in-
ternal alkenes with halogenated reagents and discuss the
role of the intermediate 2-halogenated amine derivatives in
the palladium-catalyzed diamination of alkenes.

Chem. Asian J. 2008, 3, 776 -788
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Results and Discussion

Copper(Il) Bromide as a Reoxidant for the Intramolecular
Diamination of Alkenes

Copper(II) salts serve as important intermediary and termi-
nal oxidants in palladium catalysis. The industrial Wacker
process for acetaldehyde production from ethylene is by far
the most prominent example of the use of copper(II) salts in
this way.'"”! On the laboratory scale, reactions such as the
asymmetric Wacker-type oxidation,'™  aminobromina-
tion,">"! and dibromination!¥ have been added to the
broad range of palladium-catalyzed oxidation processes.!'”)
The use of stoichiometric amounts of copper acetate for dia-
mination has been reported;® however, attempts to develop
palladium-catalyzed diamination reactions in the presence

Table 1. Optimization of the reaction conditions with CuBr, as the termi-
nal oxidant.

o Pd catalyst (10 mol%) o

PN copper oxidant CuX, (3 equiv) PR
N NHTos >C)N—/NTOS

A

1a 2a

Entry Pd source Cu Base Solvent T Conv.

source (1 equiv) [°C] [%]

1 Pd(OAc), CuBr, Me/NOAc THF 26 8
2 Pd(OAc), CuBr, K,CO, THF 26 95kl
3 Pd(OAc), CuCl, K,CO; 1,4-diox- 90 95!

ane

4 No Pd CuBr, K,CO; THF 26 0

5 Pd(OAc), CuBr, Me/NOAc CH,Cl, 26 63

6 No Pd CuBr, Me,NOAc CH,Cl, 26 0

7 Pd(OAc), CuBr," K,CO; DMF 40 30
8 Pd(OAc), CuBr, NEt, DMF 26 el

9 Pd(OAc), CuBr, K,CO; DMF 26 77
10 Pd(OAc), CuBr, K,CO; DMF 40 1001
11 [PACL(CH,CN),] CuBr, K,CO; DMF 40 1001
12 [Pd,(dba)] CuBr, K,CO; DMF 40 1001

[a] A significant amount of tosylamide resulting from decomposition was
observed in the crude product by NMR spectroscopy. [b] CuBr;:
0.3 equivalents, oxygen (1 atm). [c] A complex product mixture that in-
cluded the starting material was obtained. No diamination product was
observed. [d] The only product detected was the diamination product,
which was isolated in more than 95% yield. dba=dibenzylideneacetone,
DMF = N,N-dimethylformamide.

12,

o

X
N~ “NHTos N° NHTos

;2

(IPy,BF,)

'®

(not isolated)
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of copper(II) bromide resulted previously only in aminobro-
mination and related reactions.!'**!

After some experimentation, we found that copper(II)
bromide serves as an efficient reoxidant of palladium in the
oxidative diamination of terminal alkenes. Screening experi-
ments identified DMF as the best solvent and potassium car-
bonate as the optimum base (Table 1). In general, the reac-
tion has the characteristics of the previously reported diami-
nation with iodosobenzene diacetate as the reoxidant.” It
requires a catalytic amount of palladium(II) and a stoichio-
metric amount of a base for deprotonation of the tosylated
urea group, and it does not proceed in the absence of the
palladium catalyst or the base. Attempts to carry out the re-
action under aerobic conditions similar to those used for the
Wacker oxidation met with little success. The requirement
for anaerobic conditions suggests that the ratio of copper(1I)
to the palladium catalyst is a key issue, and that copper(II)
bromide must be present in high concentration throughout
the course of the reaction.

IPy,BF-Based Transformation

Iodonium ions are a useful synthetic equivalent for a transi-
tion metal in the functionalization of unsaturated carbon—
carbon bonds.”” Their application in the amination of al-
kenes and related functionalization processes has been in-
vestigated previously.” ! We decided to apply the reagent
IPy,BF, (Py=pyridine) to the intramolecular cyclization of
w-alkenyl ureas, which served as suitable starting materials
in the earlier metal-catalyzed diamination reactions.® At
the outset, it was expected that the functionalization of the
alkene with an iodonium ion”! followed by 5-exo cyclization
would furnish a vicinal iodoamine, which should undergo
subsequent ring closure to give the cyclic urea (Scheme 1).
This reaction was indeed observed as the major pathway
and yielded 2a in initially 30% yield. The replacement of
CH, (I, with toluene as the solvent and an increase in the re-
action time led to an increase in the yield of 2a to 72%.
When the reaction temperature was increased to 120°C, 2a
was obtained in 92 % yield (Table 2).

Further modification of the reaction conditions did not
lead to beneficial results. For example, the presence of vari-
ous bases did not improve the formation of 2a, and the re-
placement of IPy,BF, with the conventional reagent

o} o}

N alkylation

(5-ex0) M HTos >QN——/NTOS
base

2a
base NH
J=NTos
O alkylation o}
(7-exo)
I3

Scheme 1. Reaction pathways for the oxidation of 1a in the presence of IPy,BF,. The base is pyridine. Tos =p-toluenesulfonyl.
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Table 2. Optimization of the reaction conditions for the IPy,BF,-mediat-
ed diamination.

o 0
IPy,BF,
H NHTos — >C)N)_J\/NTOS
>Q/\

1a 2a

Entry IPy,BF, Solvent T t Yield®!
[equiv] [°C] [min] [%]

1 1.1 CH,Cl, 0 60 30
2 1.1 CH,Cl, 0 60 47
3 1.5 CH,Cl, 26 60 50
4 1.5 DMF 26 60 50
5 1.5 THF 26 150 55
6 1.5 BuOH 26 150 60
7 1.5 CH;CN 26 150 60
8 1.5 toluene 26 150 72
9 1.5 toluene 120 150 92
[a] Yield of isolated 2a. [b] The reaction was carried out in the presence

of HBF, (1.1 equiv) as an additive.

iodine® led to a drop in the yield of the diamination prod-
uct.

Despite the efficient formation of 2a in these reactions,
the formation of a significant amount of a side product was
always observed. The side product was identified as the O-
alkylation product 3, which results from competing 7-exo
ring opening of the initial iodonium intermediate
(Scheme 1).*31 Careful NMR spectroscopic studies re-
vealed that at the initial high concentration of the reactants,
ring opening of the iodonium cation by the oxo group
occurs. This pathway is made possible by the mesomeric
nature of the urea functionality, which induces sufficient nu-
cleophilicity at the carbonyl oxygen atom so that the 7-exo
process can compete successfully with the usually preferred
5-exo cyclization required for diamination.

Diamination of Alkenes Employing IPy,BF, and
Palladium(II) Catalysis

Having optimized the two protocols, we surveyed the diami-
nation of alkenes to give pyrrolidine-annulated ureas
(Table 3). As expected, the transformation was found to be
quite general, both under palladium catalysis and with the
iodonium reagent. The reaction proceeded cleanly with 2,2-
disubstituted alkenes to give bicylic products with a quater-
nary stereocenter with complete selectivity and in high
yields. The structure of these products was determined un-
ambiguously by X-ray crystal-structure analysis of com-
pound 2e.

Alkene diamination with IPy,BF, is the first selective gen-
eral method for this type of functionalization. The high se-
lectivity for diamine formation over the potentially compet-
ing alkoxyiodination in the first step is a simple function of
temperature. To the best of our knowledge, this observation
is also unprecedented in this type of oxidation chemistry.
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Table 3. Generality of the diamination protocols.”!
it 1
NHTos
J/\,H\l/l R N NTos
R E—— >C/)—/
R
R R'

1a:R=Me, R'=H, X=0

1b:R,R'=H,X=0 2a-1,5
1¢:R=Ph,R'=H,X=0
1d: R, = -(CH,)s-, R'=H, X =0
1e:R=Me,R'=Me, X=0
1f: R, = -(CH,)s-, R'= Me, X= O
4: R, =-(CHy)s-, R' = H, X = NBu
Product Yield®™ [%] Yield [%]
o
><)NJ_L/NTOS 2a 92 88
o)
OiNTos 2b 85 91
o)
NJLNT
Ph>Q_/ os 2¢ 95 79
Ph
o)
N
OC;—/NTOS 2d 92 90
o)
N
>Q_JNTOS 2e 75 70
o}
N
OQ_/NTOS 2f 83 84
NiBu
N NTos 99 35

b

[a] Reaction conditions: 1) with IPy,BF,: 1 (0.1m in toluene), IPy,BF,
(1.5 equiv), 120°C, 16 h; 2) under Pd catalysis: 1 (0.5m in DMF), Pd-
(OAc), (10mol %), K,CO; (1equiv), CuBr, (3equiv), 40°C, 16 h.
[b] Yield of the isolated product obtained with IPy,BF, after purification.
[c] Yield of isolated product obtained with Pd(OAc), and CuBr, after pu-
rification.

2e (X-ray structure)

The discovery that copper bromide can serve as an effi-
cient reoxidant of palladium is important in the light of ex-
isting catalytic methods, as it overcomes the drawback of
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the use of iodosobenzene diacetate as the terminal reoxi-
dant. Furthermore, the high selectivity of the palladium-cat-
alyzed process for diamination is significant, as related pro-
cedures for alkene amination in the presence of halogenated
copper salts often suffer from incomplete selectivity in ring
formation, and a halogen atom is often incorporated into
the organic skeleton.['* 17

The scope of the reaction could be extended to a related
guanidine substrate, the electronic nature of which mirrors
that of the parent urea. The oxidative cyclization of 4 by
both procedures furnished the desired compound 5 as a
single product (Table 3).*! This outcome is noteworthy with
respect to the final C—N bond formation, as apparently both
reactions favor incorporation of the tosylamide as the more
nucleophilic nitrogen in comparison to the tert-butyl amino
group.*?

The use of copper(Il) bromide as a reoxidant can also
overcome the problem of chemoselectivity in Pd-catalyzed
diamination reactions with sulfamides such as 6 as the nitro-
gen source. PhI(OAc),-induced oxidation under our previ-
ously elaborated conditions for urea cyclization led exclu-
sively to the  aminoacetoxylation product 7a
(Scheme 2)."%331 The replacement of this oxidant with
CuBr, led to complete and selective diamination to yield the
desired cyclic sulfamide 8.5 The presence of a base is nec-
essary; after extensive screening, sodium phosphate was
found to be the most suitable.

a) 0,
.S.
o /N NHCOMe
0,
N~ S NHCO,Me o X
2
H 'j(é(OATO)/Z 7a: X = OAc
Ph N (10 mol%) 7b: X = Br
Ph reoxidant (2.2 equiv)
6 DMF, RT (832
. Ph >C)N—/NHC02M6
Ph
8
Reoxidant/base:
PhI(OAC),/NaOAc ~ 98%, 7a/8 = 100:0
CUBI,/K,CO5 99%, 7b/8 = 0:100
b) 100
) % 10 mol%
N
e - Pd(OAC),
T L P 5 mol%
5 -7 .- == =" | Pd(OAc),
2 - FOR
g 50 A e
g T, eT 1 mol%
° oL —*= | Pd(OAc
3 30 ] e _ - (OAc),
20 o .
/ze - ] no
10 W— v Pd(OAC),
0
0 20 0 60 80 100 120
t/ min

Scheme 2. a) Intramolecular diamination of alkenes with sulfamides as
the nitrogen source. b) Variation of the reaction progress with time with
different amounts of catalyst.
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Careful optimization of the reaction conditions showed
that the use of copper bromide as a reoxidant has a crucial
effect on the overall reaction, whereas diamination was not
observed at all in the presence of copper chloride or copper
acetate. A background reaction for diamination with CuBr,
itself was detected, although it was rather slow and stopped
at about 10 % yield. Plots of relative conversion versus time
in Scheme 2 show a significant rate acceleration for reac-
tions in the presence of a catalytic amount of palladium ace-
tate: The presence of 10 mol % of the palladium catalyst led
to complete product formation in about 2 h, whereas a reac-
tion time of 5h was required with 5mol % of the catalyst.
Generally, the reaction was fastest with 2.2 equivalents of
CuBr,. The reaction could be carried out without a decrease
in the yield under aerobic conditions with 1 equivalent of
CuBr,; however, conversion stopped when the amount of
copper bromide was decreased further. The potential amino-
bromination product 7b was not observed, which suggests
that the reaction proceeds without the involvement of bro-
minated intermediates. Deuterium labeling, as described in
the next section for the related urea substrates (Scheme 3),
led to identical conclusions.

As a major drawback, the overall yields of the reactions
remained below 65 % for a variety of substrates. Control ex-
periments revealed®’ that the cyclized sulfamides are stable
under the given oxidation conditions. Hence, the decomposi-
tion of the starting material by copper(Il) salts remains a
major issue. Similarly, IPy,BF, induces decomposition of the
sulfamide group. The oxidation of 6 with IPy,BF, gave 8 in
low yield (38 %).

Stereochemical Analysis

Selective deuterium incorporation at the terminal position
of the alkene was employed as a mechanistic probe, as de-
scribed for a related palladium-catalyzed reaction in the
presence of iodosobenzene diacetate.®! We found that the
anti-configured product 2b-d, was obtained from the oxida-
tion of (E)-1b-d; with IPy,BF, and from the oxidation of
(Z2)-1b-d; under palladium catalysis. The diastereomeric
product syn-2b-d; resulted from the oxidation under the
same conditions of the isomeric precursors (Z)-1b-d; and
(E)-1b-d,, respectively (Scheme 3).

The palladium(II)/copper(Il) system and the IPy,BF, re-
agent thus promote diamination by complementary stereo-
chemical pathways. On the basis of these results, it is reason-
able to assume that the latter proceeds by clean anti amino-
iodination followed by Sy2 replacement of the iodide group
in the second step in an anti manner. In the case of palladi-
um, the reaction should be initiated by the precoordination
of palladium to the deprotonated amide.”™ Subsequent syn
aminopalladation®! would lead to the aminopalladated in-
termediate,’”! as disclosed previously by some of us.*! In
view of the final configuration, C—N bond formation in the
second step should occur with inversion of configuration
and is best described as an Sy2-type replacement of palladi-
um with the second nitrogen atom.”™ The involvement of
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x i
~Tos
NN IPy,BF, N” N-Tos
7@\/ D B \''D
HoH
(E)-1b-d, ~ / anti-2b-dy (Jyans = 4.7 Hz)
Pd(OAGC),/CuBF,
-

)J\N/Tos \ N)OJ\

H H IPy,BF, >Q__{\I—Tos
— \'H
A H D
D
(Z)-1b-d, syn-2b-dy (Js,, = 8.6 Hz)

Scheme 3. Determination of stereochemical pathways.

halogenated intermediates in the palladium-catalyzed reac-
tion can be ruled out on the basis of the deuterium-labeling
study, as can the involvement of radical intermediates. (In
contrast, radical intermediates are involved in the related
copper-promoted intramolecular alkene diamination.)F"!

Six-Membered-Ring Annulation

The present amination protocol with copper(II) bromide as
the reoxidant overcomes the limitations associated previous-
ly with diamination reactions to give piperidine-annulated
urea derivatives. The earlier protocol for the preparation of
diamines fused to a six-membered ring with the iodosoben-
zene diacetate reoxidant had

the significant drawback of low

K. Muiiiz, J. Barluenga et al.

0
N)J\NHTos Pd(CO/QC)z §10 mol%) i
RQ/\/ B (8 ey R N° 'NTos

R K,COs3 (1 equiv) R

9a: (R = Ph) 10a; 72%®
drR=H) 10b: 68%!
oo (oM 10c: 65%%
o (R = CHa)e) 10d: 62%™!

Scheme 4. Diamination of alkenes in the presence of copper(II) bromide.
Reaction conditions: [a] DMF, room temperature, 12-22 h; [b] 1,4-diox-
ane, 70°C, 12 h.

Internal Alkenes

Another benefit of CuBr, as the reoxidant in palladium-cat-
alyzed alkene amidation is that nonterminal alkenes can be
employed as substrates. The PhI(OAc),-based diamination
of urea substrates with internal alkenes had met with pro-
nounced difficulties.*!

The reaction was studied for substrates with various sub-
stitution patterns (Scheme 5). Generally, the stereospecific-
ity of the reaction could be unambiguously deduced from
the '"H NMR coupling constant between the hydrogen atoms
bound to the carbons on the former double bond in the sub-
strate. This coupling constant ranged from 1.8 to 2.6 Hz,
which indicates a trans positioning of the substituents of the
newly formed cyclic urea. This assignment was confirmed

reaction rates and the require- 0 o NTos
ment of a high catalyst loading I Tos 10 mol% Pd(OAc), g IR
. o N™ N CuBr; (3 equiv) N~ “N—=Tos N o
of palladium acetate (25 mol %) H H R>Q——/ * R>Q“/
for complete conversion within RH R KoCO3, DMF, 40°C, 26 h R “R' R “R
48 h.'"M Nickel catalysis® for
. : P 12 13
th1.s purpose is of S}mllarly l(?w 11a: R = Me, R = Ph 12a: 78% 13a: 9%
efficiency.  Reactions  with 11b'R = Ph. R' = Ph 12b: 68% 13b: 17%
CuBr, as the reoxidant now R = (CHoee, Rl 12¢:70% 13c: 5%
2 o 11e: Ry = -(CHy)s-, R'=Ph 12d: 50% 13d: 259
proceed readily in the presence 11d: R, R' = Me 12e: 579l 13e: 3190
of 10mol% of the palladium 11e: R = Ph, R'= Me®! 121:37%

catalyst (Scheme 4) and have 11f:R=Ph, R'= Et
an increased average turnover
of 6-7. Quantitative conversion
was observed for all reactions
in Scheme 4, and the products
were obtained in the indicated
yields after purification by
column chromatography.® In
contrast to related aminobromi-
nation reactions, the present di-
amination protocol is highly se-
lective for the formation of six-
membered-ring products.

13b (X-ray structure) 5

12a (X-ray structure)

Scheme 5. Diamination of internal alkenes. [a] The yields are based on recovered starting material. [b] The
substrate was used as a 9:1 mixture of £ and Z isomers.
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unambiguously by the X-ray crystal-structure analysis of
compound 12a. Minor amounts of the corresponding O-al-
kylated derivatives 13 were formed as side products. Al-
though the quantity of 13 formed varied from case to case,
we were unable to suppress its formation completely. The
constitution and relative anti configuration of these side
products were determined by X-ray crystal-structure analy-
sis of derivative 13b. Compound 11e was used as a 9:1 mix-
ture of £ and Z isomers. A minor syn isomer of 12e was
identified by NMR spectroscopy of the crude product,
which was composed of anti and syn isomers in a 9:1 ratio.
This result suggests that the process is stereospecific with re-
spect to the geometry of the double bond.

As the majority of catalytic aminopalladation processes
are restricted to reactions of terminal alkenes, our proce-
dure with copper(Il) bromide is of particular value. The re-
action of substrates with internal alkenes leads to clean for-
mation of 1,2-difunctionaliyed compounds as the only isola-
ble products.

Todonium reagents open an additional pathway for prod-
uct diversification. At room temperature, internal alkenes
undergo clean alkoxyiodination, as observed for substrate
11b (Scheme 6). X-ray crystal-structure analysis of the prod-
uct 14 confirmed overall antiperiplanar functionalization.
The related phenyl-substituted alkenes 11a—¢ were convert-
ed in the presence of IPy,BF, at room temperature into mix-
tures of 12 and 13, in which the latter prevailed. In analogy
with the general trend for terminal alkenes (Table 2), the se-
lectivity can be reversed in favor of diamination by carrying
out the reaction in toluene at elevated temperature (120°C;
Table 4).

Particularly intriguing is the fact that the diamination of
internal alkenes leads to the same products with IPy,BF,

o]
N)J\N ~Tos  IPy,BF, (1.5 equiv) k%
N oH CH.Cly, RT, 24 h o>:NT°S
o
|
11d
14 (80%)
o 0
N)J\N/TOS IPy,BF,4 (1.5 equiv) N)J\NiT
H H toluene, 120°C, 16 h R >C)4 0s
R R R ‘
H R
11 12

Scheme 6. Diversity of the Ipy,BF,-mediated 1,2-difunctionalization of internal alkenes.
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Table 4. Diamination of internal alkenes.!
Entry 11 Conv. [%] 12/13 Yield [%]
i 11a 40 2575 n.d.l!
2 11a 100 72:28 12a: 69, 13a: 22
3 11b 100 70:30 12b: 64, 13b: 28
4 11c 100 72:28 12¢: 70,13¢: 20
5 11d 100 42:58 12d: 39, 13d: 55

[a] Reaction conditions: IPy,BF, (1.5equiv), toluene, 120°C, 16 h.
[b] The reaction was carried out at room temperature in CH,Cl, for 24 h.
[c] Not determined.

and under palladium catalysis. On the basis of the deuteri-
um-labeling experiment described earlier and in view of the
stereochemical pathway that leads to the alkoxyiodination
product 14, a sequence of two anti C—N bond-forming steps
appears to be the most likely mechanistic rationale with the
IPy,BF, reagent. The stereochemical pathways for the palla-
dium-catalyzed diamination of terminal and internal alkenes
must differ in one step. A syn aminopalladation has been
proven to occur in the initial step with terminal alkenes and
is also assumed for the case of internal alkenes. The conse-
quent formation of a chelated aminopalladation intermedi-
ate A (Scheme 7) explains the absence of f-hydride-elimina-
tion and epimerization pathways, especially in the case of
substrates such as 8a, in which benzylic positions exist.

The most reasonable mechanistic scenario involves a halo-
genated intermediate and a sequence of syn aminopallada-
tion, anti bromination/depalladation, and anti C—N bond for-
mation. The former two steps are stereochemically identical
to anti aminohalogenation, and hence the overall stereo-
chemical sequence is equivalent to the outcome of the iodo-
nium-mediated reaction (Scheme 7). The intermediate that
results from aminobromination was synthesized independ-
ently by the treatment of 1la
with N-bromosuccinimide.™!

The isolation of the amino-
bromination product 15a ena-
bled detailed study of the
course of the second reaction
step. It was found that the pres-
ence of copper bromide is cru-
cial to ensure that amination is
favored over competing oxy-
genation in the second C—X
bond-forming step. Without the
copper salt, oxygenation occurs
to a greater extent and is com-
parable to that observed in the
IPy,BF,-mediated process. We
presume that in the presence of
copper bromide, complexation

)Ngos of the carbonyl group leads to
N" O the preferential formation of
R
H>Q—/ ' 121421
R As palladium catalysis involv-
13

ing aminobrominated inter-
mediate 15 proceeds readily at
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Scheme 7. Mechanistic pathways to a common intermediate, and the influence of copper bromide on the selectivity of the final C—X bond-forming step.

room temperature, it is safe to postulate that the elevated
temperature required for the iodonium-mediated diamina-
tion of terminal alkenes is only necessary to establish selec-
tivity in the initial iodination step; for internal alkenes, the
selectivity between amination and alkoxylation is also tem-
perature-dependent.

Conclusions

In summary, we have discovered copper(Il) bromide to be a
versatile reoxidant for the palladium-catalyzed diamination
of alkenes. The reactions, which are characterized by their
operational ease, lead to selective ring formation, proceed
well for terminal and internal alkenes, and open new per-
spectives in diamine synthesis from alkenes. The substrate
scope with the palladium(II)/copper(I) bromide combina-
tion is significantly broader than for related procedures de-
scribed previously: Urea, guanidine, and sulfamide deriva-
tives can be used.
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Several important points have emerged from the present
study: First, palladium(II) salts alone do not induce product
formation; hence, a palladium(II)/palladium(0) cycle cannot
be solely responsible for diamination. Second, copper bro-
mide must be involved in the final C—N bond-forming step.
Copper bromide is responsible for both the activation of the
urea carbonyl group and concentration-dependent catalyst
turnover. Finally, the second C—N bond-forming step differs
in its stereochemical course for internal and terminal al-
kenes. As substantiated by deuterium labeling, X-ray analy-
sis, and extensive comparison of the products with those
from reactions with IPy,BF,, the course of which has been
established for many examples, this difference is the conse-
quence of a significant difference in the mechanism for the
formation of the second C—N bond (Scheme 8).

In conclusion, we have described new procedures based
on the use of an iodonium promoter (IPy,BF,) or palladium
catalysis for the intramolecular diamination of alkenes.
These two attractive and complementary protocols for
rapid, productive, and economical intramolecular diamina-
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Scheme 8. Mechanistic processes for the diamination of terminal and internal alkenes.

tion lead to cyclic urea, sulfamide, and guanidine derivatives
under convenient conditions.

Experimental Section

General

All organic reagents, unless noted otherwise, were purchased from Acros.
Pd(OAc), was purchased from Acros. Dichloromethane was dried over
CaCl, and distilled from CaH,. Toluene, THF, and Et,0 were distilled
from Na/benzophenone. Absolute DMF was purchased from Fischer
Chemicals and stored over molecular sieves (4 A). Column chromatogra-
phy was performed with silica gel (Merck, type 60, 0.063-0.2 mm). Reac-
tions were monitored by thin-layer chromatography (TLC) carried out
on 0.25-mm E. Merck silica-gel plates (60F-254) with UV light as the vis-
ualizing agent and 10 % ethanolic phosphomolybdic acid or ninhydrin so-
lution and heat as developing agents. NMR spectra were recorded on
Bruker Avance 400-MHz, Bruker DPX 300-MHz, and Bruker DRX 500-
MHz spectrometers. Chemical shifts in NMR spectra are reported in
ppm downfield from tetramethylsilane. The following calibrations were
used: O0y(CHCl;)=7.26 ppm, d-(CHCl;)=77.00 ppm. MS (LC-ESI) ex-
periments were performed with an Agilent 1100 HPLC instrument and a
Bruker micro-TOF instrument (ESI). Unless otherwise stated, a Supel-
co C8 column (5 cm x4.6 mm, 5-um particles) was used with a linear elu-
tion gradient from 100 % H,O (0.5% HCO,H) to 100% MeCN in 13 min
at a flow rate of 0.5 mLmin . MS (EI) and HRMS experiments were
performed on a Kratos MS 50 instrument at the service centers at the
Kekulé Department, Bonn University.

All urea starting materials were synthesized from the corresponding
amines®! by treatment with 4-toluenesulfonyl isocyanate in absolute di-
chloromethane: Absolute dichloromethane (10 mL) and the amine
(5 mmol, 1.0 equiv) were placed in a flame-dried Schlenk flask. The reac-
tion mixture was cooled to 0°C, and 4-toluenesulfonyl isocyanate
(5.5 mmol, 1.1 equiv) was added dropwise. The reaction mixture was al-
lowed to warm to room temperature and stirred for 1 h. Evaporation of
the solvent provided the crude product. Unless stated specifically, the
urea derivatives were purified by crystallization from CHCIl; to remove
the 4-toluenesulfonyl amide.

Procedure A: Pd-Catalyzed Diamination

The urea starting material (0.25 mmol), Pd(OAc), (5.6 mg, 10 mol %),
K,CO; (35 mg, 1equiv), and CuBr, (168 mg, 3 equiv) were placed in a
flame-dried Schlenk tube. Dry DMF (2.5 mL, 0.1m) was added under
inert atmosphere, and the mixture was stirred for 16 h at 40°C then al-
lowed to cool to room temperature. A saturated, aqueous solution of
Na,S,0; (2 mL) was then added to quench the reaction, and the mixture
was stirred for a further 30 min. Brine (10 mL) was added, and the mix-
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ture was extracted with CH,Cl, (3x20 mL). The organic phase was dried
over MgSO,, concentrated, and purified by flash chromatography.

Procedure B: IPy,BF,Mediated Diamination

The urea starting material (0.25 mmol) and IPy,BF, (1.5equiv) were
placed in a flame-dried Schlenk tube, dry toluene (2.5 mL, 0.1m) was
added under inert atmosphere, and the resulting mixture was heated rap-
idly to 120°C. The reaction mixture was stirred for 16 h at 120°C then al-
lowed to cool to room temperature. A saturated, aqueous solution of
Na,S,0; (2mL) was then added to quench the reaction. Water was
added (10 mL), and the mixture was extracted with CH,Cl, (3x20 mL).
The organic phase was dried over MgSO,, concentrated, and purified by
flash chromatography.

Starting Materials

1b: N-((2,2-Dimethylpent-4-en-1-yl)aminocarbonyl)-4-methylbenzenesul-
fonamide (1b) was synthesized according to the procedure described pre-
viously® and isolated in 99% vyield after flash chromatography (CH,Cl,/
EtOAc=5:1 v/v). IR (KBr): 7=3432, 3057, 3024, 2925, 2859, 1725, 1596,
1485, 1447, 1392, 1348, 1296, 1255, 1187, 1160, 1095, 912, 812, 760, 741,
703, 685, 665, 586, 549 cm™'; '"H NMR (400 MHz, CDCL,): 6 =1.57 (pseu-
do quint, J=7.2 Hz, 2H), 2.01 (pseudo q, /=7.2 Hz, 2H), 2.43 (s, 3H),
3.22 (pseudo q, J=7.0Hz, 2H), 4.95-5.01 (m, 1H), 5.05 (dq, /=725,
172 Hz, 1H), 5.75 (ddt, /=6.8, 10.4, 17.2 Hz, 1H), 6.57 (t, /=52 Hz,
1H, NH), 7.30 (d, J=8.0 Hz, 2H), 7.77 (d, J=8.0 Hz, 2H), 8.83 ppm (br,
1H, NH); ®C NMR (100 MHz, CDCl;): 6=21.6, 28.6, 30.8, 39.7, 115.4,
126.9, 129.7, 129.9, 137.3, 144.7, 151.8 ppm; MS (LC-ESI): m/z (%): 283.3
[M]* (100), 213.2 (7), 172.2 (32), 155.1 (63), 132.2 (23), 109.2(14), 91.3
(99), 86.4 (83), 69.5 (13); HRMS: m/z calcd for C;;H;sN,O5S: 282.1038;
found: 282.1041.

1£f: N-(((1-(2-Methylprop-2-en-1-yl)cyclohexyl)methyl)aminocarbonyl)-4-
methyl-benzenesulfonamide (1f) was synthesized according to the proce-
dure described previously!™ and isolated in 82% yield after flash chro-
matography (hexanes/EtOAc=2:1 v/v). IR (KBr): #=3339, 3119, 2930,
1664, 1555, 1452, 1346, 1242, 1156, 1122, 1089, 1022, 892, 813, 671, 574,
549, 502 cm™'; "H NMR (400 MHz, CDCL,): 6 =1.1-1.5 (m, 10H), 1.68 (s,
3H), 1.90 (s, 2H), 2.35 (s, 3H), 3.10 (d, J=6.0 Hz, 2H), 4.62 (s, 1H), 4.82
(s, 1H), 6.56 (t, J=6.0 Hz, 1H, NH), 7.20 (d, /=8.4 Hz, 2H), 7.70 (d, /=
8.4 Hz, 2H), 9.47 ppm (br, 1H, NH); "CNMR (100 MHz, CDCL): 6=
21.5,21.6,25.3, 26.0, 32.4, 33.9, 37.4, 46.1, 115.2, 126.9, 129.9, 136.9, 142.5,
144.6, 152.0 ppm; MS (LC-ESI): m/z (%): 365.4 [M+H]* (100), 309.1
(10), 214.2 (30), 199.19 (15), 168.4 (10), 79.4 (55); HRMS: m/z calcd for
CyH;sN,NaO,S: 387.1713; found: 387.1713.

4: Following a modification of a literature procedure,* a 100-mL flask
under nitrogen atmosphere was connected to an addition funnel and a ni-
trogen-pressure equilibrator. The flask was charged with triphosgene
(0.570 g, 1.92 mmol) and toluene (10 mL) and cooled to approximately
10°C with an ice bath. A solution of the urea 1d (1.952 g, 5.58 mmol) in
absolute toluene (12 mL) was added slowly from the addition funnel
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over a period of approximately 25 min. The resulting mixture was
warmed to room temperature, and neat tert-butylamine (17 mmol,
1.90 mL) was then added dropwise over a period of 15 min, during which
the temperature rose gradually. After the complete addition of tert-butyl-
amine, the dropping funnel was exchanged for a reflux condenser, and
the reaction mixture was heated at reflux for 5h then cooled to room
temperature. Diethyl ether (20 mL) was then added to induce the precip-
itation of a white solid, which was collected by filtration and washed sev-
eral times with diethyl ether. The combined filtrates were evaporated
under reduced pressure, and the residue was purified by column chroma-
tography (silica gel, n-hexane/Et,0/CH,Cl,=3:4:1 v/v/v); R;=0.39) to
give N-((((1-allylcyclohexyl)methyl)amino)tert-butylimino)methyl-4-
methylbenzenesulfonamide (4; 0.725 g, 33 %) as a white solid. IR (KBr):
7=3671, 3340, 3261, 3190, 3116, 2926, 2854, 1662, 1593, 1553, 1456, 1348,
1164, 1090, 890, 815, 667, 588, 575, 548 cm™; 'HNMR (400 MHz,
CDCLy): 6=1.07-1.34 (m, 10H), 1.21 (s, 9H), 1.90 (d, /J=7.6 Hz, 2H),
2.35 (s, 3H), 3.03 (d, J=6.0 Hz, 2H), 4.98 (d, /=10.4 Hz, 1H), 5.00 (d,
J=172Hz, 1H), 5.68 (ddt, J=7.6, 10.4, 17.2 Hz, 1H), 6.51 (t, /J=6.0 Hz,
1H, NH), 721 (d, J=84Hz, 2H), 7.71ppm (d, /J=84Hz, 2H);
BCNMR (100 MHz, CDCly): §=21.3, 21.6, 26.0, 28.7, 33.2, 36.8, 40.4,
46.3, 51.5, 117.8, 126.9, 129.8, 134.0, 136.9, 144.5, 152.4 ppm; HRMS: m/z
caled for C,,H3sN;0,S: 405.2450; found: 405.2437.

6: A Burgess-type DMAP (4-dimethylaminopyridine) reagent!!
(10 mmol, 1 equiv; derived from MeOH instead of rBuOH) was added in
one portion to a solution of 2,2-diphenyl-4-pentenamine (10 mmol) in
CH,Cl, (100 mL). The resulting mixture was stirred for 2 days at room
temperature, and then the reaction was quenched by the addition of satu-
rated, aqueous NH,Cl. The mixture was extracted with CH,Cl, (3%
50 mL), and the organic phase was dried with MgSO, and concentrated.
Flash chromatography (CH,CL/EtOAc=5:1 v/v) of the residue gave
methyl (((2,2-diphenylpent-4-en-1-yl)amino)sulfonyl)carbamate (6; 80 %)
as a white solid. IR (KBr): 7=3677, 3294, 3232, 2979, 2959, 1718, 1447,
1436, 1367, 1346, 1251, 1168, 1070, 975, 919, 858, 783, 754, 727, 699, 630,
611, 592 cm™'; '"H NMR (CDCl,, 400 MHz): 6=2.89 (d, /=7.2 Hz, 2H),
3.58 (s, 3H), 3.64 (d, J=6.4 Hz, 2H), 4.55 (t, /J=6.4 Hz, 1H, NH), 4.94
(dd, J=1.8, 9.9 Hz, 1H), 5.03 (dd, J=1.8, 17.0 Hz, 1 H), 5.26 (ddt, /J=7.2,
9.9, 17.0 Hz, 1H), 7.07 (d, J=7.6 Hz, 4H), 7.14-7.20 (m, 2H), 7.21-7.27
(m, 4H), 7.60 ppm (br, 1H, NH); *C NMR (CDCl;, 100 MHz): 6 =41.1,
49.2, 50.1, 53.6, 119.3, 126.8, 127.7, 128.5, 133.1, 144.4, 151.4 ppm; MS
(EL): m/z (%): 3742 [M]* (1), 331.1 (8), 301.1 (12), 258.1 (4), 242.1 (4),
220.2 (46), 207.2 (100), 195.2 (65), 178.1 (10), 165.1 (20), 152.1 (5), 129.1
(90), 115.1 (5), 91.1 (42), 77.1 (3), 59.1 (2); HRMS: m/z calcd for
CoH5,N,0,S: 374.1300; found: 374.1283.

9a: N-((2,2-Diphenylhex-5-en-1-yl)aminocarbonyl)-4-methylbenzenesul-
fonamide (9a) was synthesized according to a procedure described pre-
viously™ and isolated in 80% yield after crystallization from CHCl,. IR
(KBr): #=3350, 3135, 3068, 3022, 2945, 2848, 1690, 1552, 1450, 1352,
1158, 1091, 912, 825, 785, 707, 661, 584, 543 cm™'; "H NMR (300 MHz,
CDCly): 6=1.68-1.74 (m, 2H), 2.05-2.11 (m, 2H), 2.40 (s, 3H), 3.92 (d,
J=5.5Hz, 2H), 4.84-4.90 (m, 2H), 5.64 (ddt, J=6.4, 9.6, 17.7 Hz, 1H),
6.19 (t, J=5.5Hz, 1H, NH), 7.12-7.42 (m, 14H), 8.51 ppm (s, 1H, NH);
BCNMR (75 MHz, CDCLy): §=21.6, 28.9, 36.3, 47.3, 49.7, 114.5, 126.6,
126.8, 127.8, 128.4, 129.8, 136.5, 138.2, 144.5, 145.0, 151.9 ppm; MS (EI):
mlz (%): 448.2 [M]*, 407.1 (5), 394.1 (20), 274.1 (4), 251.2 (20), 234.2
(20), 221.2 (55), 205.1 (2), 197.0 (55), 193.1 (10), 180.1 (30), 167.1 (70),
155.0 (75), 152.1 (20), 143.1 (15), 128.1 (5), 117.1 (30), 103.1 (15), 91.1
(100), 77.1 (5), 65.1 (15), 63.1 (5), 51.1 (5); HRMS: m/z calcd for
CysHsN,05S: 448.1821; found: 448.1838.

9b: N-((Hex-5-en-1-yl)aminocarbonyl)-4-methylbenzenesulfonamide
(9b) was synthesized according to the procedure described previously!™!
and isolated in 86 % yield after crystallization from CHCl;. IR (KBr): 7=
3345, 3196, 3094, 2919, 1665, 1552, 1486, 1347, 1250, 1168, 1117, 1107,
1009, 922, 814, 712, 661, 579, 543 cm™'; '"H NMR (300 MHz, CDCL,): 6=
1.31-1.37(m, 2H), 1.45-1.51 (m, 2H), 2.02 (dtt, J=7.3, 7.0, 1.3 Hz, 2H),
2.43 (s, 3H), 3.21 (td, J=7.0, 5.8 Hz, 2H), 4.94-5.00 (m, 2H), 5.74 (ddt,
J=17.0, 10.2, 6.6 Hz, 1H), 6.54 (t, J=58Hz, 1H, NH), 7.29 (d, J=
8.5Hz, 2H), 7.77 (d, J=8.5Hz, 2H), 8.97 ppm (s, 1 H, NH); *C NMR
(75 MHz, CDCl,): 6 =21.6, 25.8, 28.9, 33.2, 40.1, 114.8, 126.9, 129.8, 136.8,
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138.2, 144.6, 152.0 ppm; MS (EI): m/z (%): 296.1 [M]*, 255.1 (1), 253.1
(4), 227.0 (4), 2151 (8), 197.0 (36), 171.1 (18), 155.0 (86), 141.1 (10),
125.1 (6), 108.1 (22), 91.1 (100), 82.1 (10), 65.1 (14), 56.1 (10); HRMS:
m/z caled for C,H,iN,05S: 296.1195; found: 296.1212.

9¢: N-((2,2-Dimethylhex-5-en-1-yl)aminocarbonyl)-4-methylbenzenesul-
fonamide (9¢) was synthesized according to the procedure described pre-
viously” and isolated in 90% yield after crystallization from CHCl;. IR
(KBr): 7=3391, 3129, 3012, 2955, 2925, 2832, 1701, 1568, 1440, 1342,
1163, 1091, 999, 917, 825, 666, 595, 554cm™; '"HNMR (300 MHz,
CDCly): 6=0.76 (s, 6H), 1.10-1.17 (m, 2H), 1.86-1.92 (m, 2H), 2.36 (s,
3H), 2.99 (d, J=6.0 Hz, 2H), 4.86-4.92 (m, 2H), 5.67 (ddt, J=6.4, 10.2,
17.1 Hz, 1H), 6.55 (t, J=6.0 Hz, 1H, NH), 7.23 (d, /=8.5 Hz, 2H), 7.70
(d, J=8.5Hz, 2H), 8.62 ppm (s, 1H, NH); "C NMR (75 MHz, CDCl,):
0=21.6,24.7, 282, 34.1, 38.7, 50.0, 114.3, 126.9, 129.9, 136.8, 138.9, 144.7,
151.9 ppm; MS (EX): m/z (%): 3242 [M]*, 228.1 (8), 197.0 (52), 169.1
(10), 155.0 (86), 110.1 (12), 91.1 (100), 73.1 (28), 55.1 (18); HRMS: m/z
calcd for C,sH,,N,05S: 324.1508; found: 324.1501.

9d:  N-(((1-(But-3-en-1-yl)cyclohexyl)methyl)aminocarbonyl)-4-methyl-
benzenesulfonamide (9d) was synthesized according to the procedure de-
scribed previously!”™ and isolated in 82% yield after crystallization from
CHCL. IR (KBr): #=3334, 3259, 3116, 2924, 2860, 1662, 1558, 1456,
1340, 1254, 1168, 1092, 891, 814, 665, 548 cm™'; 'H NMR (300 MHz,
CDCl;): 6=1.15-1.42 (m, 12H), 1.88-1.94 (m, 2H), 2.43 (s, 3H), 3.13 (d,
J=5.8 Hz, 2H), 4.91-4.97 (m, 2H), 5.73 (ddt, J=6.4, 10.2, 17.0 Hz, 2H),
6.55 (t, J=5.8 Hz, NH), 7.30 (d, /=85 Hz, 2H), 7.77 (d, J=8.5 Hz, 2H),
8.73 ppm (s, 1H, NH); "C NMR (75 MHz, CDCl,): §=21.3, 21.6, 26.1,
27.3, 334, 347, 36.1, 463, 114.3, 126.9, 129.9, 136.8, 138.9, 144.7,
151.9 ppm; MS (EX): m/z (%): 364.1 [M]*, 350.1 (4), 309.1 (18), 292.1 (2),
269.1 (4), 254.1 (3), 228.0 (14), 215.0 (12), 197.0 (18), 195.2 (8), 171.0
(56), 155.0 (80), 136.1 (8), 112.1 (6), 108.1 (30), 91.1 (100), 65.1 ppm (16);
HRMS: m/z caled for CgH,N,O5S: 364.1821; found: 364.1825.

11a:  N-(((4E)-2,2-Dimethyl-5-phenylpent-4-en-1-yl)aminocarbonyl)-4-
methylbenzenesulfonamide (11a) was synthesized according to the proce-
dure described previously™ and isolated in 70% yield after crystalliza-
tion from CHCly/hexane (2:1, v/v). IR (KBr): 7=3681, 3381, 3333, 3123,
3029, 2960, 2933, 1675, 1597, 1547, 1493, 1547, 1448, 1342, 1161, 1119,
1090, 1020, 983, 970, 918, 876, 814, 756, 694, 666, 548 cm™'; 'H NMR
(400 MHz, CD,Cl,): 6=0.87 (s, 6H), 2.04 (dd, /=0.9, 7.6 Hz, 2H), 2.40
(s, 3H), 3.09 (d, J=6.1 Hz, 2H), 6.20 (dt, J=7.6, 15.8 Hz, 1H), 6.38 (d,
J=15.8Hz, 1H), 6.57 (t, J=59Hz, 1H), 7.20 (tt, J=1.2, 6.4 Hz, 1H),
7.27-7.38 (m, 6H), 7.77 ppm (d, J=8.5Hz, 2H); *CNMR (100 MHz,
CD,ClLy): 6=21.2, 24.5, 35.1, 43.0, 49.6, 125.9, 126.1, 126.7, 127.0, 128.4,
129.8, 132.7, 136.7, 137.4, 144.9, 152.1 ppm; MS (EI): m/z (%): 386.2
[M]*, 2951 (4); 269.1 (10), 252.2 (2), 215.2 (6), 196.1 (40), 172.2 (52),
155.0 (72), 117.1 (42), 91.1 (100), 72.1 (20), 65.1 (14); HRMS: m/z calcd
for C;;H,6N,O,S: 386.1664; found: 386.1661.

11b:  N-(((4E)-2,2-Diphenyl-5-phenylpent-4-en-1-yl)aminocarbonyl)-4-
methylbenzenesulfonamide (11b) was synthesized according to the pro-
cedure described previously™ and isolated in 78 % yield after crystalliza-
tion from CHCly/hexane (2:1, v/v). IR (KBr): #=3635, 3369, 3057, 3027,
2926, 1686, 1597, 1541, 1495, 1445, 1343, 1157, 1089, 968, 883, 813, 748,
700, 667, 585, 546 cm™; "H NMR (400 MHz, CDCL): 6=2.41 (s, 3H),
3.02 (d, J=7.0 Hz, 2H), 4.01 (d, J 5.2 Hz, 2H), 5.81 (dt, J=7.2, 15.8 Hz,
1H), 6.28 (d, /=158 Hz, 1H), 6.41 (t, J=5.0Hz, 1H), 7.15-7.41 (m,
18H), 7.51 ppm (d, J=8.2Hz, 2H); "*CNMR (100 MHz, CDCL): 6=
21.5, 40.9, 47.0, 50.1, 125.0, 126.0, 126.6, 126.7, 17.0, 127.8, 128.3, 128.3,
129.6, 133.6, 136.6, 137.2, 144.3, 144.7, 152.0 ppm; MS (ESI): m/z (%):
1027.4 [2M+Li]* (5), 659.5 (20), 517.2 [M+Li*] (100); HRMS: m/z
caled for C;H;LiN,O;S: 517.2132; found: 517.2130.

11c:  N-(((1-((2E)-3-Phenylprop-2-en-1-yl)cyclohexyl)methyl)aminocar-
bonyl)-4-methylbenzenesulfonamide (11¢) was synthesized according to
the procedure described previously™ and isolated in 83% yield after
crystallization from CHCly/hexane (2:1, v/v). IR (KBr): 7=3674, 3332,
3062, 2926, 1659, 1553, 1454, 1346, 1239, 1164, 1090, 972, 884, 813, 754,
691, 665, 575, 548 cm™'; 'TH NMR (400 MHz, CDCLy): 6 =0.80-0.91 (m,
10H), 2.11 (d, /J=7.6 Hz, 2H), 2.36 (s, 3H), 3.15 (d, /=6.1 Hz, 2H), 6.15
(dt, J=7.6, 158 Hz, 1H), 6.43 (d, /=158 Hz, 1H), 6.63 (t, /J=6.1 Hz,
1H), 7.17-7.36 (m, 8H), 7.76 ppm (d, J=82Hz, 2H); “CNMR

Chem. Asian J. 2008, 3, 776 -788





Intramolecular Diamination of Alkenes

(100 MHz, CDCl,): 6=14.1, 21.3, 21.5, 26.0, 33.4, 37.5, 60.4, 125.6, 126.1,
126.8, 127.1, 128.5, 129.8, 132.8, 136.8, 137.3, 144.6, 152.1 ppm; MS (ESI):
mlz (%): 549.3 (30), 511.2 (15), 464.3 (20), 433.2 [M+Li]* (100), 384.4
(30), 348.2 (15); HRMS: m/z calcd for C,,H;,LiN,O;S: 433.2132; found:
433.2169.

11d: N-(((4E)-2,2-Dimethylhex-4-en-1-yl)aminocarbonyl)-4-methylbenze-
nesulfonamide (11d) was synthesized according to the procedure de-
scribed previously™ and purified by flash chromatography (EtOAc/
hexane =2:1 v/v). The use of 90% crotyl chloride led to a 9:1 E/Z prod-
uct mixture (80% combined yield), which was used in the diamination.
IR (KBr): 7=3685, 3355, 3089, 2957, 2891, 1697, 1675, 1546, 1466, 1340,
1242, 1161, 1093, 915, 888, 666, 588, 553 cm™'; 'HNMR (400 MHz,
CDCL): 0=0.79 (s, 6H), 1.67 (d, J=5.6Hz, 3H), 1.81 (d, /J=6.4 Hz,
2H), 2.43 (s, 3H), 3.02 (d, /J=6.1 Hz, 2H), 5.32-5.48 (m, 2H), 6.63 (t, /=
5.8 Hz, 1H), 7.30 (d, /=8.2 Hz, 2H), 7.78 (d, /=8.5 Hz, 2H), 9.07 ppm
(s, 1H); "C NMR (100 MHz, CDCl;): 6=18.0, 21.6, 24.7, 34.7, 42.9, 49.6,
126.6, 126.9, 128.3, 129.9, 136.8, 144.6, 152.2 ppm; MS (EI): m/z (%):
324.1 [M]*, 269.1 (22), 227.1 (8), 215.1 (12), 197.0 (32), 169.1 (8), 155.0
(86), 139.0 (4), 110.1 (44), 91.1 (100), 72.1 (28), 55.1 (22); HRMS: m/z
calcd for C;sH,,N,05S: 324.1508; found: 324.1523.

11e: N-(((4E)-2,2-Phenylhex-4-en-1-yl)aminocarbonyl)-4-methylbenzene-
sulfonamide (11e) was synthesized according to the procedure described
previously™ and crystallized from CHCly/hexane (2:1, v/v). The use of
90% crotyl chloride led to a 9:1 E/Z product mixture (90% combined
yield), which was used in the diamination. IR (KBr): 7#=3965, 3362,
3135, 3029, 2925, 2853, 1686, 1597, 1549, 1496, 1447, 1351, 1152, 1089,
1035, 968, 898, 814, 759, 702, 671, 585, 546, 512, 500 cm™'; 'H NMR
(400 MHz, CDCly): 6=1.52 (dd, J=1.5, 6.4 Hz, 3H), 2.41 (s, 3H), 2.76
(d, J=7.0Hz, 2H), 3.89 (d, J=50Hz, 2H), 497 (dtq, J=1.5, 7.0,
15.4 Hz, 1H), 5.32 (dq, /=64, 152 Hz, 1H), 6.30 (t, J=4.7Hz, 1H),
7.12-7.41 (m, 14H), 8.78 ppm (s, 1H); *C NMR (100 MHz, CDCL,): 6 =
18.0, 21.6, 40.7, 46.9, 49.7, 125.4, 126.5, 126.8, 127.9, 128.3, 129.4, 129.7,
136.6, 144.4, 145.1, 151.7 ppm; MS (ESI): m/z (%): 903.4 (30) [2M +Li]*,
4552 (100) [M+Li]*; HRMS: m/z caled for CyHyLiN,05S: 455.1976;
found: 455.1968.

11f: N-(((4E)-2,2-Diphenylhept-4-en-1-yl)aminocarbonyl)-4-methylben-
zenesulfonamide (11f) was synthesized according to the procedure de-
scribed previously.®! (Instead of 1-bromopent-2-ene, the corresponding
mesylated alcohol was used as the electrophile.) The product was isolated
in 67% yield after flash chromatography (CH,Cly/hexane/EtOAc=
3:3:0.6 v/v/v). IR (KBr): 7=3687, 3443, 3368, 3133, 3030, 2958, 2923,
2894, 2842, 2785, 1681, 1596, 1547, 1495, 1445, 1351, 1152, 1089, 1038,
889, 815, 758, 702, 670, 587 cm™'; "H NMR (400 MHz, CDCL;): 6=0.82 (t,
J=7.6 Hz, 3H), 1.86 (pseudo quint, /=7.3 Hz, 2H), 2.41 (s, 3H), 2.75 (d,
J=7.0Hz, 2H), 3.89 (d, /=53 Hz, 2H), 4.95 (dt, /=73, 152 Hz, 1H),
5.30 (dt, J=6.4, 152 Hz, 1H), 628 (t, J=52Hz, 1H), 7.13-7.41 (m,
14H), 8.04 ppm (s, 1 H); *C NMR (100 MHz, CDCL,): 6=13.7, 21.5, 25.6,
40.5, 46.9, 49.7, 123.2, 126.4, 126.7, 127.9, 128.2, 129.7, 136.6, 136.9, 144.3,
145.0, 151.9 ppm; MS (ESI): m/z (%): 475.2 [M+Na]* (25), 469.2 [M +
Lij* (100); HRMS: m/z caled for C,H;LiN,O5S: 469.2132; found:
469.2133.

Products of Diamination Reactions

10a: Hexahydro-6,6-diphenyl-2-tosylimidazo[1,5-a]pyridin-3-(5H)-one
(10a) was synthesized according to procedure A and isolated in 72 %
yield after flash chromatography (EtOAc/hexanes=1:1 v/v). IR (KBr):
7=3659, 3054, 3022, 2950, 2924, 2863, 1733, 1599, 1432, 1357, 1282, 1184,
1108, 1091, 904, 825, 754, 735, 705, 663, 597, 573, 548 cm™'; 'H NMR
(400 MHz, CDCl;): 6=1.04 (dpseudoq, /=29, 132Hz, 1H), 1.84
(d pseudo q, J=3.5, 13.2 Hz, 1H), 2.29 (d pseudo t, /=3.2, 13.4 Hz, 1 H),
2.49 (s, 3H), 2.62 (d pseudo q, J=2.9, 13.5 Hz, 1H), 2.81 (d, /=14.0 Hz,
1H), 3.11 (pseudo t, J=9.1 Hz, 1H), 3.62 (dddd, /=3.8, 7.9, 8.8, 11.9 Hz,
1H), 4.07 (dd, J=8.9, 9.1 Hz, 1H), 4.62 (dd, J=2.6, 14.0 Hz, 1H), 7.05-
7.18 (m, 8H), 7.24 (pseudot, J=7.6 Hz, 2H), 7.34 (d, /=79 Hz, 2H),
791 ppm (d, /=82 Hz, 2H); *C NMR (100 MHz, CDCl;): 6 =21.6, 27.1,
33.8, 48.7, 49.0, 51.1, 125.9, 126.4, 126.6, 127.3, 128.0, 128.4, 128.5, 129.5,
134.8, 143.2, 144.6, 146.3, 152.3 ppm; MS (LC-ESI): m/z (%): 447.4 [M+
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H]* (100), 2142 (10), 151.2 (10), 79.3 (60); HRMS: m/z calcd for
CysHN,O,S: 446.1664; found: 446.1661.

12a:  1-Phenyl-6,6-dimethyl-2-(4-methylbenzenesulfonyl)hexahydro-3 H-
pyrrolo[1,2-c|imidazol-3-one (12a) was synthesized according to proce-
dures A and B and isolated as a white solid in 78 % yield after flash chro-
matography (EtOAc/hexanes=1:1 v/v; R;=0.8). IR (KBr): #=3673,
3440, 3032, 2958, 2928, 2873, 2853, 1727, 1596, 1455, 1382, 1361, 1268,
1186, 1172, 1142, 1087, 911, 812, 767, 749, 732, 706, 665, 602, 563, 602,
563, 543 cm™'; 'TH NMR (400 MHz, CDCl,): 6=1.06 (s, 3H), 1.08 (s, 3H),
1.46 (dd, J=10.2, 12.2 Hz, 1H), 1.88 (dd, /=6.0, 122 Hz, 1H), 2.36 (s,
3H), 2.81 (d, J=12.6 Hz, 1H), 3.50 (d, /J=12.6 Hz, 1H), 3.71 (ddd, /=
2.1, 6.0, 10.2 Hz, 1H), 5.05 (d, /=2.1 Hz, 1H), 7.12 (d, J=8.5 Hz, 2H),
7.25-7.35 (m, 5H), 7.46 ppm (d, J=8.4 Hz, 2H); 'HNMR (400 MHz,
CD,Cl,): 6=1.00 (s, 3H), 1.05 (s, 3H), 1.33 (dd, /=10.0, 12.3 Hz, 1H),
1.87 (dd, J=6.1, 123 Hz, 1H), 2.40 (s, 3H), 2.80 (d, J=11.5Hz, 1H),
3.41 (d, J=11.5Hz, 1H), 3.70 (ddd, /=2.4, 6.1, 10.0 Hz, 1H), 5.00 (d, /=
2.4Hz, 1H), 7.21 (d, J 8.6 Hz, 2H), 7.30-7.37 (m, 5H), 7.53 ppm (d, /=
8.6 Hz, 2H); "C NMR (100 MHz, CD,Cl,): 6 =20.9, 27.2, 28.0, 39.1, 45.5,
58.6, 63.1, 64.8, 126.4, 127.5, 127.9, 128.3, 128.7, 135.4, 140.2, 1443,
156.8 ppm; MS (ESI): m/z (%): 407.1 [M+Na]* (100), 3852 (40);
HRMS: m/z caled for C, H,,N,NaO;S: 407.1400; found: 407.1386.

12b: 1,6,6-Triphenyl-2-(4-methylbenzenesulfonyl)hexahydro-3 H-pyrrolo-
[1,2-c]imidazol-3-one (12b) was synthesized according to procedures A
and B and isolated as a white solid in 68 % yield after flash chromatogra-
phy (EtOAc/hexanes=1:1 v/v; R;=0.8). IR (KBr): #=3672, 3026, 2973,
2939, 2912, 1715, 1596, 1486, 1448, 1366, 1276, 1260, 1174, 1092, 944, 815,
802, 756, 733, 698, 665, 584, 548 ppm; 'H NMR (400 MHz, CDCL,): 6=
2.31 (pseudo t, J=11.7 Hz, 1H), 2.37 (s, 3H), 2.63 (dd, /=4.7, 11.7 Hz,
1H), 3.70 (ddd, J=2.6, 4.7, 11.7 Hz, 1H), 4.05 (d, J=12.0 Hz, 1H), 4.15
(d, J 12.0 Hz, 1H), 5.15 (d, J=2.6 Hz, 1H), 7.08-7.16 (m, 7H), 7.20-7.25
(m, 3H), 7.26-7.32 (m, 7H), 744 ppm (d, J=85Hz, 2H); "CNMR
(100 MHz, CDCly): 6=21.6, 43.6, 56.1, 57.8, 62.9, 64.5, 126.6, 126.7, 126.8,
126.9, 127.3, 128.0, 128.5, 128.6, 128.6, 128.8, 129.1, 135.7, 139.7, 144.4,
145.7, 146.0, 157.9 ppm; MS (ESI): m/z (%): 531 [M+Na]* (100), 515
[M+Li]* (20); HRMS: m/z calcd for C5H,gNaN,05S: 531.1713; found:
531.1769.

12¢:  1'-Phenyl-2’-(4-methylbenzenesulfonyl)tetrahydro-3'H-spiro(cyclo-
hexane-1,6'-pyrrolo[1,2-c]imidazol)-3-one (12¢) was synthesized accord-
ing to procedures A and B and isolated as a white solid in 70% yield
after flash chromatography (EtOAc/hexanes=1:2 v/v; R;=0.75). IR
(KBr): 7=3673, 3433, 3090, 3034, 2925, 2848, 1723, 1594, 1496, 1478,
1454, 1371, 1334, 1261, 1211, 1168, 1136, 1104, 1090, 1059, 954, 860, 817,
803, 765, 706, 698, 665, 582, 546, 540, 520, 486 cm™'; '"H NMR (400 MHz,
CDCly): 6=1.23-1.43 (m, 10H) 1.29 (dd, /=10.2, 12.5 Hz, 1H), 1.99 (dd,
J=6.1, 12.5 Hz, 1H), 2.35 (s, 3H), 2.79 (d, J=12.0 Hz, 1H), 3.55 (d, /=
12.0 Hz, 1H), 3.63 (ddd, /=1.8, 6.1, 10.0 Hz, 1H), 5.01 (d, /=18 Hz,
1H), 7.12 (d, J=8.5 Hz, 2H), 7.27-7.32 (m, 5H), 7.48 ppm (d, /=8.4 Hz,
2H); "CNMR (100 MHz, CDCL): 0=21.5, 23.1, 23.7, 25.3, 36.4, 38.2,
437, 63.2, 64.4, 1269, 127.9, 128.3, 128.7, 129.0, 135.6, 139.9, 1442,
157.3 ppm; MS (LC-ESI): m/z (%): 425.4 (80), 228.3 (100); MS (ESI):
miz (%): 465 (5), 449 [M +Na]* (20), 431 [M+Li]* (100), 427 [M+H]*
(5), 228 (5); HRMS (ESI): m/z caled for C,HxLiN,O5S: 431.1976;
found: 431.1967.

12d: 1,6,6-Trimethyl-2-(4-methylbenzenesulfonyl)hexahydro-3 H-pyrrolo-
[1,2-c]imidazol-3-one (12d) was synthesized according to procedures A
and B and isolated as a white solid in 50 % yield after flash chromatogra-
phy (EtOAc/hexanes=1:1 v/v; R;=0.7). IR (KBr): #=3463, 2960, 1735,
1390, 1358, 1260, 1171, 1089, 816, 662, 601, 569, 548 cm™'; 'H NMR
(400 MHz, CDCl;): 6=0.89 (s, 3H), 1.05 (s, 3H), 1.08 (dd, J=9.9,
12.5Hz, 1H), 1.56 (d, J=6.4Hz, 3H), 1.75 (dd, J=6.1, 12.5 Hz, 1H),
2.41 (s, 3H), 2.72 (d, J=12.7Hz, 1H), 3.35 (d, /J=12.7Hz, 1H), 3.42
(ddd, /=23, 6.1, 99 Hz, 1H), 4.10 (dq, /=23, 6.4 Hz, 1H), 7.30 (s, J=
8.2 Hz, 2H), 7.91 ppm (d, J=8.2 Hz, 2H); *C NMR (100 MHz, CDCl,):
0=21.6, 22.2, 27.9, 28.6, 39.7, 45.8, 56.7, 58.7, 64.0, 128.1, 129.4, 136.0,
144.5, 157.1 ppm; MS (ES]): m/z (%): 361.1 (40), 345.1 [M +Na]* (100),
323.1 (10); HRMS (ESI): m/z calcd for C,;H,,NaN,O;S: 345.1243; found:
345.1251.
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12e: 1-Methyl-6,6-diphenyl-2-(4-methylbenzenesulfonyl)hexahydro-3 H-
pyrrolo[1,2-c]imidazol-3-one (12e) was synthesized according to proce-
dure A and isolated as a white solid in 58 % yield after flash chromatog-
raphy (EtOAc/hexanes=1:1 v/v; R;=0.7). IR (KBr): #=3433, 3024,
2925, 2859, 1727, 1596, 1485, 1447, 1392, 1348, 1296, 1255, 1187, 1159,
1095, 912, 812, 760, 741, 702, 666, 586, 549 cm™'; '"H NMR (400 MHz,
CDClL): 0=1.56 (d, J=6.4 Hz, 3H), 1.91 (dd, /=11.0, 11.7 Hz, 1H), 2.42
(s, 3H), 2.54 (dd, /=5.0, 11.0 Hz, 1H), 3.40 (ddd, /=2.9, 5.0, 11.8 Hz,
1H), 3.91 (d, J=12.0 Hz, 1H), 4.04 (d, /=12.0 Hz, 1H), 4.22 (dq, /=2.9,
6.4 Hz, 1H), 7.01 (d pseudot, J=1.5, 6.4 Hz, 2H), 7.15-7.32 (m, 10H),
7.93 ppm (d, J=8.5 Hz, 2H); *C NMR (100 MHz, CDCl;): § =21.5, 22.1,
434, 56.0, 56.2, 57.1, 63.4, 126.4, 126.5, 126.6, 126.8, 127.9, 128.3, 128.4,
129.4, 135.8, 144.5, 145.6, 145.9, 157.4 ppm; MS (ESI): m/z (%): 899.3
[2M+Li]* (10), 4532 [M+Li* (100); HRMS: m/z caled for
CyH,sLiN,O5S*: 453.1819; found: 453.1806.

12 f: 1-Ethyl-6,6-diphenyl-2-(4-methylbenzenesulfonyl)hexahydro-3 H-
pyrrolo[1,2-c]limidazol-3-one (12f) was synthesized according to proce-
dure A and isolated as a white solid in 37 % yield after flash chromatog-
raphy (EtOAc/hexanes=1:1 v/v; R;=0.7). IR (KBr): #=3057, 2961,
2925, 1733, 1597, 1495, 1482, 1364, 1249, 1187, 1172, 1090, 1018, 816, 801,
759, 701, 666, 589, 547 cm™'; '"H NMR (400 MHz, CDCl,): 6=0.86 (t, J=
7.6 Hz, 3H), 1.94-2.00 (m, 2H), 2.42 (s, 3H), 2.43-2.49 (m, 1H), 2.51 (dd,
J=4.7, 12.0 Hz, 1H), 3.45 (ddd, J=2.6, 4.7, 10.8 Hz, 1H), 3.88 (d, /=
11.7Hz, 1H), 4.01 (d, /J=11.7 Hz, 1H), 4.13 (ddd, J=2.6, 3.5, 6.4 Hz,
1H), 7.02 (dd, J=1.5, 7.9 Hz, 2H), 7.32-7.17 (m, 10H), 7.94 ppm (d, J=
8.5 Hz, 2H). "*CNMR (100 MHz, CDCl;): 6=7.8, 21.3, 27.4, 43.9, 55.9,
572, 60.5, 60.8, 126.3, 126.6, 127.8, 128.2, 128.3, 129.2, 135.6, 145.5, 145.8,
157.7 ppm; MS (ESI): m/z (%): 927.4 (10), 547.1 (5), 467.2, [M+Li]*
(100), 418.2 (20); HRMS: m/z calcd for C,;Hx,LiN,O;S: 467.1976; found:
467.1967.

13a: N-(6,6-Dimethyl-1-phenyltetrahydro-1H-pyrrolo[1,2-c][1,3]oxazol-3-
ylidene)-4-methylbenzenesulfonamide (13a) was obtained as a side prod-
uct from the reaction of 11a under conditions A or B and isolated as a
white solid after flash chromatography (EtOAc/hexanes=1:1 v/v; R;=
0.75). IR (KBr): 7=3390, 2956, 2871, 1594, 1436, 1306, 1299, 1287, 1154,
1080, 924, 872, 814, 734, 701, 671, 570, 553, 543 cm™';'H NMR (400 MHz,
CDCl;): 6=1.10 (s, 3H), 1.18 (s, 3H), 1.68 (dd, /=94, 12.3 Hz, 1H), 1.94
(dd, J=6.1, 12.3 Hz, 1H), 2.39 (s, 3H), 3.06 (d, J=11.4 Hz, 1H), 3.48 (d,
J=11.1 Hz, 1H), 4.05 (d pseudo t, J=6.7, 9.4 Hz, 1H), 5.48 (d, J=6.7 Hz,
1H), 7.08 (dd, J=2.1, 7.3 Hz, 2H), 7.21 (d, J=7.9 Hz, 2H), 7.30-7.35 (m,
3H), 7.85 ppm (d, 8.2 Hz, 2H); "CNMR (100 MHz, CDCl;): 6=21.4,
27.4, 2771, 42.6, 45.0, 59.4, 67.3, 88.0, 125.3, 127.2, 128.9, 128.9, 129.1,
136.8, 139.7, 142.3, 159.9 ppm; MS (ESI): m/z (%): 791.3 (40), 590.3 (10),
4482 (20), 407.1 (10), 3852 [M+H]* (100); HRMS: m/z caled for
C,H,5N,0;S: 385.1580; found: 385.1541.

13b: N-(1,6,6-Triphenyltetrahydro-1H-pyrrolo[1,2-c][1,3]oxazol-3-yli-
dene)-4-methylbenzenesulfonamide (13b) was obtained as a side product
from the reaction of 11b under conditions A or B and isolated as a white
solid after flash chromatography (EtOAc/hexanes=1:1 v/v; R;=0.75). IR
(KBr): 7=3387, 3023, 1604, 1447, 1308, 1301, 1287, 1159, 1086, 872, 752,
698, 669, 565, 553 cm™'; '"HNMR (400 MHz, CDCL;): 6=2.41 (s, 3H),
2.60-2.72 (m, 2H), 3.96 (ddd, J=5.6, 7.3, 9.7Hz, 1H), 403 (d, J=
11.4 Hz, 1H), 4.35 (d, J=11.4 Hz, 1H), 5.52 (d, J=7.3 Hz, 1 H), 7.08-7.35
(m, 17H), 7.88 ppm (d, J=8.5 Hz, 2H); *C NMR (100 MHz, CDCL;): 6 =
21.4, 42.6, 57.0, 58.4, 66.5, 88.0, 125.5, 126.4, 126.5, 126.9, 127.1, 127.8,
128.7, 128.8, 1289, 129.0, 129.2, 136.2, 139.5, 142.5, 144.4, 144.7,
160.0 ppm; MS (ESI): m/z (%): 593.2 (20), 531.2 [M +Na]* (100), 366.3
(20), 304.3 (20); HRMS: m/z calcd for C;;H,sN,NaOsS: 531.1713; found:
531.1645.

13¢:  1’-Phenyltetrahydro-3'-spiro(cyclohexane-1,6"-pyrrolo[1,3]oxazol-3-
ylidene)-3'-one-4-methylbenzenesulfonamide (13¢) was obtained as a
side product from the reaction of 11¢ under conditions A or B and isolat-
ed as a white solid after flash chromatography (EtOAc/hexanes=1:1 v/v;
R;=0.7). IR (KBr): 7=3408, 2926, 2854, 1602, 1451, 1301, 1286, 1159,
1122, 1089, 872, 814, 741, 700, 588, 553 cm™'; 'HNMR (400 MHz,
CDCly): 6=1.3-1.52 (m, 10H), 1.60 (dd, J=9.1, 12.2 Hz, 1H), 2.04 (dd,
J=6.7, 122 Hz, 1H), 2.40 (s, 3H), 3.10 (d, /=11.6 Hz, 1H), 3.55 (d, /=
11.5Hz, 1H), 3.99 (dpseudot, /=64, 9.1 Hz, 1H), 5.46 (d, /J=6.4 Hz,
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1H), 7.06 (dd, J=1.5, 7.0 Hz, 2H), 7.20 (d, J=7.9 Hz, 2H), 7.30-7.35 (m,
3H), 7.85 ppm (d, /=82 Hz, 2H); ®C NMR (100 MHz, CDCl,): 6 =21.4,
22.9,23.6,25.4, 35.9, 37.3, 46.5, 66.5, 87.9, 125.3, 127.2, 128.8, 128.9, 129.0,
136.8, 139.7, 142.3, 159.9 ppm; MS (ESI): m/z (%): 670.4 (5), 527.1 (5),
447.2 [M+Na]* (100), 304.3 (15); HRMS: m/z calced for C,,HsN,NaO;S:
447.1713; found: 447.1708.

13d: N-(1,6,6-Trimethyltetrahydro-1H-pyrrolo[1,2-c][1,3]oxazol-3-yli-
dene)-4-methylbenzenesulfonamide (13d) was obtained as a side product
from the reaction of 11d under conditions B and isolated as a white solid
after flash chromatography (EtOAc/hexanes=1:1 v/v; R;=0.35). IR
(KBr): 7=3165, 3082, 2958, 2795, 1706, 1375, 1295, 1240, 1194, 1084, 935,
889, 821, 649, 565 cm™'; 'H NMR (400 MHz, CDCL): 6=1.11 (s, 3H),
1.12 (s, 3H), 1.46 (d, J=6.2 Hz, 3H), 1.45-1.50 (m, 1H), 1.84 (dd, /=64,
12.3 Hz, 1H), 2.39 (s, 3H), 3.00 (d, /=11.4 Hz, 1H), 3.39 (d, J=11.4 Hz,
1H), 3.80 (d pseudo t, J=6.7, 8.8 Hz, 1H), 4.63 (dq, /=6.1, 6.7 Hz, 1H),
723 (d, J=79Hz, 2H), 7.84ppm (d, J=85Hz, 2H); "CNMR
(100 MHz, CDCLy): 6=20.0, 21.5, 27.4, 27.7, 42.5, 44.6, 59.4, 66.3, 84.2,
127.0, 128.9, 139.9, 142.2, 160.3 ppm; MS (ESI): m/z (%): 423.1 (10),
345.1 [M+Na]* (100), 323.1 (40); HRMS: m/z calcd for C;sH,,N,NaO,S:
345.1243; found: 345.1205.

13e: N-(1-Methyl-6,6-diphenyltetrahydro-1H-pyrrolo[1,2-c][1,3]oxazol-3-
ylidene)-4-methylbenzenesulfonamide (13e) was obtained as a side prod-
uct from the reaction of 11e under conditions A or B and isolated as a
white solid after flash chromatography (EtOAc/hexanes=1:1 v/v; Ri=
0.35). IR (KBr): #=3471, 2979, 1597, 1443, 1299, 1164, 1087, 926, 839,
759, 700, 670, 565, 554 ppm; '"H NMR (400 MHz, CDCL,): 6=1.42 (d, J=
6.2 Hz, 3H), 2.39 (s, 3H), 2.41 (dd, /=9.7, 12.0 Hz, 1H), 2.60 (dd, J=5.6,
12.0 Hz, 1H), 3.68 (ddd, J=5.6, 7.3, 9.7 Hz, 1H), 3.91 (d, J=11.4 Hz,
1H), 4.25 (d, J=11.7Hz, 1H), 4.67 (dq, /=64, 7.1 Hz, 1H), 7.11-7.30
(m, 12H), 7.85 ppm (d, J=8.2 Hz, 2H); *C NMR (100 MHz, CDCL,): 6 =
19.7,21.4,42.2, 56.7, 58.2, 65.4, 84.1, 126.3, 126.4, 126.8, 127.0 (2C), 128.6,
128.7, 128.9, 139.6, 142.3, 144.4, 144.7, 160.2 ppm; MS (ESI): m/z (%):
669.5 (10), 453.2 [M+Li]* (100), 256.2 (20); HRMS: m/z calcd for
CyHysLiN,O;S: 453.1819; found: 453.1828.

14: Dry CH,Cl, (2.5 mL) was added to 11d (0.25 mmol) and IPy,BF, (1.5
equiv) in a flame-dried Schlenk tube under inert atmosphere, and the re-
sulting solution (0.1M) was stirred for 16 h at room temperature. The re-
action was then quenched by the addition of saturated, aqueous Na,S,0;
(2mL). Brine (10 mL) was added, and the mixture was extracted with
CH,Cl, (3x20 mL). The organic phase was dried with MgSO, and con-
centrated. Flash chromatography (EtOAc/hexanes=1:1 v/v) of the resi-
due gave N-(7-(1-iodoethyl)-5,5-dimethyl-1,3-oxazepan-2-ylidene)-4-
methylbenzenesulfonamide (14; 81%) as a yellow solid. IR (KBr): 7=
3146, 2962, 2874, 1663, 1618, 1459, 1377, 1335, 1165, 1090, 895, 812, 664,
583,549 cm™'; 'TH NMR (300 MHz, CDCl,): 6=0.92 (s, 3H), 1.03 (s, 3H),
1.61 (dd, /=2.5,12.3 Hz, 1H), 1.71 (dd, J=2.7, 10.7 Hz, 1H), 1.78 (d, J=
7.3 Hz, 3H), 2.33 (s, 3H), 3.01 (d, /=43 Hz, 1H), 3.03 (d, J=4.3 Hz,
1H), 3.50 (d, /=10.5Hz, 1H), 4.61-4.84 (m, 1H), 7.20 (d, /=8.0 Hz,
2H), 7.73 (d, J=8.4Hz, 2H), 859 ppm (s, 1H); "CNMR (75 MHz,
CDCly): 6=21.6 (CH;), 23.2 (CH;), 24.8 (CHj;), 28.5 (CH,), 30.0 (CH),
31.5 (C), 45.5 (CH,), 53.0 (CH,), 83.7 (CH), 126.9 (2xCH), 129.37 (2x
CH), 139.71 (C), 142.64 (C), 163.16 ppm (C); HRMS (EI): m/z calcd for
C,sH,,N,0;S: 450.0501; found: 450.0491.

Crystal-Structure Determination of 2e, 12a, 13b, and 14

Crystallographic data were collected on a Nonius KappaCCD diffractom-
eter or, in the case of 13b, on a Nonius-Bruker APEXII diffractometer,
at —150°C with Moy, radiation (1=0.71073 A). Structures were solved
by direct or Patterson methods (in the case of 14; SHELXS97""). Non-
hydrogen atoms were refined anisotropically, hydrogen atoms with a
riding model (H(N) in 14 free) against F° (full-matrix least squares,
SHELXL-97""). For 14, an empirical absorption correction was applied.
Details of data collection and refinement are given in the Supporting In-
formation. CCDC-655629 (2e), -655630 (12a), -665473 (13b), and
-655631 (14) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.
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Structural Features of [(CpPPh,AuCl),ZrCl,]: Exploring the Limits of
Aurophilic Interactions

Makoto Moriya, Roland Frohlich, Gerald Kehr, Gerhard Erker,* and Stefan Grimme'

Abstract: The reaction of [(CpPPh,),ZrCl,] (1a) with two molar equivalents of
(Me,S)AuCl gave the trimetallic complex [(CpPPh,AuCl),ZrCl,] (6). Crystalline

complex 6 shows a conformational structure that features both P—Au—ClI vectors
oriented toward the open front side of the bent metallocene wedge. Quantum-
chemical calculations rationalized the absence of an aurophilic Au--Au interaction

Keywords: conformation analysis -
gold - metallocenes - metal-metal
interactions - zirconium

in 6 by showing that a combination of noncovalent forces overcompensates any

possible attractive Au---Au interaction.

Introduction

The importance of noncovalent interactions as structural
construction motifs is increasingly demonstrated by intra- as
well as intermolecular examples.!! Attractive closed-shell in-
teractions between d'°-d" metal pairs have received increas-
ing attention, especially those between pairs or arrays of
gold atoms.”) Examples of aurophilic interaction have
become very common in situations in which these heavy-
metal atoms come close to each other so that the formation
of the attractive Au--Au interaction seems to be the rule
rather than the exception.® However, some caution is ad-
vised as the magnitude of the inter- or intramolecular
Au--Au interaction is usually in a similar energy range to,
for example, H bonding.”! Bonding features in this energy
range are known to be adversely affected by a variety of
competing effects. Because of the relatively low bonding en-
ergies involved with single Au---Au pairs, the positive inter-
action between two gold atoms can be readily overcome by
other structurally determining factors, such as steric hin-
drance, dipole interactions, charge effects, or electrostatics.”!
We present herein a case whereby, in a competitive situa-
tion, such effects overrule a possible pathway that is a priori
favorable for the formation of structurally determining in-
tramolecular Au--Au interactions.

[a] Dr. M. Moriya, Dr. R. Frohlich, Dr. G. Kehr, Prof. Dr. G. Erker,
Prof. Dr. S. Grimme
Organisch-Chemisches Institut
Universitdt Miinster
Corrensstrasse 40, 48149 Miinster (Germany)
E-mail: erker@uni-muenster.de
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Results and Discussion

We selected [(CpPPh,),ZrCl,] (1a; Cp=_cyclopentadienyl)®!
as the starting material for our study. Complex 1a and/or its
titanium analogue 1b was previously used for the synthesis
of CpPPh,-bridged early/middle- and early/late-transition-
metal complexes (Scheme 1). Systems containing the metal

™ o

1..Cl Cl"- 1 MQL
Q%: ~cl ar Y /"
PPh, PPh,
1 2

M' = Zr (a), Ti (b)
M2 = Co, Mo, W, Mn, Pd, Ru, Cu, (Rh)

Scheme 1. Examples of complexes 1 and 2.

combinations Zr (or Ti) with Cr, Mo, W, Mn, Pd, Pt, Ru, or
Cu were synthesized.’' We recently prepared and de-
scribed closely related Zr(u-CpPR,),Rh complexes that
were very active hydroformylation catalysts.">'* To the best
of our knowledge, related Zr(u-CpPPh,)Au complexes have
not been described previously.

Group 4 metallocenes exhibit a pair of rapidly rotating n’-
cyclopentadienyl ligands bonded at a characteristic angle at
the central metal atom.'*' This arrangement is very well-
suited to bringing pairs of substituents attached at the Cp
rings into close proximity to each other. We recently used
this effect successfully to carry out reactions under “dynam-
ic topochemical control”.'*'® As a characteristic example,
the bringing of alkenyl groups into close proximity to each
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other by means of the dynamic rotation of the typically bent
metallocene arrangement was used to achieve a novel syn-
thetic method for the formation of ansa-metallocenes by in-
tramolecular photochemical [2+2] cycloaddition at the func-
tionalized bent metallocene framework (Scheme 2).1"7

m rotation CI/,_,Q\( hv Clo

I,Zr CI,Zr e CI',Zr
3

;/@@«

Scheme 2. ansa-Metallocene formation by a dynamic topochemical
reaction.

4

It might be envisaged with this favorable general situation
to attempt the utilization of such dynamic features to induce
aurophilic Au---Au interactions between pairs of gold centers
attached at the periphery of the bent metallocene frame-
work while keeping in mind potential adverse repulsive ef-
fects.

For this purpose, we treated [(CpPPh,),ZrCl,] (1a) with
(Me,S)AuCl (5) (Scheme 3). The addition reaction was car-

Ph,
PPh, P—Au-Cl
&2 Me,s)aucl EZ ol
Zr“‘CI _— 7ry
<@L ol
PPh, P—Au—Cl
Ph,
1a 6

Scheme 3. Reaction of complex 1a with (Me,S)AuCl (5) to give complex
6.

ried out in dichloromethane at room temperature. It fur-
nished the bis(AuCl) adduct 6 in 76% yield after workup
with pentane. In CD,Cl,, complex 6 features two broad
"H NMR signals of the Cp protons at 6.75 and 6.76 ppm and
a multiplet system of the phenyl resonances at 7.7-7.4 ppm.
More characteristic is the CNMR spectrum, which fea-
tures well-resolved Cp resonances at 124.0 (3Jpc=10.5 Hz,

Abstract in German: Die Umsetzung von [(CpPPh,), ZrCl,]
(1a) mit zwei Moldquivalenten (Me,S)AuCl lieferte den tri-
metallischen Komplex [(CpPPh,AuCl),ZrCl,] (6). Die Ver-
bindung 6 nimmt im Kristall eine Metallocen-Konformation
ein, bei der beide P-Au-Cl Vektoren an der offenen Vorder-
seite des gewinkelten Metallocens angeordnet sind. Die Ab-
wesenheit einer aurophilen Au--Au Wechselwirkung in 6
wurde nach quantenchemischen Rechnungen als Resultat
einer Kombination nicht-kovalenter Krifte erklért, die hier
eine mogliche attraktive Gold-Gold Interaktion iiberkom-
pensieren.
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C2), 119.1 (3Jpc=8.3 Hz, C3), and 116.8 ppm ("/pc=63.8 Hz,
ipso-C of Cp). The *C NMR signals of the phenyl groups at
the phosphorus atom are equally well-resolved, with signals
at 134.5 (Jpc=14.5Hz), 132.7 (*Jpc=2.6 Hz), 129.6 (Jpc=
12.2 Hz), and 129.3 ppm ("Jpc=64.2 Hz) for the o-, p-, m-,
and ipso-C(phenyl) atoms. The increase in the absolute
values of 1]l.m,,_ph from 12 Hz for 1a to 64.2 Hz for 6 and of
ljipm_cp from 17 Hz for 1a to 63.8 Hz for 6 is a clear indica-
tion of the P-Au coordination, as the *'P NMR resonance at
21.8 ppm  (compare  with  starting material 1la:
—17.3 ppm"™®) also suggests.

Colorless single crystals of complex 6 were obtained by
slow diffusion of diethyl ether into a solution of 6 in chloro-
form at room temperature. The bent metallocene core fea-
tures a typical pseudotetrahedral arrangement of a pair of
chloride ligands and a pair of mono-substituted Cp ligands
around the central zirconium atom. The Cp rings are quite
uniformly n’-coordinated to zirconium, with C(Cp)—Zr bond
lengths ranging from 2.497(6) (Zr—C14) to 2.557(6) A (Zr—
C25). The Zr—Cl bond lengths were found to be 2.403(2)
(Zr—Cl12) and 2.415(2) A (Zr—Cl11). The Cl11-Zr—Cl12
angle is 100.58(6)°. Each of the Cp ligands bears a phospho-
rus-based substituent bonded to it (C11—P1: 1.803(6); C21—
P2: 1.811(6) A). Each of the phosphorus atoms carries a
pair of phenyl groups (P1—C31: 1.822(6); P1-C41: 1.809(6);
P2—C51: 1.820(5); P2—C61: 1.804(5) A). Furthermore, an
Au-Cl unit is coordinated to each of the phosphorus atoms.
This makes the coordination geometry at the P atoms pseu-
dotetrahedral (typical bond angles at P1: 108.8(3) (C11-P1—
C41), 104.3(3) (C11-P1-C31), 104.7(3) (C41-P1—C31),
111.6(2) (Cl11-P1-Aul), 113.7(2) (C41-P1—Aul), and
113.1(2)° (C31-P1—Aul); at P2: 109.5(3) (C61-P2—C21),
105.4(3) (C61-P2—Cs1), 103.2(3) (C21-P2—Cs1), 113.8(2)
(C61-P2—Au2), 112.7(2) (C21-P2—Au2), and 111.5(2)°
(C51-P2—Au2); Figure 1). We noticed a systematic devia-
tion of the C—P—C and C—P—Au angles toward smaller and
larger values, respectively, relative to the 109° tetrahedral
angle (see above).

The P—Au bond lengths (P1—-Aul 2.231(2), P2—Au2
2.233(2) A) and angles (P1—Aul—Cl1 179.19(6), P2—Au2—
CI2 175.98(6)°) are in the typical range (compare Ph;P—Au—
CL™  P-Au 22353), Au—Cl 22793)A, P-Au—Cl

9

Auz@ ]
o 0 Ton
C51-C56L et . ©
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cel c&& 0 404 1-C46
9 7Y

Figure 1. Projection of the molecular geometry of complex 6 in the
crystal.
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179.68(8)°). The corresponding Au—Cl bond lengths in com-
plex 6 amount to 2.282(2) (Aul—Cl1) and 2.285(2) A, re-
spectively.

Most remarkable is the conformation of the bent metallo-
cene unit in complex 6. It adopts a rotameric orientation in
which both the C(Cp)—P vectors are oriented toward the
open front sector of the bent metallocene wedge (Figure 1).
The attached Au—Cl units are both oriented close to parallel
with the Cp-ring planes (C12—C11-P1—Aul 11.4(5), C22—
C21-P2—Au2 —21.4(5)°). Both Au—Cl units are oriented to
the same side. This means that the pair of gold atoms are
almost ideally positioned above and below the chloride
ligand Cll1. In this arrangement, the Aul—Au2 distance
(7211 A) is far beyond any range for aurophilic interaction.
The Aul—Cll1 separation is 3.869 A, that of Au2—CI11 is
3.572 A, and the Aul--Cl11--Au2 angle amounts to 151.4°.

Complex 6 could in principle have energetically favorable
rotational isomers that would have brought the pair of gold
atoms into reasonably close proximity to each other to allow
the buildup of a bonding aurophilic interaction. Instead, a
specific rotamer that placed the gold atoms at an almost-
maximum distance from each other was observed. Further-
more, a separating chloride ligand is present in this isomer,
and a high dipole moment results from this specific confor-
mational arrangement. Our attempts to achieve some ra-
tionale for this unexpected and at first sight obscure rota-
tional behavior were aided by a DFT analysis of complex 6.

Computational Study

Initially, we performed a full structural optimization of the
mixed Zr—Au complex 6 at the dispersion-corrected DFT/
PBE-D level (for details, see Experimental Section) with
the experimental X-ray structure as the starting point. The
optimization converged rather quickly to the same confor-
mation. The final bond lengths, bond angles, and characteris-
tic dihedral angles are in excellent agreement with the ex-
perimental data, thus confirming the reliability of our theo-
retical approach. For example, the C—Zr distances were
found experimentally to be in the range 2.50-2.54 A, which
is comparable to the computed values of 2.53-2.57 A. The
bond lengths that involve the gold atoms were also de-
scribed rather accurately (theory: P—Au 2.24, Au—Cl 2.28 A;
exp.: 2.23, 2.28 A, respectively). Although the gold atoms
are located on the same side of the molecule, their spatial
separation is rather large (theory: 7.30 A; exp.: 7.21 A), thus
indicating no apparent bonding interaction. Notably, confor-
mer A (Figure 2), in which the almost-linear P-Au—Cl units
are oriented in a parallel manner, has a huge computed
dipole moment of 17.7 D. It is not surprising to find this
structure in the solid state because long-range electrostatic
interactions between the very polar molecules yield large
stabilizing contributions to the lattice energy. We also con-
sidered PH;—Au—Cl as a model system and computed its
dipole moment. The dipole moment of 6.9 D obtained at the
PBE-D level is almost half that of 6, which indicates that
the orientation of the P-Au—Cl groups (and the cumulation
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Figure 2. PBE-D/def2-TZVP’-optimized structures of the conformers of 6
considered herein.

of their effect) is mainly responsible for the large dipole
moment.

As a next step, we conducted a systematic search for ener-
getically low-lying conformations based on the X-ray struc-
ture by rotating the Zr—Cp vectors and P—C(Cp) bonds. Par-
ticular emphasis was paid to find structures with short
Au-+Au contacts, which should be theoretically possible
owing to the rotational flexibility of the various functional
groups in the molecule. Figure 2 displays two other stable
energy-minimum structures (B and C) that were found in
full geometry optimizations.

Conformers B and C were computed to be lower in
energy than A by 3.2 and 6.2 kcalmol !, respectively. This is
attributed to the more favorable antiparallel orientations of
the two P—Au—Cl units, which lead to relatively small overall
molecular dipole moments of 6.5 and 8.0 D, respectively.
Notably, this does not contradict the experimental findings
as our calculations refer to an isolated molecule in the gas
phase in which the intermolecular dipole—dipole interactions
that lead to conformer A in the solid state are not present.
Despite significant effort, we were not able to locate other
stable structures with short Au--Au distances. The value of
5.92 A found for conformer C is (although shorter than for
A and B) still far from that expected for typical “aurophilic”
interactions (a3 A22),

To check the DFT-GGA results for the conformational
energies, we applied the SCS-MP2P wavefunction-based
method (with the same basis set), which yields much better
(but not completely satisfying) results than MP2 for such
transition-metal systems.”? At this level, we obtained rela-
tive energies for B and C of 13.8 and —8.8 kcalmol ™, re-
spectively, as opposed to the PBE-D values of —3.2 and
—6.2 kcalmol™', respectively. Thus, also at the SCS-MP2
level, conformer C appears as the global-energy-minimum
structure. However, SCS-MP2 still suffers from an inappro-
priate description of transition-metal complexes by the Har-
tree-Fock reference (which is the basis for the perturbation
theory); thus, we investigated the relative energies further.
At the very reliable B2-PLYP theoretical level®™ (hybrid
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GGA with orbital-dependent, nonlocal correlation terms),
we obtained values of —2.1 and —7.9 kcalmol !, respectively,
which are in very good agreement with the PBE-D data.

Conclusions

It is commonly assumed that it is sufficient to allow two
Au'-X centers to come together to within 3.5 A to induce
the formation of a bonding aurophilic Au--Au interaction.
Many examples, such as complexes 7-9 (Scheme 4), may

o}
O P—Au—X ’Q
Ph,
7 8
PMe3 PPhB Cl
Ph P)J\P’AU/
Ph,P” “PPh 7
7 | Ph
Auchu Ay
Ccl cl Cl

9 10

Scheme 4. Structural formulae of complexes 7-10.

serve to support this notion.>”*®! In this regard, one
would have expected complex 6 to be an ideal candidate to
rotate its Cp—PPh,~Au—Cl units to the narrow backside of
the bent metallocene wedge and form an Au--Au bonded
trimetallic ansa-metallocene. However, this system behaves
quite to the contrary: its PPh,~Au—Cl units were found to
be rotated straight toward the open front side of the bent
metallocene, a conformation that leads to an almost-maxi-
mal separation of the gold atoms. Futhermore, this rotamer-
ic isomer has one of the highest molecular dipole moments
that such a system can have. A close inspection of the crys-
tal lattice (Figure 3), however, revealed a perfect compensa-
tion of the dipole moments in the solid state, a situation that
has turned a seemingly unfavorable molecular feature into
an energetically most favorable characteristic of the bulk
material of 6.

In this situation, it is not unexpected that different rota-
tional isomers of complex 6 were found as structures with
local minima or even as that with the global energy mini-
mum in the gas phase calculated by the applied DFT
method. In a structural evaluation and energetic characteri-
zation, the compensating dipolar forces that apparently
govern the overall structural features of 6 in the crystal are,
of course, absent in the individual, arbitrarily isolated mole-
cules of 6 and, thus, do not show up in the calculation. Nev-
ertheless, the DFT calculation did not identify any rotational
isomer of 6 with a reasonably favorable energy content to
show any aurophilic Au--Au interaction. Following earlier
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Figure 3. View of the packing of the polar monomers of 6 in the crystal.

related observations by Schmidbaur et al.”’ on the structur-
ally different but conceptually remotely related pair of di-
metallic chelate phosphane(AuCl), complexes 9 and 10
(Scheme 4), one must keep in mind that aurophilic interac-
tions represent rather weak noncovalent binding forces that
can easily be disturbed or overcompensated by cumulative
adverse effects, in particular, Pauli repulsion within sterical-
ly encumbered systems or unfavorable electrostatic effects.
Our trimetallic complex 6 seems to fall into this category (as
does 10), which reminds us that consideration of aurophilic
interaction as structural building units should be used with
care in the synthetic planning of complex dynamic organic
or organometallic systems.

Experimental Section

General Procedure

All air- and moisture-sensitive compounds were manipulated by using
standard Schlenk and vacuum-line techniques under argon atmosphere
or inside a glovebox. Argon was dried over P,O,, prior to use. CD,Cl,
was dried over CaH, and distilled prior to use. Toluene was distilled from
sodium benzophenone ketyl and stored under argon atmosphere. 'H, ''B,
13C, F, and *'P NMR spectra were recorded on a Bruker AV 300-MHz,
Varian Inova 500-MHz, or Varian Inova 600-MHz unity plus spectrome-
ter with residual CDHCI, (5.32 ppm) as internal standard. In some cases,
assignment of the signals was also confirmed by *C DEPT, 'H-'H
COSY, 'H-"C gHSQC, and 'H-"C gHMBC. IR spectra were recorded
on a Varian 3100 FTIR spectrometer. Elemental analysis was performed
by a Foss-Heracus CHN-Rapid elemental analyzer. (Me,S)AuCl (Al-
drich) was used as received without further purification. X-ray crystal-
structure analysis: Data were collected with a Nonius Kappa CCD dif-
fractometer equipped with a rotating anode generator. Programs used:
data collection COLLECT (Nonius B.V., 1998), data reduction Denzo-
SMN,?! absorption correction SORTAV,?" structure solution SHELXS-
97, structure refinement SHELXL-97,* graphics SCHAKAL."™

Theoretical Methods and Technical Details of the Computations

Quantum-chemical calculations were performed with slightly modified
versions of the TURBOMOLE suite of programs.”!! The large triple-zeta
(denoted def2-TZVP') sets of Ahlrichs and co-workersP were employed
as Gaussian atomic-orbital basis sets. In standard notation, these are
[5s3p2d] for C, [Ss5p2d1f] for P and Cl, and [3slp] for H. For the zirconi-
um and gold atoms, the basis sets are of comparable quality (i.e.,

Chem. Asian J. 2008, 3, 753 -758
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[6s4p3d1f]). For these atoms, scalar relativistic pseudopotentials®™® were
used to describe the 28 and 60 core electrons, respectively. All geometries
were fully optimized at the DFT level by using the PBE density function-
al,? which also includes an empirical correction for intramolecular dis-
persion (also called van der Waals) interactions® (dubbed PBE-D in the
following). For a detailed description of this dispersion correction that is
of great importance in studies of large molecules, which includes many il-
lustrative examples, see reference [36]; for the most recent chemical ap-
plication of this method, see reference [37]. In all DFT treatments, the
RI approximation was used™ for the Coulomb integrals, which speeds
up the computations considerably without any significant loss of accura-
cy.

Synthesis

6: A reaction flask was charged with (Me,S)AuCl (100 mg, 0.34 mmol)
and CH,Cl, (15mL). After dropwise addition of a solution of
[(CpPPh,),ZrClL,] (110 mg, 0.17 mmol) in CH,Cl, (20 mL), the solution
was stirred for 30 min at room temperature. The solution turned colorless
immediately. The solvent was then reduced to 5 mL in vacuo. After the
addition of pentane (30 mL), the resulting white precipitate was collected
by filtration, washed with pentane (3x10mL), and dried in vacuo.
[(CpPPh,AuCl),ZrCl,] (6; 146 mg, 0.13 mmol, 76 %) was afforded as a
white powder. Colorless single crystals were obtained by slow diffusion
of diethyl ether into a solution of 6 in CHCI; at room temperature. IR
(KBr): 7=482, 521, 554, 632, 691, 735, 767, 829, 996, 1037, 1069, 1101,
1185, 1263, 1435, 1481, 2964, 3091 cm™'; 'HNMR (300 MHz, 298 K,
CD,ClL,): 6=7.7-74 (m, 20H, Ph), 6.76 (br, 4H, C;H,PPh,), 6.75 ppm
(br, 4H, CsH,PPh,); “C{'H} NMR (75 MHz, 298 K, CD,Cl,): 6=134.5
(d, Jcp=14.5Hz, 0-Ph), 132.7 (d, *Jcp=2.6 Hz, p-Ph), 129.6 (d, *Jcp=
12.2 Hz, m-Ph), 129.3 (d, J¢p=64.2 Hz, ipso-Ph), 124.0 (d, *Jpc=10.5 Hz,
C2), 119.1 (d, *Jpc=83Hz, C3), 1168 ppm (d, Jpc=63.8 Hz, Cl);
SP{'H} NMR (121 MHz, 298 K, CD,Cl,) 6=21.8 ppm; elemental analy-
sis: caled (%) for C3HygAu,CLP,Zr: C 36.28, H 2.51; found: C 36.51, H
2.80.

X-ray Crystal-Structure Analysis

6: C3HyAu,ClLP,Zr-2CHCl;, M,=1364.19, colorless crystals, 0.30 x 0.30 x
0.15 mm®, monoclinic, space group P2,/c (No.14), a=14.7207(2), b=
15.1426(2), ¢=19.0498(1) A, $=93.573(1)°, V=4238.13(12) A%, peuca=
2.138 gem ™, u=7.881 mm™', empirical absorption correction (0.201 < T<
0.384), Z=4, 1=0.71073 A, T=198 K, ® and ¢ scans, 36799 reflections
collected (+h, +k, £1), ((sind)/1)=0.67 A, 10460 independent (R, =
0.055) and 7636 observed reflections (I>20(I)), 460 refined parameters,
R=0.040, wR2=0.104, maximum (minimum) residual electron density =
1.67 (—1.34) e A, hydrogen atoms calculated and refined with a riding
model. CCDC-658484 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk) or
at www.ccdc.cam.ac.uk/conts/retrieving.html.
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Synthesis of Fluorinated Dienes by Palladium-Catalyzed Coupling Reactions
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Abstract: The synthesis of partly fluorinated 1,3- and 1,4-dienes by palladium-cata-

lyzed coupling makes these compounds available on the laboratory scale. Several
catalyst systems were tested to maximize the yields and minimize the by-products.
The molecular structures of 1,1,2,4,4-pentafluorobutadiene, chloro(N,N'-tetrameth-
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ylethylenediamine)(trifluorovinyl)zinc, PCy,R, and P(O)Cy,R (Cy=cyclohexyl,
R =2-(1-naphthyl)phenyl) were elucidated by X-ray crystallography.

Introduction

Since the early works of Negishi,'! Miyaura and Suzuki,?
and Stille,”! Palladium-catalyzed C—C-coupling reactions
have evolved into one of the most important tools in organic
synthesis.) The majority of these reactions concern aryl-
aryl or aryl-vinyl couplings. The coupling of vinyl stannanes
with vinyl halides to yield 1,3-dienes, originally studied by
the Stille group,t! is much less developed but has been
widely used in the total synthesis of natural products.’’ Stud-
ies of the synthesis of 1,4-dienes are even less common.”
Several palladium-catalyzed reactions of fluorinated alkenyl
building blocks with aromatic and vinyl compounds to yield
fluorine-substituted styrenes and 1,3-dienes have been stud-
ied by the groups of Burton,”! Normant,”) McCarthy,'"!
Percy,'l and DesMarteau.”?? The chemistry of fluorinated
allyl and vinyl organometallic compounds, among other sys-
tems, has been reviewed by Burton et al., including their ap-
plication in coupling reactions.'™ There are only a few publi-
cations about Pd-catalyzed allyl-vinyl cross-coupling reac-
tions with fluorinated components.>'**! However, there
exists a very efficient synthesis of 1,1,2-trifluoropenta-1,4-
diene (6) from trifluoroethenyl zinc bromide and allyl bro-
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mide by copper-catalyzed coupling, which was reported by
Gard, Burton, and co-workers.'! Iron- and copper-mediated
reactions have been used to prepare symmetric and unsym-
metric 1,3-dienes from fluorinated vinyl zinc halides,™”! vinyl
stannanes,”® and vinyl halides.'>!) There have also been
direct coupling reactions with copper® reagents.

Recently, we used the Negishi coupling to prepare 1,1,4,4-
tetrafluorobutadiene, the key precursor in the synthesis of
1,1,4,4-tetrafluorobutatriene.?” Since then, other groups
have extended the variety of fluorinated compounds pre-
pared by vinyl-vinyl coupling reactions.”>??! A particularly
elegant method of synthesizing symmetrical dienes by Pd-
catalyzed coupling of vinyl halides by generation of vinyl
stannanes in situ with (Bu;Sn), was published recently by
Xu and Burton.™! As a continuation of our work, we report
herein the synthesis of a number of fluorine-substituted 1,3-
and 1,4-dienes (Schemes 1 and 2).

Butadienes 1-5 have been known since the 1950s,?” but
so far there exists no convenient laboratory-scale synthesis
for dienes 2-5. Hexafluorobutadiene 1 was prepared by cou-

Scheme 1. Fluorinated buta-1,3-dienes.
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Scheme 2. 1,1,2-Trifluoro-1,4-dienes 6-11 and 1,1,2-trifluoro-3-ethylbuta-
diene (12).

pling of trifluoroiodoethene!™” with stoichiometric amounts
of activated copper and by oxidative coupling of trifluoro-
ethenyl zinc bromide with copper(II) bromide.” Trifluor-
oiodoethene can be prepared from commercially available
trifluorobromoethene® or, alternatively, from trifluoroe-
thenyl lithium.”™® For application in polymerization experi-
ments, chemical industry has developed a variety of methods
as described in the patent literature, most of which involve
high pressures, high temperatures, or expensive equip-
ment.”® Of the fluorinated dienes, only hexafluorobutadiene
has found technical application, as a monomer and in
plasma etching. Consequently, the industrial synthesis is still
being improved.?’)

The 1,4-dienes 6-11 presented in Scheme 2 can be pre-
pared by using either Negishi or Stille reactions for coupling
of an organometallic trifluorovinyl species (21, 22) with an
allylic bromide (26-31). The allyl compounds were selected
mainly for their availability. The 1,3-diene 12 was obtained
as a by-product with 7 and 11.

Abstract in German: Teilfluorierte 1,3- und 1,4-Diene sind
nun im Labormafstab durch Palladium katalysierte C-C
Kupplungsreaktionen leicht zuginglich. Es wurden unter-
schiedliche Katalysatorsysteme zur Optimierung der Aus-
beute und der Reinheit der Produkte untersucht. Die Struk-
turen von 1,1,2,4,4-Pentafluorbutadien, Chloro(N,N'-tetra-
methylethylendiamin)(trifluorvinyl)zink, PCy,R, und
P(O)Cy,R (Cy=Cyclohexyl, R=2-(1-Naphthyl)phenyl)
konnten durch Rontgenbeugung an Einkristallen aufgeklért
werden.
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Results and Discussion

To synthesize butadienes 1-5 and 1,4-dienes 6-11, we used a
variety of C, building blocks (Scheme 3). Fluorinated
ethenes can be obtained from some specialized suppliers,

19:R"=R?=R%=H
20:R'=R?=F,R®=H
21:R'=R?=R%=F

o~

R SnBus  19-21

22: R"=R?=R%=F, X=Br
22a:R'=R?=R®=F, x = ClI
22-23 23: R"=R?=F,R®=H,x =1

)

R R® 24: R'=R%?=R%=F,x=8Br
2=< 24a:R'=R%2=R%=F X =1
R X 24-25 25: R'=R%2=F,R%=H,x =1
26:R'=R?=R*=H
27:R"=Me, R?=R%=H
>—<_ 28:R"=R?=Me,R%=H
29:R'=pPh, R?=R3=H
30:R'=R*=H,R%=Ph
31:R"=R®=H,R%= Me

26-31

Scheme 3. Vinyl and allyl building blocks.

but most of them are expensive and are not easy to trans-
port owing to instability or customs regulations. Therefore,
we focused on four starting materials for our syntheses: 1,1-
difluoroethene and trifluorobromoethene, which are used in
polymer synthesis, and 1,1,1,2-tetrafluoroethane and 1-
chloro-1,1-difluoroethane, which are refrigerants widely
used in air conditioners. These can easily be converted into
the desired reagents by the reactions outlined in Scheme 4.

ICl was added to 1,1-difluoroethene to form 1-iodo-2-
chloro-2,2-difluoroethane,?”? which was converted into 1-
iodo-2,2-difluoroethene in high yields with potassium tert-
butanolate. To avoid by-product formation resulting from
nucleophilic attack at the CF, group, the tert-butanolate has

FF HH sBuLi,-Lici__ R __H sBuLi
o W THFELO,-110°C/\ THF/ELO, ~110°C > <
R F mBuli-LF R F sBuli  R__F
F—H T 7g7c™ )~ ThF, 780 >_<4
F H ' F H F oL
H H H H
o BugSnCl _ 19
= THF, RT 7=
H MgCl H SnBuj
FH FH
o Bu,;SnClI : o 20
F> iLi THF/EL,0, ~110 °C F> /\SnBu3
FEF R F
o Bu,;SnCl o 21
) < THF, -78°C =
F Li F SnBu;

Scheme 4. Synthesis of tributylethenyl stannanes.
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to be added to the ethane. Lithiation of 1,1-difluoroethene
at —110°C following a procedure described by Sauvetre and
Normant®! gave 2,2-difluoroethenyl lithium. The same com-
pound was formed from 1-chloro-1,1-difluoroethane and
2 equivalents of sec-butyllithium. The unstable difluoroeth-
enyl lithium reagent was trapped with tributylchlorostan-
nane to form 20 as a colorless air-stable liquid. This stan-
nane was prepared by Burton and co-workers via (2,2-di-
fluoroethenyl)triethylsilane.®"  Tributyltrifluoroethenylstan-
nane 21 was formed similarly in excellent yield by the reac-
tion of tributylchlorostannane with trifluoroethenyl lithium,
which was obtained from 1,1,1,2-tetrafluoroethane and
2 equivalents of n-butyllithium at —78°CF? or with lithium
diisopropylamide (LDA) at room temperature.’¥! Com-
pound 21 can also be prepared with trifluorovinyl
Grignard?®** or zinc reagents.’ Both stannanes were easily
purified by vacuum distillation. Reaction of 1-iodo-2,2-di-
fluoroethene and 1-bromo-1,22-trifluoroethene with zinc in
N,N-dimethylformamide (DMF) generated the zinc reagents
22 and 23, respectively.”"*! An alternative procedure for
the synthesis of 23 with 1,1,1,2-tetrafluoroethane, LDA, and
zinc chloride or bromideP cannot be used in our case
owing to problems in separating the solvent THF from the
butadienes. However, this zinc reagent as well as the one
formed from the reaction of 1,1,1,2-tetrafluoroethane with
n-butyl lithium can be used in THF if less volatile products
were synthesized.

Stille Coupling: Catalyst Optimization

As palladium compounds are expensive materials, we tried
to improve the efficiency of our syntheses in two ways: we
moved from a premade Pd’ complex to a catalyst system
generated insitu from a simple palladium(II) salt and a
phosphine ligand, thus reducing the molecular weight of the
palladium compound used, and we decreased the amount of
catalyst used altogether from 1-3mol% to as low as
0.25 mol %.

By leaving behind the “standard” catalyst used so far (tet-
rakis(triphenylphosphanyl)palladium), another problem was
almost eliminated: the air sensitivity of the catalyst com-
pound.® Palladium acetate and the phosphines we used are
air-stable and thus easy to handle, and as long as the cou-
pling reaction itself takes place under anaerobic conditions,
the activity of the catalyst is preserved much longer than in
open systems.

According to Buchwald and co-workers,* dicyclohexyl-
(2-biaryl)phosphines 13-18 with various substituents on the
biaryl moiety (Scheme 5) are excellent cocatalysts in Suzuki
coupling reactions. We compared six of these catalyst sys-
tems and another promising Pd complex, dichloro-[1,1’-bis-
(diphenylphosphanyl)ferrocene]palladium(II) (32),*Y with
the “standard” catalyst used so far, tetrakis(triphenylphos-
phanyl)palladium(0). In contrast to the studies of Buchwald
and co-workers, we tried to optimize Stille coupling rather
than Suzuki coupling, because the boronic acid derivatives
required for our syntheses are not readily available.
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Scheme 5. Buchwald phosphines 13-18 and [Pd(dppf)Cl,] (32) (Cy=
cyclohexyl).

Optimization experiments were carried out in sealed 8-
mm glass tubes, which were placed in 10-mm NMR tubes
for YFNMR spectroscopy. The tubes were heated in an
oven to the desired temperature. Conversion was considered
to be complete when the ’F NMR signals of one of the ini-
tial compounds had disappeared. Product purity was roughly
determined by comparison of the peak heights of the prod-
uct with those of the by-products, so this value can only in-
clude fluorine-containing compounds. A catalyst system was
considered best when the reaction proceeded to total con-
version in a short time and resulted in a highly pure prod-
uct.

The conditions for these best results are summarized in
Table 1. Details are given in the Supporting Information.

Vinyl-Vinyl Couplings

As shown in Table 1, hexafluorobutadiene was formed in
high purity by the reaction of 21 and 24 with the phosphine
13 catalyzed by [Pd,(dba);]. The synthesis of 2 proceeded
well by the reaction of 20 with 24. In the reaction of 21 with
25, the purity was always low. These results are remarkable,
as iodide 25 is expected to be more reactive in cross-cou-
pling reactions than bromide 24. Homocoupling (to yield 1)
is an important side reaction, which can even dominate over
the desired cross-coupling. Butadienes 1 and 2 could not be
separated by simple distillation. The difluorovinyl com-
pound 20 did not give a homocoupled product under the
conditions reported in Table 1.

The synthesis of 3 seems to be rather indifferent towards
the choice of phosphine ligands. The only exception is a
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Table 1. Summary of small-scale catalyst optimization.

D. Lentz et al.

substitution of the tributylvinyl

Component  Component Desired Catalyst system t/T  Conversion [%] tin component. For coupling re-
1 2 product ([mol%]) (purity [%]) actions involving stannane 21, a
21 24 1 [Pd,(dba),]/13 (0.25/ 17 h/60°C 100 (95) combination of a Pd salt and
1.25) phosphine 13 seems to be the
20 24 2 f(;(SC))Ac)z/IS (0.25/ 24 h/60°C 100 (96) universal catalyst system,
21 2 2 Pd(OAC)/17 (025 241/60°C 100 (S0) whereas for stannanes 20 and
1.25) 19, the choice of cocatalyst also
20 25 3 Pd(OAc),/14 (0.25/ 6 h/60°C 100 (97) depends on the halide used.
125) With most of the Stille ex-
19 24 4 Pd(OAc),/17 (0.25/ 72h/60°C 75 (80) . .
1.25) periments, a peculiar observa-
19 25 5 32 (0.25) 6 days/25°C 100 (99) tion was made: during the reac-
21 26 6 [Pd,(dba);]/13 (0.25/ 10 days/25°C 100 (78) tion, a colorless solid was
1.25) formed in the reaction vessels,
21 29 9 5P21152)(dba)3]/13 (0.25/ 6 days/25°C 100 (59) in most cases crystallizing as
21 30 10 [PA(PPh,),] (05) 4 days25°C-+1day/75°C 100 (56) long needles that are insoluble

dba=dibenzylideneacetone.

slow reaction when the combination of Pd(OAc), with the
weaker donor PPh; was employed as catalyst. The combined
effects of iodide 25 rather than a bromide as well as the
more reactive stannane 20 make this reaction generally
faster than those described above. As the homocoupling
also yielded 3, this was not a significant problem in this
case.

The synthesis of 4 from 19 and 24 did not proceed satis-
factorily, as none of the small-scale experiments could be
brought to completion within 3 days, and several samples
showed no reaction at all. Strangely, with catalyst 32, the
product vanished after heating for more than 8 h. However,
catalyst 32 is the best choice for the synthesis of 5. This reac-
tion was complete after 6 days at room temperature, where-
as the samples had to be heated with all the other catalyst
systems.

Allyl-Vinyl Couplings

Allyl-vinyl Stille couplings are known to proceed more
easily than vinyl-vinyl couplings.*! This also applies to the
coupling of allyl bromides with tributyltrifluoroethenylstan-
nane (21). We investigated three coupling reactions: cou-
pling of 21 with allyl bromide 26, cinnamyl bromide (29),
and its isomer 30. All reactions gave the expected (substitut-
ed) 1,1,2-trifluoropentadienes.

The coupling reactions of 21 with 26 and 29 proceeded to
complete conversion with the Pd(OAc),/13 system at room
temperature and yielded less by-product than the same reac-
tion catalyzed by [Pd(PPh;),], which could not be brought
to completion without heating. However, reaction of 21 with
30 proceeded best with [Pd(PPhs),]. Although there was an
increase in purity of the product with 13 and a Pd com-
pound, the reactions did not reach complete conversion.

The reactions showed an overall trend of proceeding
more easily with allyl halides than with vinyl halides, and
also an increase in reaction rate with decreasing fluorine
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in all the solvents used so far.
Elemental analysis of the sub-
stance is in accord with it being
tributyltin fluoride. The same
substance was formed when fluorovinyltributylstannanes 20
and 21 were kept at room temperature for several days or at
4°C for several weeks.

Choice of the palladium source does not greatly influence
total reaction time, but does determine the initial reaction
rate at room temperature. For example, in the reaction of 21
with 24 to form 1, [Pd,(dba);]/13 showed noticeable conver-
sion after 12h at room temperature, whereas the same
ligand 13 with Pd(OAc), did not. This difference is under-
standable given that [Pd,(dba);] already contains palladium
in oxidation state zero, whereas palladium(II) in Pd(OAc),
has to be reduced by the substrate prior to the coupling re-
action. This initial reduction seems to take place immediate-
ly at temperatures between 50 and 60°C, as no coupling re-
action was observed before heating to this temperature in
the Pd(OAc),/13 system. In other experiments (allyl-vinyl
couplings), Pd(OAc),/13 increased the rate of the reaction
only slightly less than [Pd,(dba);]/13. As this difference is of
no great influence on reaction time and purity, Pd(OAc),
was chosen for all preparative experiments because it is sig-
nificantly cheaper than [Pd,(dba);].

Table 2 summarizes the reaction conditions of the Stille
coupling reactions on a preparative scale. The purity was
generally higher in these experiments than in the optimiza-
tion samples, as it was determined after fractional condensa-
tion under vacuum, whereby trifluoroethene and unreacted
vinyl halides were removed. This explains the low yields in
several reactions, in which the formation of trifluoroethene
or incomplete conversion decreased the amount of isolated
product (e.g., in the synthesis of 2 from 20 and 24). The re-
action of 19 with 24 did not give the desired trifluorobuta-
diene 4 in acceptable purity. This was to be expected from
the results of the small-scale experiments, but the reason re-
mains unclear. The yields of the optimized versus the “tradi-
tional” catalyst systems are higher in the case of 3 but lower
in the case of 5. The 1,4-dienes 9 and 10 were purified by
vacuum distillation with a short Vigreux column. In the re-

Chem. Asian J. 2008, 3, 719-731





Synthesis of Fluorinated Dienes

Table 2. Overview of experimental conditions for the preparative experiments (Stille coupling).
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problems in separation, as a

Component 1 Component 2 Product Catalyst system T Yield [%] part of the second component
([mmol]) ([mmol]) ((mmol]) ([mol %]) (purity® may then not react. The re-
[%]) maining bromide or iodide was
1,3-Butadienes removed by condensation of
21 (132) 24 (12) 1(8) fg(S?Ac)z/liﬁ 025/ 15h/60°C 75 (97) the mixture of volatile compo-
21 (60) 24 (50) 1.(40) PA(OAC),/13 (025/  40h/60°C 80 (98) nents onto zinc powder in DMF
1.25) to yield the nonvolatile zinc
20 (9.1) 24 (8.6) 2(7.8) Pd(OAc),/15 (0.25/ 39 h/60°C 3511 (80) species, followed by fractional
20 (7.7) 25 (7.0) 3 (4.6) ;I.’st()PPh )] (0.25) 8h/55°C 65 (97) condensation under vacuum,
20 (16.0) 25 (14.4) 3(113) 32 (0.25)3 o 8h/60°C 78 (95) which in turn separated solvent,
19 (6.8) 24 (82) 4(3.9) Pd(OAc),/17 (031/  8days/60°C 100 (16) product, and trifluoroethene.
1.30) As for the 1,4-dienes, the syn-
19 (16.2) 25 (14.8) 5 (11.6) 32 (0.25) 6 day5/25:C 78 (99) thesis of 8 gave lower yields
b EGT s o OMEC M) v Sl couping (7 s
14-Dicnes 66 % ), and the problem of 3 eli-
21 (15.0) 28 (13.6) 8 (8.9) [P(PPhs),] (1) 6h/80°C 66 (80) mination remains. As (E)-1-
21 (20.0) 29 (20.0) 9(3.1) Pd(OAc),/13 (025/  40h/45°C 15 (99) bromobut-2-ene (27) was used
1.25) in only 85% purity, the other
21 (20.0) 30 (20.0) 10 (6.2) Pd(OAc),/13 (025/  67h/45°C 31 (98)

1.25)

15% being its Z isomer 31 and

[a] With respect to by-products after distillation or fractional condensation. [b] After removal of unreacted
F,C=CFBtr. [c] Product could not be separated from by-product (H,C=CHC(CH;)=CH,) by distillation.

action of 21 with 28 to form 8, a significant amount of iso-
prene was formed as a by-product, most probably by {3 eli-
mination from the palladium complex of halide 28.

Negishi Coupling

Negishi coupling worked quite well for some dienes
(Table 3), especially for 3, for which the yield was even
higher than with Stille coupling. The main problem is the
decomposition of trifluorovinylzinc bromide during the reac-
tion to give trifluoroethene. This leads to low yields and

Table 3. Overview of experimental conditions for the preparative experi-
ments (Negishi coupling).

Component Component Product Catalyst t/T Yield [%)]
1 ([mmol]) 2 ([mmol]) ([mmol]) system (purity™®
(fmol %]) [%])

1,3-Butadienes

22 (30) 24 (20) 1(12) [Pd(PPhs),] 24 h/75°C 60 (97™)
1)
22 (30) 25 (20) 2 (6) [Pd(PPhs),] 24 h/75°C 30 (97")
(€]
23 (67) 25 (67) 3 (43) [Pd(PPh;),] 4h/75°C 64 (99)
(2.6)
1,4-Dienes
22 (15.0) 26 (150) 6 (11.2) [Pd(PPhs;),] 6h/80°C 86 (97)
1)
22 (15.0) 27/31 711/12  [Pd(PPh;),] 6h/80°C 38 (97)
(13.0) (6.0) 1)
22 (15.0) 28 (13.6) 8 (3.6)  [Pd(PPhs;),] 6h/80°C 27 (33)
(€]

[a] With respect to by-products after fractional condensation. [b] After
removal of unreacted F,C=CFBr. [c] Both isomers 7 and 11 and by-prod-
uct 12. [d] Product could not be separated from by-product (H,C=CHC-
(CH;)=CH,) by distillation. [e] mixture of E and Z isomer, predominant-
ly 27 (E).
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2-bromo-1-butene, the pure
product 7 was not to be expect-
ed but, rather, a mixture of iso-
mers 7 and 11. The reaction
also yielded the by-product 1,1,2-trifluoro-3-ethylbutadiene
(12), which was formed from 2-bromo-1-butene.

NMR Spectroscopy

Polyfluorinated butadienes have been the subject of some
spectroscopic examinations.*? Table 4 shows the NMR
chemical shifts and coupling constants of butadienes 1-5.

The F NMR spectrum of the symmetric butadiene 1 was
simulated to obtain the coupling constants of this
AA'BB'CC’ spin system. Simulation of the "F NMR spec-
trum of 2 was performed to assign the individual signals and
couplings in this complex spectrum. Both simulations were
calculated by wusing the program g-NMR." The
YF{'H} NMR spectrum of 3 has been published and com-
pared with a simulated spectrum by Servis and Roberts.*??!
Their findings from 1965 could be reproduced. Trifluorovi-
nyl groups (in 1, 2, and 4) display two "F NMR signals in
the range —93 to —119 ppm (terminal CF,) and one at —179
to —184 ppm (CF group). The trans-FF coupling constants
are larger (107 to 119 Hz) than the gem-FF coupling con-
stants (51 to 70 Hz). Difluorovinyl groups (in 2, 3, and 5) ex-
hibit two signals at —78 to —89 ppm with gem-EF coupling
constants of 17 to 37 Hz. The '"H NMR spectrum showed a
signal between 4.52 and 6.24 ppm, with the central protons
shifted to higher field than the terminal protons in § and
vice versa in 4. trans-H,H coupling constants are larger
(17Hz) than cis-HH and CH,CH coupling constants
(11 Hz), and gem-H,H coupling constants are too small to
be observed.

Table 5 shows a selection of NMR chemical shifts and
coupling constants of the 1,1,2-trifluoro-1,4-dienes 6-11. The
spectra are typical for trifluorovinyl-substituted compounds
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Table 4. NMR spectroscopic data for butadienes 1-5.

D. Lentz et al.

Table 5. NMR spectroscopic data of 1,4-dienes 6-11.

Chemical shifts [ppm] Coupling constants BC chemical shifts

Chemical shifts [ppm] Coupling constants *C chemical shifts

[Hz] [ppm] [Hz] [ppm]
waprEF 25 ="50.71 O(C1)=0(C4)=152.3 s Uy =872 o(C1)=153.2
RN ce Jpe=118.6% O(C2)=06(C3)=116.0 FZ Hesrr y,=114.4 8(C2)=1272
orsEe Ve 3 ne=31.90 5(C1)=155.6 1059 FMH”S.W g =32.7 8(C3)=30.1
S e =303 6(C2)=121.8 B Cv AT P Uxa=27 0(C4)=134.0
o 3.00 e Uya=42 0(C5)=1184
-179.3 5 =69.81 6(C3)=70.2 3
-101.9F* Fe AB ; . Jza=222
_ . Jpe=17.01 0(C4)=152.6 27890
F 795 37 —31.50 1742 3 e
-1188F ¢ — SJAC_11£7[3] EZ He ;JYZ:114.4
coo ' Fome T e R ANt e
CX— . =2.
2 Ypx=2300 s’ H O H e a0
g 2 5 =36.6"" 0(C1)=06(C4)=155.6 3,0 =21.9
N e jJAA=35.£2h] 8(C2)=06(C3) =723 2 —808 5(C1)=152.9
arFe = Jan=80" L oy =114.1 8(C2)=1283
He B0 o, 3JABr:4~8 o o ' " 3Jxz=31.9 0(C3)=2438
ZJCC'f ;0? (D) 1526 : © 4Jn=2.8 8(C4)=1162
1839 Jan=04 (CH=152. ame Y HY H Me Jya=41 5(C5)=136.2
-103.3RA ° =284 0(C2)=1283 2.94 8 3, -5 8(Me)=25.6
>=§_<HY5.50 e =107.1 8(C3)=121.0 5(Me)—17.7
-119.2F°® Hx_ » :']XY:174 6(C4):1143 -173,28 ZJXY=86~8 6(C1)=1532
621 525 4 ;sz:11-5 . Hegis 3y, =1145 8(C2)=1273
5o e 8(Cl)=156.7 e FM% s 121
1 F* H° ABT ) =100 7 A Ja=26 5(C4)=121.8
IR UCIE = N =)
886 F° = Xy==1/ =0 J8=21.8
s M Hisss o =l 0(C4)=126.1 1739 2y =847 8(C1)=153.6
Jex=11 . F° Ph 3y, =114.5 8(C2)=127.7
[a] Simulation parameters. [b] As published by Servis and Roberts.**!! 1049 FMH °548 Ty, =328 6(C3)=32.0
4
a5 27 HOH oo Tin=2.5 5(C4)=140.4
SF Tass HOs24 o =40 8(C5)=1154
. . . 3T,a=21.6
and display nothing out of the ordinary. The three "F NMR s P ]ZAz 390
signals of the trifluorovinyl group at —106, —124 (CF, F’ He 3 fz;= 114.4
group), and —175 ppm (CF group) were almost unaffected -108.7 FMHD 3Jxz =325
(£2 ppm) by different substituents at the other (nonfluori- ass £ HY HY b jJXA:ZS
nated) vinyl group. This may be attributed to the double " 35“\:;1'139
zZA = <1

bonds in the 1,4-dienes being unconjugated, as opposed to
those in the 1,3-dienes, which show a greater influence of
one vinyl group on the other. The same is true for the
'3C NMR signals of the trifluorovinyl and the central meth-
ylene groups.

Crystal Structures

The crystal and molecular structures of dicyclohexyl-2-(1-
naphthyl)phosphine, dicyclohexyl-2-(1-naphthyl)phosphine
oxide, chloro(trifluoroethenyl)(tetramethylethylenedi-
amine)zinc, and 1,1,2,4,4-pentafluorobuta-1,3-diene (2) were
elucidated by X-ray crystallography. The crystallographic
data are summarized in Table 6, and the structures are de-
picted in Figures 1-3.

Despite the importance of vinyl zinc derivatives in Ne-
gishi coupling reactions, there has not yet been a study of
the structure of vinyl zinc compounds by X-ray crystallogra-
phy so far. Chloro(trifluoroethenyl)(tetramethylethylenedia-
mine)zinc crystallizes in the orthorhombic space group
Pna2, with four [Zn(Cl)(GF;)(TMEDA)] molecules and
four THF molecules in the unit cell, which does not show
any short intermolecular distances. However, the refinement
did not converge well. Only the carbon atom C1 exhibited

724 www.chemasianj.org

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

unusual small thermal parameters and strange C-C and C-F
distances, and the largest peak in the difference Fourier map
was found very close to C1, which indicates the presence of
a heavier atom close to C1. We solved this problem by as-
suming a disorder model with about 20% ZnCl,(TMEDA)
in the crystal under study. The zinc atom is almost tetrahe-
drally coordinated by the chloro ligand, two nitrogen atoms,
and the trifluoroethenyl ligand. The C—Zn—Cl and C—Zn—N
bond angles range from 108.9(2) to 112.8(2)°, whereas the
angle N1-Znl—-N2 is much smaller (86.7(1)°). The zinc—
carbon bond length of 1.976(7) A lies within the distances
observed for the pentafluorophenyl derivatives [Zn(C¢F5s),]
(1.926 A)*! and [Zn(C4Fs),(THF),] (2.012 A).14)

The structures of buta-1,3-diene™” and hexafluorobuta-
1,3-diene (1) were determined by gas electron diffraction.
Whereas the anti conformer is predominant for buta-1,3-
dienel* at all temperatures between 25 and 900°C, hexa-
fluorobuta-1,3-diene! is nonplanar with a C=C—C=C dihe-
dral angle of 47.4°. Recently, we determined the solid-state
structures of 1,12 -trifluorobutadiene (4),*) 1,1,4,4-tetra-
fluorobutadiene (3),*Y! and octafluoro-1,2-dimethylenecyclo-
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Table 6. Crystal data and structure refinement for [Zn(Cl)(C,F;) TMEDA]-THF, 2, PCy,R (18), and P(O)Cy,R (R =2-(1-naphthyl)phenyl).

[Zn(Cl)(C,F;)(TMEDA)]- THF 2 PCy,R (18) P(O)Cy,R
Empirical formula ZnC,,H,,CIF;N,O C,H,Fs CyHi:P CysH;;,0P
M, 370.15 144.04 400.51 416.51
T[K] 120(2) 100(2) 143(2) 173(2)
A[A] 0.71073 0.71073 0.71073 0.71073
Crystal system orthorhombic orthorhombic triclinic monoclinic
Space group Pna2, Pnma P1 P2/c
a[A] 17.036(3) 10.638(5) 7.3867(16) 8.509(3)
b[A] 11.019(2) 5.726(5) 8.8298(19) 25.208(9)
c[A] 8.6158(17) 8.149(5) 18.052(4) 10.601(4)
al] 90 90 90.116(5) 90
A1 90 90 100.815(5) 90.762(9)
v [°] 90 90 96.176(5) 90
V[AY 1617.4(6) 496.4(6) 1149.5(4) 2273.8(15)
V4 4 4 2 4
Ocaled [mgm~3] 1.530 1.928 1.157 1.217
u [mm™'] 1.722 0.245 0.131 0.138
F(000) 768 280 432 896
Crystal size [mm] 0.49x0.32x0.08 1.0x0.5%x0.5 0.4x0.3x0.1 0.30x0.20% 0.06
Ormax [°] 30.55° 30.5 26.37 30.61
Index ranges —20<h<24 —15<h<15 —-8<h<9 —12<h<11
—15<k<15 —8<k<8 —-11<k<10 —36<k<35
—-12<I<10 —11<i<11 —22<1<22 —-10<i<15
Reflections collected 18958 6558 11104 27695
Independent reflections/ 4233/0.0571 822/0.055 4671/0.047 6946/0.13
Rin
Completeness to 0, [%]  99.9 100.0 99.4 99.1
Absorption correction empirical none none none
Max./min. transmission 1.0/0.82

Refinement method

full-matrix least squares on
P

full-matrix least squares on
P

full-matrix least squares on
P

full-matrix least squares on
P

Data/restraints/parameters  4233/1/181 822/0/56 4671/0/262 6946/0/271
Goodness-of-fit on F* 1.040 1.068 1.063 1.038
R1/wR2 (I1>20(1)) 0.0444/0.0950 0.066/0.184 0.051/0.1223 0.065/0.159
R1/wR2 (all data) 0.0734/0.1052 0.068/0.186 0.0711/0.1297 0.107/0.190
Extinction coefficient none 0.049(15) none none

AP APmin [€ A7 0.747/-0.434 0.554/-0.555 0.371/-0.222 0.669/—0.321

TMEDA = N,N,N',N'-tetramethylethylenediamine.

butaneP” by X-ray crystallography at low temperature. To
establish whether the transoid anti conformer crystallizes for
1,1,2,4,4-pentafluorobutadiene (2), a single crystal was
grown from the melt at —110°C. Compound 2 crystallizes in
the orthorhombic space group Pnma with Z=4. Thus, the
molecule lies on the crystallographic mirror plane with C
symmetry.

As in butadiene,*”! 1,1,2-trifluorobutadiene,*! and 1,1,4,4-
tetrafluorobutadiene,?"! the double bonds in 2 are oriented
in the transoid form, whereas the cisoid form is only ob-
served in the presence of steric constraints such as in octa-
fluoro-1,2-dimethylenecyclobutane,”! 2,3,5,6,7.8-
hexamethylenebicyclo[2.2.2]octane,”" or upon coordination
to a metal center like in [Fe(CO);(n*C,H;)].F¥ Both C—C
double-bond lengths are almost equal (C1—C2 1.320(3), C3—
C4 1.318(3) A), which shows a negligible influence of fluo-
rine substitution on the C—C bond lengths, in agreement
with our earlier results found for 1,1,2-trifluorobutadiene!®”
and the C—C bond lengths obtained from low-temperature
X-ray diffraction of ethane and tetrafluoroethene.’* On
the basis of ab initio calculations, the C—C bond lengths of
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ethane’™ and tetrafluoroethene® differ by 0.007 A on the
MP2 level of theory with the 6-31G** basis set.

The central carbon—carbon bond C2—C3 (1.435(3) A) is
shortened due to conjugation effects, in contrast to the
structure of 2,3-di-tert-butylbuta-1,3-diene,””’ which has a
long central bond of 1.506(3) A and a C=C—C=C torsion
angle of 96.6°. Alternating bond lengths (1.336, 1.451, 1.327,
and 1.451 A) with single bonds shortened due to conjugation
were found in trans,trans-1,3,5,7-octatetraene,”® which has
torsion angles of 179.3 and 179.9°. The C—F bond lengths of
the CF, group is considerably shorter than in the CF group,
an effect already observed for other fluoro alkenes such as
trifluoroethene,” 1,1-difluoroethene,* (E)- and (Z)-1,2-di-
fluoroethene,” hexafluoropropene,® and 1,12-trifluo-
robutadiene.®! The F—-C—F bond angle of 111.7(2)° is simi-
lar to that in 1,12-trifluorobutadiene,*! 1,1,4,4-tetrafluo-
robutadiene,””! and hexafluoropropene.”” The C—C—C bond
angle at C2 is slightly larger than that at C3. The bond
lengths and angles of 2 are summarized in Table 7.

Figure 2 shows the packing of 2 along the b axis. The
short intermolecular H-F contacts (H3-F3 2.43 A; C—H
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Figure 1. ORTEP drawing!*! of the molecular structure of chloro(trifluo-
roethenyl)(tetramethylethylenediamine)zinc (solvate molecule omitted).
Ellipsoids are drawn at the 50 % probability level.

Figure 2. ORTEP drawings*! of the molecular structure (top) and pack-
ing diagram (bottom) of 1,1,2,4.4-pentafluorobutadiene (2). Ellipsoids
are drawn at the 50 % probability level.

bonds normalized to 1.08 Ay connect molecules within the
crystallographic mirror plane to form chains along the
a axis.
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Figure 3. ORTEP drawings'*l of the molecular structures of dicyclohexyl-
2-(1-naphthyl)phenylphosphine (18; top) and dicyclohexyl-2-(1-naph-
thyl)phosphine oxide (bottom) (hydrogen atoms omitted for clarity). El-
lipsoids are drawn at the 50 % probability level.

The molecular structures of dicyclohexyl-(2-(1-naphthyl)-
phenyl)phosphine 18 and dicyclohexyl-(2-(1-naphthyl)phe-
nyl)phosphine oxide are depicted in Figure 3. Crystals of 18
were obtained by recrystallization from ethyl acetate. One
of the crystallization attempts yielded crystals of dicyclohex-
yl-(2-(1-naphthyl)phenyl)phosphine oxide when the sample
was accidentally left to stand in air for several days. Major
differences between the structures of the two compounds
can be found in the conformation of the 2-(1-naphthyl)phen-
yl substituent, the P—C bond lengths, and the C—P—C bond
angles. As expected, the P—C bond lengths decreased and
the C—P—C bond angles increased in going from the phos-
phine to the phosphine oxide. In the phosphine, the naph-
thalene ring is oriented more or less parallel to the lone-pair
electrons of the phosphorus atom, whereas in the phosphine
oxide, the naphthalene ring is at the maximum distance
from the oxygen atom.

Chem. Asian J. 2008, 3, 719-731





Synthesis of Fluorinated Dienes

Table 7. Bond lengths and angles for 1,1,2,4,4-pentafluorobutadiene.

Bond Length [A] Bond angle Angle [°]
C1-F1 1.310(2) F1-C1-C2 124.84(17)
Cc1-C2 1.320(3) F1-CI1-F2 111.66(17)
CI-F2 1.320(2) C2-Cl1-F2 123.50(18)
C2-F3 1.350(2) C1-C2-F3 116.48(17)
C2—C3 1.435(3) C1-C2-C3 125.27(17)
C3-C4 1.318(3) F3-C2-C3 118.25(18)
C3—H3 0.9300 C4-C3—-C2 124.62(19)
C4-F4 1.311(2) C4—C3—-H3 117.7
C4-F5 1.315(2) C2—C3—-H3 117.7
F4—C4-F5 109.75(17)
F4-C4—C3 126.94(19)
F5-C4—C3 123.31(19)
Conclusions

Our experiments have demonstrated that fluorinated 1,3-bu-
tadienes can be easily obtained in good yields by palladium-
catalyzed C-C coupling reactions with readily available
transmetalation reagents. These can be prepared in high
yield from inexpensive starting materials such as hfc-134a
and hcfc-142b. Furthermore, the amount of palladium cata-
lyst used can be decreased to 0.25 mol% by using special
ligand systems. There exists an easier, copper-catalyzed
route to fluorinated 1,4-dienes that gave comparable yields
of 6.

It should be possible to transfer these reactions to more-
complicated systems, thus facilitating the introduction of di-
fluoro- and trifluorovinyl groups into molecules of interest
in life-science applications, preferentially with zinc reagents,
as tin-containing impurities (which are very toxic) cannot be
removed easily. The room-temperature preparation of tri-
fluoroethenyl zinc chloride from 1,1,1,2-tetrafluoroethane
reported by Raghavanpillai and Burton®™*) may be particu-
larly useful for these applications, as the separation of
highly volatile by-products is not a problem in this case.

Experimental Section
General

All reactions were carried out under dry argon by using standard Schlenk
and vacuum techniques. Volatile materials were handled in a convention-
al glass vacuum line, and amounts were determined by PVT techniques.
Moisture-sensitive compounds were handled in an automatic dry box
(Braun) under dry argon. 'H, C, "°F, *'P, and ""”Sn NMR spectra were re-
corded on a JEOL FX 90Q or JEOL LAMBDA 400 instrument with tet-
ramethylsilane (TMS) ('H, "C) or solvent signals (“’F: CFCl;; *'P:
H;PO,) as standards. Infrared spectra were recorded on a SHIMADZU
FT-IR8400S (gas samples in a 10-cm cuvette with KBr windows) instru-
ment. Raman spectra were recorded on a Bruker RFS 100 instrument.
Mass spectra were obtained on a Varian MAT 711 (80 eV) spectrometer.
DMF was dried over calcium hydride. Bromotrifluoroethene and 1,1-di-
fluoroethene were purchased from Fluorochem or Fluka and were used
as supplied. 1,1,1,2-Tetrafluoroethane and 1-chloro-2,2-difluoroethane
(hfc-134a/142b, coolant grade) were generously provided by Solvay Fluor
und Derivate GmbH. They were used without purification.

Tetrakis(triphenylphosphanyl)palladium was prepared by the method of
Coulson.” Dicyclohexyl-2-(2'-methylbiphenyl)phosphine (13), dicyclo-
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hexyl-2-(2,6'-dimethoxybiphenyl)phosphine (16), dicyclohexyl-2-(2',4,6"-
trimethylbiphenyl)phosphine (14), and dicyclohexyl-2-(1-naphthyl)phos-
phine (18) were prepared by the method of Buchwald and co-workers.*"!
A quantity of 13, dicyclohexyl-2-(2',4',6'-triisopropylbiphenyl)phosphine
(15), and dicyclohexyl-2-(2'-(N,N-dimethylamino)biphenyl)phosphine
(17) was generously provided by Lanxess AG. Tributylethenylstannane
was prepared by the method of Casado and Espinet.l"” Palladium acetate
was purchased from ChemPur or Merck. Cinnamyl bromide and tributyl-
chlorostannane were obtained from Acros, and allyl bromide was taken
from institute stocks.

Coupling reactions were carried out either by Negishi or Stille methods.
We developed four standard procedures. The choice of the procedure for
a given reaction depended on the boiling point of the product (separation
from the solvent and by-products).

Negishi Reactions

Procedure 1: The reactions were carried out in an all-glass apparatus con-
sisting of two 100-mL flasks connected by a glass frit and equipped with
polytetrafluoroethene (PTFE) valves and magnetic stirrer bars in both
flasks. The vinyl halide was condensed onto a twofold excess of activated
zinc dust in DMF. The mixture was allowed to warm. At slightly below
room temperature, an exothermic reaction started, which converted the
halide into the zinc reagent (component 1). The mixture turned brown
and warmed to 50-60°C. When the exothermic reaction was considered
too vigorous, the reaction vessel was cooled in an ice bath for some mi-
nutes. The mixture was stirred at 60°C for another 2 h. Upon cooling to
room temperature, a sample of the gas phase was pumped off to check
for remains of component 1 by IR spectroscopy. The solution of trifluor-
oethenylzinc bromide was then filtered through the frit into the second
flask, to which tetrakis(triphenylphosphanyl)palladium (1-2 mol %) had
been added. The second flask was sealed off from the rest of the appara-
tus to prevent the vinyl or allyl halide added in the next step (compo-
nent 2) from reacting with the excess of zinc dust. Component 2 was con-
densed onto the reaction mixture, and upon warming to room tempera-
ture, the second flask was heated in an oil bath for 624 h. The products
where purified by fractional condensation under vacuum (1072 mbar),
with the solvent left in a cold trap kept at —40°C, the respective products
in a second trap kept at —100 to —130°C, and the volatile by-product (tri-
fluoroethene) in a trap cooled with liquid nitrogen.

Procedure 2: In a dried flask equipped with a septum, a magnetic stirrer
bar, and an argon inlet, activated zinc powder was suspended in dry
DMEF. Bromotrifluoroethene was condensed onto the solvent at liquid-ni-
trogen temperatures. The mixture was allowed to warm to room tempera-
ture, at which point an exothermic reaction started, turning the mixture
dark brown. The solution was then transferred through a PTFE tube into
a Schlenk tube containing the palladium catalyst and component 2 in dry
DMF; the excess of zinc dust was left in the first flask. The tube was
cooled with liquid nitrogen, evacuated, and heated to 80°C for 6 h. The
products were isolated by fractional condensation.

Stille Reactions

Stille reactions were carried out in flasks or tubes equipped with PTFE
valves and magnetic stirrer bars.

Procedure 3 used for the preparation of volatile dienes: Component 2
was condensed onto a mixture of component 1 (tin reagent) and the pal-
ladium catalyst (0.25-1.5 mol%) in DMF. The mixture was warmed to
room temperature and stirred for 2-200 h at 60-80°C in an oil bath. The
products were purified by trap-to-trap distillation, with the solvent left in
a trap at —40°C, the product in a second trap at —100 to —120°C, and
the by-product (trifluoroethene or 1,1-difluoroethene) in a trap cooled
with liquid nitrogen.

Procedure 4 used for Stille reactions with nonvolatile products (with re-
spect to solvent or by-products): Components 1 and 2 and the catalyst
were dissolved in DMF and then treated as described above. The prod-
ucts were isolated by aqueous workup followed by vacuum distillation or
fractional condensation.

Typical procedure for the optimization of the Stille reactions: Tributyltri-
fluoroethenylstannane (408 mg, 1.1 mmol), a dicyclohexylphosphane, and

www.chemasianj.org 727





FULL PAPERS

a palladium compound were placed in a dried tube (external diameter
8 mm, about 4.5 mL internal volume), and dry DMF (1 mL) was added.
The mixture was cooled with liquid nitrogen, argon was pumped off, and
the mixture was warmed to room temperature, cooled again, and evacu-
ated to remove the last traces of oxygen. Next, bromotrifluoroethene
(162 mg, 1.0 mmol) was condensed onto the mixture, and the tube was
sealed. It was allowed to warm to room temperature and left overnight.
A PF NMR spectrum was recorded on a JEOL FX-90 spectrometer with
the reaction vessel in a 10-mm sample tube. Over the following days, the
vessel was repeatedly heated in an oil bath or oven for several hours
before more ’F NMR spectra were recorded to monitor the progress of
the reaction. The reaction was considered complete when the peaks of
one of the initial compounds had disappeared. A catalyst system was
found to be best when short reaction times could be combined with low
reaction temperatures, small amounts of by-products, and the total con-
version of starting material. The most promising catalyst system was then
used in a larger-scale experiment, in which the product was isolated to
determine the yield.

Details and Spectroscopic Data

Tributyl-(2,2-difluoroethenyl)stannane, method A (from 1,1-difluoroeth-
ene): In a 500-mL flask equipped with a dropping funnel, a septum, an
argon inlet, and a magnetic stirrer bar, a mixture of dry THF and dry di-
ethyl ether (4:1, 200mL) was cooled to —196°C. 1,1-Difluoroethene
(3.05 g, 47.6 mmol) was condensed onto the solvent after evacuation of
the flask. The temperature was increased to —110°C, the flask was filled
with argon and equipped with a bubbler, and sec-butyllithium (36 mL,
1.3 M solution in hexane/cyclohexane (92:8), 46.8 mmol) was added over
45 min with a syringe. The solution was stirred at —100°C for another
hour. Tributylchlorostannane (13.13 g, 40.4 mmol) was added over 45 min
through the dropping funnel. The solution was allowed to warm to room
temperature overnight while a slow stream of argon was maintained
through the flask to remove traces of fluoroacetylene, which was formed
from 2,2-difluorovinyllithium in the case of local overheating (tempera-
tures greater than —90°C). In the morning, the solution had turned dark
brown. The solvent was evaporated, and the residue was dissolved in di-
ethyl ether and washed with brine. The organic phase was passed over a
short column of silica gel. After evaporation of diethyl ether, the product
was distilled under high vacuum (b.p.: 46°C (0.4 Pa), 11.41 g, 32.9 mmol,
78%). NMR spectroscopy of the distillate showed no other compounds
present.

Tributyl-(2,2-difluoroethenyl)stannane, method B (from 1-chloro-1,1-di-
fluoroethane): 1-Chloro-1,1-difluoroethane (6.08 g, 60.5 mmol) was treat-
ed with slightly less than 2 equivalents of sec-butyllithium (77 mL, 1.4m
solution in hexane/cyclohexane (92:8), 108 mmol) at —110°C in the sol-
vent mixture (200 mL) described in method A. Internal measurement of
the temperature was essential to avoid decomposition by control of the
rate of addition of sec-butyllithium. Tributylchlorostannane (16.20 g,
49.8 mmol) was added to this solution of 2,2-difluorovinyllithium over
25 min. After workup similar to that in method A, distillation yielded the
pure product (13.49 g, 38.2 mmol, 77%). Repeated experiments gave
yields between 66 and 82 %.

Tributyl-(2,2-difluoroethenyl)stannane: 'HNMR (400 MHz, CDCl,,
20°C, TMS): 6=3.87 (dd, *J(H,trans-F)=47.5 Hz, *J(H,cis-F)=9.8 Hz,
1H; CH), 1.62-1.40 (m, 6H; CH,), 1.38-1.28 (m, 6H; CH,), 0.98 (t, J-
(HH)=8Hz, 6H; CH,), 086ppm (t, J(HH)=8Hz, 9H; CH,):
BC{'H} NMR (100.4 MHz, CDCl,, 21°C, TMS): 6=157.8 (dd, J(C,F)=
277, 311 Hz; CF,), 63.3-64.2 (m; CH), 29.9 (s, Sn satellites=11 Hz; CH,
(y-Sn)), 27.2 (s, Sn satellites=30 ('Sn), 28 Hz ("""Sn); CH,(B-Sn)), 13.6
(s; CH;), 10.0 ppm (s, Sn satellites=182 ('*Sn), 174 Hz ("'"Sn); CH,(a--
Sn)); "9F NMR (376 MHz, CDCl,, 21°C, CFCL): =—61.3 (dd, 2(EF)=
36.7 Hz, *J(FH)=9.8 Hz, 1F; CF,), —73.4 ppm (dd, *J(F,H)=47.5 Hz, %J-
(FF)=36.7 Hz, 1F; CF,); MS (70 eV, EI): miz (%)=354 (2) [M]*, 297
(100) [M—C,H,]*, 253 (98), 213 (21), 197 (13), 177 (31), 139 (22), 121
(14), 103 (7), 57 (38) [C,H,]*, 41 (49) [CsH,]*, 29 (64) [C,H]* (spectro-
scopic data in accordance with those in reference [31]).

Tributyl(trifluoroethenyl)stannane: The method of Burdon et al.*? was
used with some modifications. 1,1,1,2-Tetrafluoroethane (14.5¢g,
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142 mmol) was condensed onto dry THF (200 mL) in a three-necked
1000-mL flask cooled with liquid nitrogen. The mixture was warmed to
—78°C in a dry ice/ethanol bath. Under argon, n-butyllithium (88 mL,
2.5 solution in hexane, 220 mmol) was added over 30 min. After 1 h of
stirring at —78°C, tributylchlorostannane (32.5 g, 100 mmol) in dry THF
(80 mL) was added over 45 min. The mixture was allowed to warm to
room temperature overnight. THF and hexane were evaporated, and the
residue was dissolved in dichloromethane and extracted with water. The
organic phase was dried over magnesium sulfate. After evaporation of
the solvent, the crude product was distilled under high vacuum (b.p.:
62°C (0.2Pa)) to yield pure tributyl(trifluoroethenyl)stannane (28.9-
352¢g, 77.9-94.8 mmol, 78-95%). 'HNMR (400 MHz, CDCl;, 20°C,
TMS): 6=1.53 (tt, *J(H,H)=7, 8 Hz, 6H; CH,(y-Sn)), 1.32 (tq, *J-
(H,H)=7.3, 6 Hz; CH,(B-Sn)), 1.08 (t, *J(H,H)=8 Hz, /(H,Sn) =27 Hz,
6H; CH,(a-Sn)), 0.89 ppm (t, *J(H,H)=7.3 Hz, 9H; CH;); "C{'"H} NMR
(100.4 MHz, CDCl,, 22°C, TMS): 6=161.5 (td, 'J(C,F)=268 Hz, %J-
(CF)=35Hz; CF,), 133.1 (d, 'J(C,F)=205Hz; CF), 28.6 (s, Sn satel-
lites=11 Hz; CH,(y-Sn)), 27.0 (s, Sn satellites=31 ('"*Sn), 29 Hz ("""Sn);
CH,(B-Sn)), 13.5 (s; CHy), 9.8 ppm (s, Sn satellites=182 ('Sn), 175 Hz
(*Sn); CH,(a-Sn)); “C{F} NMR (100.4 MHz, CDCl;, 22°C, TMS): § =
161.5 (s; CF,), 133.1 (s; CF), 28.6 (t, 'J(C,H) =120 Hz; CH,(y-Sn)), 27.0
(t, J(CH)=133Hz; CH,(B-Sn)), 13.5 (q, J(CH)=126Hz; CH,),
9.8 ppm (t, J(C,H)=127 Hz; CH,(a-Sn)); "F NMR (376 MHz, CDCl,,
22°C, CFCly): 6=-88.5 (dd, J(FF)=72 Hz, J(FF)=34 Hz, 1F; CF,),
—123.1 (dd, *J(FF)=115 Hz, *J(F,F)=72 Hz, 1F; CF,), —193.2 ppm (dd,
3J(FF)=115 Hz, *J(FF)=34 Hz, 1F; CF,); MS (70 eV, EI): m/z (%)=
372 (5) [M]*, 315 (100) [M—CH,]*, 291 (2) [M—-C,F;]*, 259 (61)
[M—-2CH,]*, 201 (40) [M—3C,H,]*, 177 (8) [M—C,F;—2C,H,]*, 139
(10) [SnC,Hg]*, 121 (8) [SnH]*, 57 (33) [C,H,]*, 41 (49) [C;H,]* (spec-
troscopic data in accordance with those in reference [32]).
2,2-Difluoroiodoethene:  1-Chloro-1,1-difluoro-2-iodoethane  (17.9 g,
79.2 mmol) was condensed onto tert-butanol (200 mL). The mixture was
warmed to room temperature. Potassium fert-butylate (9.34 g, 83.1 mmol
in 100 mL tert-butanol) was added to the stirred solution while room tem-
perature was maintained by using a water bath. The product was con-
densed under high vacuum into a trap cooled with liquid nitrogen
through a trap at —55°C, which held back tert-butanol. Fractional con-
densation had to be repeated once, then pure 2,2-difluoroiodoethene was
obtained in the second trap (9.35 g, 49.2 mmol, 62%). IR (gas): 7=3126,
3117, 2662, 2270, 1726, 1717, 1700, 1469, 1317, 1308, 1144, 1136, 953, 946,
747, 738, 731cm™'; 'HNMR (400 MHz, CDCl;, 20°C, TMS): 0=
4.82 ppm (dd, *J(H,F)=22.8 Hz, *J(H,F)=2.1 Hz; CH); “C{'H} NMR
(100.4 MHz, CDCl,, 22°C, TMS): 6=156.5 (dd, 'J(C,F)=295.5 Hz, J-
(CF)=2855Hz; CF,), 242ppm (dd, %/(CF)=37.0Hz; %J(CF)=
29.2 Hz; CHI); “C{"F} NMR (100.4 MHz, CDCl,, 22°C, TMS): 6 =156.5
(d, Y(CH)=45Hz; CF,), 24.1ppm (d, 'J(CH)=296.5Hz; CHI);
YFNMR (376 MHz, CDCl,, 22°C, CFCl): 6=-714 (dd, J(FF)=
26.2 Hz, *J(FH)=2.1Hz; CF,), —75.8 ppm (dd, *J(FF)=26.2Hz, *J-
(F.H)=23.6 Hz; CF,).

Hexafluorobutadiene (procedures1 and 3): IR (gas): 7=1794, 1767,
1329, 1190, 1142, 1136, 968 cm™" (spectroscopic data in accordance with
those in reference [42c]); “C{"F} NMR (100.4 MHz, CDCl,, 20°C, TMS):
0=116.0 ppm (s; CF), 152.3 (s; CF,); ’F NMR (376 MHz, CDCl,, 20°C,
CFCl;): 6=-93.1 to —93.4 (m, 2F; CF,), —107.5 to —108.1 (m, 2F; CF,),
—179.9 to —180.5 ppm (m, 2F; CF).

1,1,2,4,4-Pentafluorobutadiene (procedures 1 and 3): Stille coupling of
tributyltrifluoroethenylstannane with 2,2-difluoroiodoethene gave sub-
stantial amounts of hexafluorobutadiene as a by-product, which could
not be separated from the product. This problem did not occur in the
Stille reaction of tributyl-(2,2-difluoroethenyl)stannane with bromotri-
fluoroethene. The Negishi reaction also yielded some symmetrical dienes
when part of the excess of zinc dust was transferred to the second reac-
tion vessel, which led to a mixture of zinc reagents. M.p.: 163K
(0.1 MPa); b.p.: 292 K (determined from measurement of the vapor-pres-
sure curve); IR (gas): 7=1790, 1728, 1389, 1323, 1300, 1246, 1184, 1146,
1084, 935, 845, 789 cm™'; 'H NMR (400 MHz, CDCl,, 20°C, TMS): 6=
4.82-5.00 ppm (m); "CNMR (100.4 MHz, CDCl;, 20°C, TMS): 0=
152.5-158.8 (m), 149.7-155.3 (m), 121.0-122.6 (m), 69.7-70.6 ppm (m);
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YFNMR (376 MHz, CDCl,, 20°C, CFCl;): 6=-179.1 to —179.5 (m, 1F;
CF), —1185 to —119.1 (m, 1F; CF,), —101.7 to —102.1 (m, 1F; CF,),
—79.4 to —79.5 (m, 1F; CF,), —78.2 to —78.5 ppm (m, 1F; CF,).
1,1,4,4-Tetrafluorobutadiene (procedure 3): The preparation of 1,1,4.4-
tetrafluorobutadiene by the Negishi reaction of 23 with 25 was reported
in reference [21] to reach a yield of 66%. IR (gas): "=3122, 1740, 1715,
1321, 1172, 1140, 949, 922, 826, 739, 548 cm™; 'H NMR (400 MHz,
CDCl;, 22°C, TMS): 0=4.45-4.59 ppm (m, 1H; CH); “C{'H} NMR
(100.4 MHz, CDCl;, 20°C, TMS): 6=152.6-158.7 (m; CF,), 72.0-
72.6 ppm (m; CH); “F NMR (376 MHz, CDCl,, 20°C, CFCl;): 6 =—86.7
to —86.9 (m, 1F; CF,), —87.9 to —88.3 ppm (m, 1F; CF,).
1,1,2-Trifluorobutadiene (procedure 3): IR (gas): 7=1761, 1344, 1334,
1286, 1101, 979, 916 cm™"; "H NMR (400 MHz, CDCl,, 22°C, TMS): 6=
6.21 (ddddd, *J(H,F)=25.8 Hz, *J(Htrans-H)=17.4 Hz, *J(H,cis-H)=
11.5 Hz, *J(H,F)=3.6, 1.7 Hz, 1H; CH), 5.47-5.52 (m, 1H; CH,), 5.23-
5.27 ppm (m, 1H; CH,); “C{'H} NMR (100.4 MHz, CDCl,, 23°C, TMS):
0=152.6 (ddd, 'J(C,F)=294, 283 Hz, %J(C,F)=45 Hz; CF,), 126.8-129.8
(m; CF), 121.0 (dd, *(CF)=19Hz, *J(CF)=54Hz; CH), 114.2-
114.4 ppm (m; CH,); *C{F} NMR (100.4 MHz, CDCl, 23°C, TMS): 6 =
1524 (s; CF,), 128.0 (s; CF), 120.9 (dt, J(C,H)=162 Hz, %J(C.H)=
3.8 Hz; CH), 114.1 ppm (td, 'J(C,H)=162 Hz, J(C,H)=2.9 Hz; CH,);
YFNMR (376 MHz, CDCl,, 23°C, CFCl): 6=-103.3 (dd, Y(FF)=
64.5 Hz, *J(FF)=28.4 Hz, 1F; CF,), —119.2 (ddd, *J(FF)=107.1 Hz, /-
(FF)=64.5 Hz, “J(FH)=1.5 Hz, 1F; CF,), —183.9 ppm (dddd, *J(F,trans-
F)=107.1 Hz, J(FF)=28.4 Hz, *J(FH)=25.6 Hz, *J(FH)=1.4 Hz, 1F;
CF).

5: 1,1-Difluorobutadiene: 2,2-Difluoroiodoethene was prepared as de-
scribed above (in earlier experiments according to reference [27]). This
compound was coupled with stannane 19 (procedure 3) to yield 5. IR
(gas): v=3106 (C—H), 1734, 1731, 1725, 1437, 1425, 1339, 1337, 1215,
1210, 1203, 990, 904, 895, 801 cm™'; 'H NMR (400 MHz, CDCl,, 24°C,
TMS): 6=6.24 (ddddd, *J(H,trans-H)=17.2 Hz, *J(H,cis-H) =11 Hz, *J-
(H,H)=11 Hz, “J(H,F)=1, 1 Hz, 1H;=CH,), 5.07-5.23 (m, 1H; =CH),
5.01-5.03 (m, 1H, =CH,), 4.91-5.00 ppm (m, *J(H,trans-F)=24 Hz, 1H;
CH=); "C{'H} NMR (100.4 MHz, CDCl,, 24°C, TMS): 6=156.7 (dd, 'J-
(C,F)=296.5, 290.7 Hz, C1), 126.1 (dd, */(C,F)=5.0, 1.3 Hz, C4), 116.4
(dd, *J(CF)=11.0, 2.7 Hz, C3), 82.8 ppm (dd, *J(C,F)=26.7, 16.8 Hz,
C2); FNMR (376 MHz, CDCl,, 24°C, CFCly): 6=-86.1 (dd, 2/(FF)=
26 Hz, 3J(Frans-H)=24 Hz, 1F, F,C=), —88.6 ppm (d, %J(FF)=26 Hz,
1F, F,C=).

1,1,2-Trifluoropenta-1,4-diene (procedures 3 and 2): IR (gas): 7=3096,
3025, 2997, 2919, 1801, 1652, 1646, 1436, 1431, 1430, 1424, 1304, 1267,
1218, 1141, 1105, 1072, 993, 929, 923, 792 cm ™" (spectroscopic data in ac-
cordance with those in reference [16]); '"H NMR (400 MHz, CDCl;, 20°C,
TMS): 6=5.77 (ddt, *J(H,trans-H)=16.9 Hz, *J(H,cis-H)=10.4 Hz, *J-
(HH)=6.2Hz, 1H; CH), 5.12-5.22 (m, 2H; CH,), 2.97-3.03 ppm (m,
2H; CH,); “C{'H} NMR (100.4 MHz, CDCl;, 21°C, TMS): 6=1532
(ddd, 'J(C,F)=286.2, 270.4 Hz, %J(C,F)=46.3 Hz; CF,), 134.0 (s; CH)
127.2 (ddd, J(C,F)=2353Hz, %/(C,F)=53.0, 158 Hz; CF), 1184 (s,
CH,), 30.1 ppm (dd, *J(C,F)=22.3 Hz, */(C,F)=2.5 Hz; CH,); “F NMR
(376 MHz, CDCl;, 19°C, CFCLy): 6=-105.9 (ddt, *J(F,F)=87.2 Hz, *J-
(Fcis-F)=32.7Hz, “J(FH)=2.7Hz, 1F; CF,), —124.7 (ddt, *J(Ftrans-
F)=114.4 Hz, *J(F,F)=87.2 Hz, *J(FH)=4.2 Hz, 1F; CF,), —174.1 ppm
(ddt, *J(Ftrans-F)=114.4, *J(Fcis-F)=32.7Hz, *J(FH)=22.2Hz, 1F;
CF).

1,1,2-Trifluorohexa-1,4-diene: A mixture of £ and Z isomers was formed
by Negishi coupling as the allyl component isomerises above room tem-
perature. From an impurity (2-bromo-1-butene), 1,1,2-trifluoro-3-ethylbu-
ta-1,3-diene (12) was formed as a by-product (=5 % ). The products were
not separated. E isomer (7): '"F NMR (376 MHz, CDCl;, 20°C, CFCl):
0=-106.6 (ddt, */(F,F)=89.0 Hz, *J(F,cis-F)=32.5 Hz, *J(F,H)=2.8 Hz,
1F; CF,), —125.3 (ddt, *J(Ftrans-F)=114.4 Hz, *J(FF)=89.0 Hz, *J-
(FH)=42Hz, 1F; CF,), —1742 ppm (ddt, *J(Ftrans-F)=114.4 Hz, °J-
(Fcis-F) =32.5 Hz, *J(FH)=21.9 Hz, 1F; CF). Zisomer (11): YF NMR
(376 MHz, CDCl;, 20°C, CFCLy): 6=-106.7 (ddt, *J(F,F)=89.0 Hz, *J-
(Fcis-F)=32.5Hz, *J(FH)=2.8 Hz, 1F; CF,), —125.5 (ddt, *J(Ftrans-
F)=114.4 Hz, 2J(FF)=89.0 Hz, */(FH)=4.3 Hz, 1F; CF,), —174.3 ppm
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(ddt, *J(Ftrans-F)=114.4 Hz, *J(Fcis-F)=32.5 Hz, *J(FH)=21.9 Hz, 1F;
CF).

12: 1,1 2-Trifluoro-3-ethylbuta-1,3-diene: "“FNMR (376 MHz, CDCl,,
20°C, CFCL): 6 =-106.7 (dd, *J(F,F)=89.0 Hz, *J(F,cis-F)=32.5 Hz, 1F;
CF,), —123.4 (ddd, *J(Ftrans-F)=113.7 Hz, J(FF)=89.0 Hz, “J(FH)=
3.5 Hz, 1F, CF,), —183.1 ppm (ddd, */(Ftrans-F)=113.7 Hz, *J(F.cis-F) =
32.5 Hz, *J(F,H)=29.6 Hz, 1F; CF).

8: 1,1,2-Trifluoro-5-methylhexa-1,4-diene (procedures 2 and 3): Stille cou-
pling gave better results than Negishi coupling with this diene. With both
methods, the product contained some isoprene as a by-product, which
was formed by B-H elimination from the Pd complex of 28. 'H NMR
(400 MHz, CDCl;, 19°C, TMS): 0=5.11-5.17 (m, 1H; CH), 2.88-2.99 (m,
2H; CH,), 1.72 (d, “/(H,H)=1.1 Hz, 3H; CH,), 1.64 ppm (s, 3H; CH,);
BC{'H} NMR (100.4 MHz, CDCl,, 21°C, TMS): 6=152.9 (ddd, 'J(C,F)=
285.8, 271.7 Hz, *J(C,F)=472 Hz; CF,), 136.2 (s; C,) 1283 (ddd, J-
(CF)=2349 Hz, J(CF)=522, 149 Hz; CF), 1162 (s, CH), 25.6 (s;
CH;), 24.8 (dd, *J(C,F)=22.4 Hz, *J(CF)=2.1Hz; CH,), 17.7 ppm (s;
CH;); “FNMR (376 MHz, CDCl;, 19°C, CFCly): 0=-107.0 (ddt, *J-
(FF)=89.8 Hz, *J(Fcis-F)=31.9 Hz, *J(FH)=2.8 Hz, 1F; CF,), —125.6
(ddt, *J(Ftrans-F)=114.1Hz, %J(FF)=89.8 Hz, “J(FH)=4.1Hz, 1F;
CF,), —174.1ppm (ddt, *J(Ftrans-F)=114.1, *J(Fcis-F)=31.9 Hz, °J-
(FH)=22.5Hz, 1F; CF).

9: (E)-1,1,2-Trifluoro-5-phenylpenta-1,4-diene (procedure 4): The reac-
tion mixture was dissolved in diethyl ether, filtered, extracted twice with
brine and once with water (to remove DMF), and concentrated.
FNMR spectroscopy showed no unreacted tributyl(trifluoroethenyl)-
stannane. Vacuum distillation at 0°C (0.3 Pa) yielded the product in 98 %
purity according to ’F NMR spectroscopy. '"H NMR (400 MHz, CDCl,
20°C, TMS): 6=7.36-7.17 (m, SH; Ar-H), 6.53 (d, *J(H,H)=15.8 Hz,
1H; Ph-CH), 6.13 (dt, *J(H,H)=15.8, 6.7 Hz, 1H; CH), 3.12-3.22 ppm
(m, 2H; CH,); “"C{'H} NMR (100.4 MHz, CDCl,, 22°C, TMS): §=153.2
(td, 'J(CF)=273 Hz, 2J(C,F)=46 Hz; CF,), 136.6 (s; Ar-Cl), 133.5 (s;
Ph-CH), 128.6 (s; Ar-C3,C5), 127.7 (s; Ar-C4), 125.8-128.8 (m; CF),
126.3 (s; Ar-C2,C6), 121.9 (d, *J(C,F)=13 Hz; CH), 29.3 ppm (dd, *J-
(C,F)=22 Hz, *J(C,F)=2.2 Hz; CH,); “C{"F} NMR (100.4 MHz, CDCl,,
20°C, TMS): 6=153.2 (s; CF,), 136.6 (s; Ar-Cl), 133.5 (d, 'J(CH)=
152 Hz; Ph-CH), 128.6 (dd, 'J(C,H) =160 Hz, *J(C,H) =7 Hz; Ar-C3,C5),
126.5-128.9 (m; Ar-C4), 127.3 (t, %J(C,;H)=8 Hz; CF), 126.0-127.4 (m;
Ar-C2,C6), 121.9 (d, 'J(C,H)=206 Hz; CH), 29.3 ppm (t, J(C,H)=
124 Hz; CH,); "FNMR (376 MHz, CDCl;, 20°C, CFCly): 6=-105.5
(ddt, 2J(FF)=86.8 Hz, *J(FF)=32.6 Hz, *J(F,H)=2.6 Hz; CF,), —124.4
(ddt, 2J(FF)=86.8Hz, 3*J(FF)=1145Hz, */(FH)=40Hz; CF,),
—173.8 ppm (ddt, *J(FF)=114.5, 32.6 Hz, *J(FH)=21.8 Hz; CF); MS
(70 eV, EX): m/z (%)=198 (100) [M]*, 183 (15), 177, 165, 151, 147, 133,
115, 102, 91, 78, 69, 55, 43.

10: 1,1,2-Trifluoro-4-phenylpenta-1,4-diene: 2-Phenyl-3-bromo-2-propene
(30) was prepared by bromination of 2-phenylallyl alcohol with
Br,PPh;.[¥) This compound was coupled with stannane 21 (procedure 4)
to yield 10. The crude product was distilled at 0°C (0.3 Pa) after aqueous
workup. 'HNMR (400 MHz, CDCl;, 20°C, TMS): 6 =7.60-7.28 (m, 5H;
Ar-H), 5.48 (s, 1H; =CH,), 5.24 (s, 1H; =CH,), 3.39-3.51 ppm (m, 2H;
CH,); “C{'"H} NMR (100.4 MHz, CDCl,, 24°C, TMS): §=153.6 (td, J-
(C,F)=274 Hz, %J(C,F) =46 Hz; =CF,), 140.4 (d, 'J(C,F)=173 Hz; =CF),
128.7 (s; Ar-Cl), 128.5 (s; Ar-C3,C5), 128.0 (s; Ar-C4), 127.7 (d, *J-
(C,F)=7.8 Hz; Ar), 1259 (s; Ar-C2,C6), 115.4 (s; =CH,), 32.0 ppm (dd,
2J(CF)=22.4Hz, *J(CF)=25Hz; CH,); “C{“F}NMR (100.4 MHz,
CDCl;, 20°C, TMS): 0=153.6 (s; CF,), 140.4 (s; CF), 128.5-128.9 (m;
Ar-Cl), 127.5-129.4 (m; Ar-C3,C5), 126.3-129.4 (m; Ar-C4), 125.1-126.7
(m; Ar-C2,C6), 1154 (dt, 'J(C,H)=156 Hz, *J(C,H)=5.1 Hz; =CH,),
320ppm (tdd, 'J(C,H)=129 Hz, *J(CH)=6.5Hz, *J(CH)=11.4 Hz;
CH,); “FNMR (376 MHz, CDCl;, 20°C, CFCly): 0=-104.9 (ddt, *J-
(FF)=84.7Hz, *J(FF)=328 Hz, */(FH)=2.5Hz, 1F; =CF,), —123.5
(ddt, *J(FF)=84.7 Hz, *J(FF)=114.5Hz, “J(FH)=4.0Hz, 1F; =CF,),
—173.0 ppm (ddt, *J(FF)=114.5, 32.8 Hz, *J(F,H)=21.6 Hz, 1F; CF); MS
(70 eV, EX): m/z (%)=198 (100) [M]*, 178 (12) [M—HF]*, 147 (9)
[M—CFH]*, 103 (55) [M—C;F;H,)*, 95 (3) [CF:H,*, 77 (25) [CeHs)*,
51 (12) [CE,H]*.
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Trifluoroethenylzinc chloride: 1,1,1,2-Tetrafluoroethane (12.8 g,
126 mmol) was condensed onto dry THF (500 mL) in a 1-L Schlenk flask
equipped with a stirrer bar and cooled with liquid nitrogen. The mixture
was warmed to —78°C, and n-butyllithium (88 mL, 2.5M solution in
hexane, 220 mmol) was added dropwise. The solution was stirred at
—78°C for 1h, and ZnCl, (15.0 g, 110 mmol in 150 mL dry THF) was
added slowly to maintain the low temperature. The solution was stirred
overnight while being warmed slowly to room temperature. The yield
was about 75% as determined by titration with hydrochloric acid.
YENMR (376 MHz, THF, 19°C, CFCL): 6=-97.4 (dd, */(Fcis-F)=
33 Hz, 2J(FF)=92 Hz, 1F; CF,), —130.4 (dd, */(F,F)=92 Hz, */(F trans-
F)=105Hz, 1F; CF,), —194.4 ppm (dd, */(Fcis-F)=33 Hz, *J(Ftrans-
F)=105 Hz, 1F; CF). To crystallize the compound, a quantity of the solu-
tion was put into a Schlenk flask, most of the solvent was evaporated,
and the residue was extracted with diethyl ether. The resulting solution
was transferred to a Schlenk tube, and 1 equivalent of TMEDA (dried
over calcium hydride) was added. The resulting complex immediately
precipitated. The solvent was evaporated, and the precipitate was crystal-
lized from THEF. Slow cooling to —85°C afforded large colorless single
crystals of [Zn(Cl)(C,F;)TMEDA], which were only soluble in THF.
YFNMR (376 MHz, THF, 20°C, CFCL): 6=-96.0 (dd, */(Fcis-F)=
34 Hz, 2J(FF)=90 Hz, 1F; CF,), —129.0 (dd, %J(F,F)=90 Hz, */(Ftrans-
F)=105Hz, 1F; CF,), —193.0 ppm (dd, *J(Fcis-F)=34 Hz, *J(Ftrans-
F)=105 Hz, 1F; CF).

Crystallography

Compound 2 was condensed in glass capillaries of 0.5-mm diameter and
0.01-mm wall thickness by using a glass vacuum line. A column of 3—
4 mm of the liquid was cooled with liquid nitrogen, and the capillary was
sealed under vacuum at a length of 30 mm. Upon warming to —78°C in a
dry ice/acetone bath, the capillary was mounted on an insulated arcless
goniometer head while the sample was maintained at —78°C to avoid de-
struction of the capillaries. The sample was mounted in the cold nitro-
gen-gas stream of an integrated cooling device onto a Bruker-AXS
SMART1000 diffractometer. A single crystal was grown by cooling the
sample well below melting point, with slow warming to determine the
melting point and recooling to obtain a polycrystalline material. Setting
of the temperature of the cold nitrogen-gas stream below but as close as
possible (<1K) to the melting point resulted in a temperature gradient
between the upper and lower part of the capillary, as the nitrogen-gas
stream was not parallel to the capillary axis owing to the fixed y angle of
the diffractometer. Slow ¢ rotation resulted in single crystals after a few
hours. The quality of the crystals and the progress of crystallization were
checked by recording rotational frames and matrix runs. The crystals
were cooled slowly to the temperature given in Table 6. A single crystal
of [Zn(CI(C,F;)TMEDA] was grown by slowly cooling a solution in THF
to —84°C. A few crystals were transferred by pipette onto filter paper,
which was mounted in a stream of cold nitrogen onto an apparatus as de-
scribed in the literature.! A suitable crystal was selected by using a mi-
croscope, mounted onto a glass fiber with silicone grease, and transferred
into the cold gas stream of a diffractometer without interruption of the
cooling.

Crystal data and details of the structure determinations are presented in
Table 6. Intensity data were collected on a Bruker AXS Smart diffrac-
tometer. Structures were solved by direct methods (SHELXS-97).1! De-
tails of the data collection and structure refinement are summarized in
Table 6. The hydrogen atom of pentafluorobutadiene was found in the
difference Fourier map and refined isotropically. The hydrogen atoms of
[Zn(C1)(C,F;)TMEDA] were refined in calculated positions by using iso-
tropic thermal parameters (1.2 and 1.5 U, (C) for methyl). Anisotropic
thermal parameters were applied to all non-hydrogen atoms. Refinement
for all structures on F* were achieved with the SHELXL-97 system.[*!
Drawings of the molecules were made with ORTEP for Windows.!!
CCDC-661005 ([Zn(Cl)(C,F;)TMEDAY]), -661004 (2), -661007 (18), and
-661006 (P(O)Cy,R) contain the supplementary crystallographic data (ex-
cluding structure factors) for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk) or at www.ccde.cam.ac.uk/data_request/cif.
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Construction of Chemical-Responsive Supramolecular Hydrogels from
Guest-Modified Cyclodextrins

Wei Deng, Hiroyasu Yamaguchi, Yoshinori Takashima, and Akira Harada*'"!

Abstract: A methodology for preparing
supramolecular hydrogels from guest-
modified cyclodextrins (CDs) based on
the host-guest and hydrogen-bonding
interactions of CDs is presented. Four
types of modified CDs were synthe-
sized to understand better the gelation
mechanism. The 2D ROESY NMR
spectrum of [-CD-AmTNB (Am=
amino, TNB =trinitrobenzene) reveals
that the TNB group was included in
the B-CD cavity. Pulsed field gradient
NMR (PFG NMR) spectroscopy and
AFM show that 3-CD-AmTNB formed
a supramolecular polymer in aqueous

Although B-CD-AmTNB did not pro-
duce a hydrogel due to insufficient
growth of supramolecular polymers, [3-
CD-CiAmTNB (Ci=cinnamoyl)
formed supramolecular fibrils through
host-guest  interactions. =~ Hydrogen
bonds between the cross-linked fibrils
resulted in the hydrogel, which dis-
played excellent chemical-responsive
properties. Gel-to-sol transitions oc-
curred by adding 1-adamantane car-

Keywords: cyclodextrins host—
guest systems - gels - self-assembly -
supramolecular chemistry

boxylic acid (AdCA) or urea. 'H NMR
and induced circular dichroism (ICD)
spectra reveal that AACA released the
guest parts from the CD cavity and
that urea acts as a denaturing agent to
break the hydrogen bonds between
CDs. The hydrogel was also destroyed
by adding -CD, which acts as the com-
petitive host to reduce the fibrils. Fur-
thermore, the gel changed to a sol by
adding methyl orange (MO) as a guest
compound, but the gel reappeared
upon addition of a-CD, which is a
stronger host for MO.

solution through head-to-tail stacking.

Introduction

The design and preparation of molecular hydrogels have at-
tracted increasing attention due to their intrinsic scientific
interest and technological applications. Elegant hydrogels
have been reported to lead to a new polymeric system with
remarkable properties.!! In particular, supramolecular gels
derived from small organic molecules, which are held to-
gether by noncovalent bonds and are sensitive to external
stimuli such as heat, light, pH, and chemicals, have potential
as biodegradable materials in drug-delivery systems and
chemical sensors.” Therefore, the design and preparation of
novel hydrogels, especially stimuli-responsive hydrogels, are
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challenges in the fields of both materials science and medi-
cine.

The gelation of small organic molecules usually progresses
as follows: 1) The subunits initially self-assemble to give
long, polymer-like fibrils. 2) Then, the elongated fibrils en-
tangle to form a three-dimensional intertwined network,
which immobilizes solvent molecules on a macroscopic
scale. The fibrils and networks involve a combination of
noncovalent interactions such as host—guest interactions and
hydrogen bonding. It is well-known that cyclodextrin (CD)
incorporates various guest compounds into its cavity by hy-
drophobic interactions to form inclusion complexes in aque-
ous media.’l We previously reported numerous types of
supramolecular polymers derived from modified CDs.[*l Ad-
ditionally, the CD units can gather together by hydrogen
bonds due to the abundant OH groups in the CD ring. Nu-
merous groups have reported that mixtures of CDs with
polymers promote supramolecular gel formation.” For bio-
logical applications and environmental protection, biode-
gradable gels without a polymeric backbone seem to be ad-
vantageous and very useful.’® Herein, we report novel
supramolecular hydrogel formation based on host-guest in-
teractions and hydrogen bonds. Supramolecular fibrils form
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through host—guest interaction, and hydrogen bonds form
between the cross-linked fibrils to lead to hydrogels. There-
fore, the hydrogels exhibit excellent chemical responsive
properties toward competitive guests, hosts, and denatur-
ants.

Results and Discussion

We previously reported that compound 3 forms a supra-
molecular hydrogel based on host—guest interactions.” This
discovery led us to refine the gelation method and to devel-
op potential applications. Therefore, several modified CDs
were synthesized to understand supramolecular gelation
better (Scheme 1). Aminocinnamoyl and 2.4,6-trinitroben-

NH, HN HN
¢ NO, i i

CH CH CH,
HC HC H,C
0:{ O;N NO, O% O:{

H,C Hzc
r(ﬁ_ﬂ)e o] HO'8" Ho's F@o&

OH
oL @@
6 O,N

Scheme 1. Chemical structures of compounds 1-6.

zene (TNB) groups were covalently attached to the 6-posi-
tion of 3-CD to form compounds 1 and 2, respectively. Com-
pound 4 was also synthesized as a reference compound with
flexible hydrocinnamic bridges between CD and the TNB
group.

These novel modified CDs were dissolved in water at
70°C to give supersaturated solutions, which were subse-
quently cooled to room temperature (Figure 1). Compound

1 was insoluble in water because 1 forms intermolecular
complexes in a tail-to-tail manner, and the resultant dimers
stack tightly through intermolecular hydrogen bonds in a
head-to-head channel-type structure. When a supersaturat-
ed solution of 2 was cooled to room temperature, a precipi-
tate was obtained as well as compound 4. However, when
the concentration of compound 3 changed from 5 to 10 mwm,
the clear solution became a mixture of gel and solution.
When the concentration of 3 was increased to 20 mm, a red
hydrogel was formed with a phase-transition temperature
near 50°C, and the critical gel concentration was calculated
to be 2.9 wt%.

To investigate further the supramolecular hydrogel forma-
tion based on modified CDs, we then focused on the gela-
tion mechanism. When a guest group is covalently attached
to a CD, two types of complexes could form in an aqueous
solution through host—guest interaction: an intermolecular
complex, which gives a supramolecular dimer or polymer,
and an intramolecular complex. With regard to the intermo-
lecular system from a modified CD with a guest, there are
two types of stacking, head-to-head (or tail-to-tail) and
head-to-tail, which contribute to the formation of a supra-
molecular dimer and polymer, respectively. On the basis of
previous research, compounds 1 and 4 forms the dimer!®
and intramolecular complexes,” respectively, both of which
inhibit supramolecular polymer formation. Hence, only
compounds 2 and 3 were investigated in detail.

Supramolecular Polymer Formation of 2

The ROESY 2D 'H NMR spectrum of 2 shows strong corre-
lations between the protons of TNB and the inner protons
of CD in D,O (Figure 2). Upon adding 1-adamantane car-
boxylic acid (AdCA), the peak shifted to low field, and the
correlations of the inner protons of CD and TNB were re-
placed by correlations of the inner protons of CD with
AdCA protons. These results imply that TNB acts as a guest
for B-CD. Figure 3 shows the 'H NMR spectra of 2 at vari-
ous concentrations in D,0O. As the concentration increased
from 4 to 60 mm, the peak of TNB shifted from 9.23 to
9.15 ppm. It was reported that the '"H NMR signal showed
high-field shifts when the TNB group was included in anoth-
er B-CD cavity in water.”™® Observations of remarkable

Figure 1. Photograph of 3 at a) 5, b) 10, and c¢) 20 mM, and precipitates of d) 2 and e) 4 from a supersaturated solution in water at 25°C.
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Figure 2. 2D ROESY NMR spectrum (500 MHz) of 2 in D,O at 30°C.
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Figure 3. a) '"H NMR spectra of 2 at various concentrations. b) Plot of the
change in chemical shift of the TNB peak against concentration of 2 in
D,0 at 30°C.
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peak shifts indicate intermolecular complex formation of 2
in aqueous solution.

The self-diffusion coefficients of 2 can be determined by
utilizing pulsed field gradient (PFG) NMR spectroscopy in
D,0.l% According to Stejskal and Tanner,”? when a graph
of In (I/I,) versus g is plotted, in which I and g are the echo
intensity and (pulsed) gradient strength, respectively, the
slope of the line is given by D/[(4—6/3)y*6%]. Here, D, 6, y,
and 4 are the diffusion coefficient, the duration, the magne-
togyric ratio, and the time interval between the magnetic
field gradient pulses, respectively. The diffusion coefficient
of native B-CD was reported to be (3.1840.1)x107% cm?s~".
Figure 4 is a plot of the diffusion coefficients derived from

3.0

2.8

-
S

2.6

2.44

D /%10 cm

2.21

2.0

0 10 20 30 40 50

[2]/ mm

Figure 4. Plot of diffusion coefficient (D) of 2 obtained by PFG NMR
spectroscopy as a function of concentration of 2 at 30°C.

the attenuation of the proton signals of 2 in D,0 as a func-
tion of concentration. The diffusion coefficient of 2 de-
creased from 2.95 to 2.15x 107 cm*s™! when the concentra-
tion changed from 2.5 to 50 mm. This result shows that the
size of the intermolecular complex formed by 2 increases as
its concentration in D,O increases.

Intermolecular complex formation was directly observed
by AFM. Figure 5 shows one of the AFM images of com-
pound 2; the sample was prepared from an aqueous solution
(5.0x107M) on a mica substrate, followed by slow evapora-
tion overnight at room temperature. Several linear objects
of compound 2 of different lengths were observed. The

Figure 5. AFM image of 2 from a concentrated aqueous solution
(5.0x107*m) on mica substrate.
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height of the object corresponds to that of the native f-CD
ring. These results imply that supramolecular polymer for-
mation occurs from the CD derivative with the 6-position
modified by a TNB group. Therefore, modified 3-CDs with
TNB groups favorably form in the tail-to-head manner for
B-CD in aqueous solution due to the space adaptation of
TNB with the 3-CD cavity.

Supramolecular Polymer Formation of 3

The above experiments confirm that the TNB part acts as a
guest for -CD to form a supramolecular polymer in a tail-
to-head manner. Therefore, we modified dimer stack com-
pound 2 with TNB groups to yield compound 3. Initially, 6-
aminocinnamoyl acid salt (5) and N-(2,4,6-trinitrophenyl)-6-
aminocinnamoyl acid salt (6) were synthesized as model
compounds.

The stoichiometry of the complexation of 3-CD with 5 or
6 in aqueous solution was determined by using a Job plot
based on the "H NMR spectral changes. Figure 6 shows the
continuous-variation plots of the '"H NMR chemical-shift
change for compound 6 (Ad) versus Xcp, in which Xcp=[6]/
([6]+[B-CD]) and has a maximum value at X.p=0.5, which
indicates the formation of a 1:1 complex. Similarly, com-

g & @
Y, COONa
o:N HN@—/_
b
e
NOz g
0.04 - P
9N > ",
y %
0.034 ¥ ¥

Ad %X Xop
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pound 5 also formed a 1:1 inclusion complex with 3-CD (see
Supporting Information). Additionally, the binding constants
K, were determined by Benesi-Hildebrand plots. The K
values of B-CD with 5 and 6 were found to be 188 and
850Mm~!, respectively. The remarkably enhanced K, value of
6 is due to the combination of TNB and the cinnamoyl
groups.

Next, structural information about the intermolecular
complex formation of 3 was investigated in detail by 2D
NMR spectroscopy (see Supporting Information). The 2D
ROESY NMR spectrum of 3 shows the ROE enhancements
between the inner protons of CD and both the protons of
TNB and the cinnamic parts, thus indicating that the guest
parts are included in the CD cavities. The H, and H, pro-
tons of the cinnamoyl moiety showed strong correlations
with the protons 3-H and 5-H of (-CD, respectively. Fur-
thermore, the protons of the TNB parts showed correlations
with 5-H and 6-H of -CD, which is indicative of a tail-to-
head structure instead of a tail-to-tail structure.

The morphology of 3 was investigated by an optical mi-
crograph and AFM. The observed optical micrograph is
characteristic of supramolecular fibrils (see Supporting In-
formation). Figure 7 shows the AFM images of 3 produced
from a 5.0x10®M aqueous solution on mica, followed by
drying in air overnight. The large-scale image displays an ex-
traordinarily long linear object, longer than 1 pm. The
height of the fibril in the enlarged image is similar to that of
native 3-CD, which is indicative of a single chain of modi-
fied B-CDs. The length of 3 was much longer than that of 2,
and the monomer was not observed, which is consistent with
the difference in the affinity of the guests in compounds 2
and 3. Therefore, modification of the TNB group to CD by
a cinnamoyl group not only allows for tail-to-head structure
formation, but also greatly enhances the affinity between
the guest parts and CD.

Supramolecular Hydrogel Formation

Both 2 and 3 formed supramolecular polymers in water in
the above studies, whereas cooling a saturated solution of 2
and 3 gave the precipitate and hydrogel, respectively. The

Figure 7. AFM images of 3 from a concentrated aqueous solution (5.0x 10~*M) on mica substrate: a) Large-scale image, b) magnified image of the region

selected in a), and c) 3D image of b).
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difference in the two modified CDs, which give longer and
shorter polymer chains, respectively, is that the affinity of
the guest to B-CD for 3 is much greater than that for 2.
Figure 8 shows the effect of the concentration of the modi-

M, % 1000

[B-CD]/ mm

d)

M, % 1000
o
——

0 10 20 30 40 50
[p-CD]/ mu

Figure 8. Effect of concentration of the modified f-CD on the molecular
weight of a) 3, b) a-CD, c) 4, and d) 2 observed by VPO at 40°C.

fied CD on the molecular weight of the supramolecules in
water. The molecular weights of 2 and 3 increased with con-
centration, which implies that 2 and 3 form supramolecular
polymers at high concentrations. Vapor pressure osmometry
(VPO) measurements of 3 provided evidence that the mo-
lecular weight is about 16000 at 5 mM in aqueous solution,
which is about 13 times larger than that of the monomer.
The molecular weight of 3 is much larger than that of 2
even when the concentration of 2 was as high as 50 mm.
These results imply that compound 3 forms much longer
supramolecular fibrils. The molecular weights of 4 were
about 1300, which is consistent with that of a monomer and
is indicative of the formation of the self-inclusion complex
in aqueous solution owing to the flexible hydrocinnamoyl
group.?! Therefore, it is concluded that compounds 1, 2,
and 4 form the dimer crystal, oligomer, and self-inclusion
complex in water, respectively, whereas compound 3 forms
long polymers that lead to hydrogel formation (Figure 9).
These results indicate that formation of a supramolecular
polymer with a high molecular weight is important for hy-
drogel formation. As a comparison experiment, we modified
compound 1 with 24-dinitrobenzene (DNB) and adaman-
tane-1-carbonyl groups instead of TNB. The DNB group,
which is similar to TNB, gave comparable results: a yellow
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Oligomer 2

Hydrogel 3

Self-inclusion complex 4

Figure 9. Schematic representation of assemblies of compounds 1-4.

hydrogel was obtained when a saturated solution was
cooled, but the adamantane-1-carbonyl-modified compound
formed an insoluble dimer, which was the same as 1. Hence,
TNB and the rigid spacer in the guest part play key roles in
supramolecular fibril formation.

One of main purposes of this research is to develop a
better understanding of supramolecular gelation. Therefore,
we attempted to observe the gelation process directly by
AFM (Figure 10). Samples of different concentrations were
prepared on the mica substrate by slow evaporation of
water at room temperature overnight. At a concentration of
5x10®m (Figure 10a), one-dimensional fibers were ob-
served; this is the initial step for gelation and implies that
gelation begins with supramolecular polymer formation
through host—guest interactions. Increasing the concentra-
tion twofold ramified the fibrils into a grid (Figure 10b).
Figure 10b shows that the fibrils are composed of monofi-
brils and bundles, and that the aggregation between the fi-
brils is attributed to hydrogen bonding between CDs. The
results suggest that the hydrogen bonds between 3-CD mol-
ecules on the neighboring supramolecular polymer chains
act as physical cross-links in the gel network. The sample
with a concentration of 5 mm produced the structure in Fig-
ure 10c¢, which is a typical image of a gel made up of small
organic molecules. Numerous fibrils of compound 3 were
observed, and their height was much larger than that of the
CD ring due to the entanglement of several fibrils. All the
fibrils cross-linked with each other to form a three-dimen-
sional network. Hydrogen bonds between neighboring fibrils
are proposed as physical cross-linkers owing to the abun-
dance of OH groups in the CD ring. Therefore, the pro-
posed mechanism of supramolecular gelation is as follows:

www.chemasianj.org 691
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Figure 10. AFM images of 3. Samples were acquired from concentrated
aqueous solution on mica substrate. The concentrations of the solutions
were a)5x107%, b) 1x1077, and c)5x107m of 3, and d)5x10*m of
native 3-CD.

initially, supramolecular fibrils of the modified CD form by
self-assembly through host—guest interactions. The elongated
fibrils are then cross-linked through hydrogen bonds be-
tween CDs to form the hydrogel.

Chemical-Responsive Properties of 3

Next, we focused our interest on the chemical-responsive
properties of the supramolecular hydrogel by adding a com-
petitive guest, host, and denaturing compound.

Figure 11 shows photographs for the gel-to-sol transitions.
A gel-to-sol transition occurred either by the addition of
2 equivalents of AdCA or 2M urea as a strong guest com-

ﬁd
&> 20O @w

MeT.hyI orange

o-CD= .
L T

%G’

&
&

pound or denaturing reagent. The chemical-responsive prop-
erties of 3 were monitored by '"H NMR and induced circular
dichroism (ICD) spectra. The observed ICD band in the
220-350-nm wavelength regions can be assigned to the cir-
cular dichroism band induced by the inclusion of guest parts
in B-CD. The partial '"H NMR spectrum of 3 in the presence
of AdCA revealed that the signals of the guest proton shift-
ed downfield. The dispersed peaks of the Cl-H protons
shifted to around 5.1 ppm. Furthermore, the ICD spectrum
of 3 with AdCA showed that the peak intensities were sig-
nificantly weakened at wavelengths of around 233, 259, and
313 nm, and positive-to-negative changes occurred at wave-
lengths of around 282 and 353 nm. These changes suggest
that the guest parts are expelled from the CD cavities by
AdCA and break the supramolecular polymers.

Upon treatment of hydrogel 3 with 2m urea, the charac-
teristic signals in both the 'H NMR and the ICD spectra did
not reveal changes, which implies that the guest parts re-
mained within the CD cavity. It is known that urea acts as a
denaturing agent that breaks the hydrogen bond.'™! Thus,
the gel-to-sol transition occurs because urea breaks the hy-
drogen bond between CDs that serve as cross-linkers, which
makes the three-dimensional network in the hydrogel col-
lapse. These results agree with the proposed mechanism.

Upon the addition of 3-CD, a precipitate was obtained in-
stead of hydrogel. The "H NMR spectrum of 3 did not show
a change. However, the ICD bands at 220-250 and 295-
340 nm decreased as the 3-CD concentrations increased (see
Supporting Information). Therefore, the destroyed hydrogel
in the presence of 3-CD should be ascribed to the native f3-
CD included the guest parts, which act as competitive hosts
to shorten the fibrils.

Furthermore, the reversible chemical-responsive gel-sol
transitions were investigated. It was reported that the associ-
ation constant for 1:1 complex formation of methyl orange
(MO) with B-CD (851m7') is larger than that with a-CD
(229m ). Therefore, MO and a-CD were chosen as the
competitive guest and host, respectively. Gel-to-sol and sol-

o &

cw @ 48 & ‘

Bl

|

Figure 11. Conceptual illustration and photographs of the chemical-responsive supramolecular hydrogel 3.
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to-gel transitions occurred after the alternate addition of
MO and o-CD. The reversible transition occurred four
times until solubility was reached to the limit. This proce-
dure was monitored by '"H NMR spectroscopy (Figure 12).
When 1.0 equivalent of MO was added to 5mwm 3, all the

c)

@ -

” 1
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T h i

a)
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host—guest interactions contribute to supramolecular poly-
mer formation as fibrils, whereas the hydrogen bonds act as
cross-linkers. Initially, compound 2 was synthesized to con-
firm the role of the TNB group, and it was found by PFG
NMR and AFM that compound 2 forms a supramolecular
polymer in aqueous solution.
These observations imply that
modified B-CD with a TNB
group at the 6-position formed
favorably in a tail-to-head
manner for 3-CD in aqueous
solution. Then, the TNB group
e was linked to compound 1 to
give compound 3. The novel
g modified p-CD forms supra-
b molecular fibrils through host—
, guest interactions, whereas hy-
drogen bonds between the
cross-linked fibrils of the CDs
give a hydrogel. The hydrogel
showed excellent chemical-re-
sponsive properties. Gel-to-sol

transitions occurred by adding

&/ ppm

Figure 12. "H NMR spectra (500 MHz) of a)3 (5 mm), b) 3+ 1.0 equivalent MO, c) 34+2.0 equivalents MO,
d) 3+2.0 equivalents MO+ 1.0 equivalent a-CD, e) 3+2.0 equivalents MO +2.0 equivalents o-CD, and f) MO

(10 mm) + a-CD (10 mm) in D,O at 30°C.

peaks of the guest protons were split. The new peaks from
protons e, b, d, and a shifted to higher field, which agrees
with the 'HNMR spectral changes in the presence of
AdCA, and are indicative of partial guests being released
from the B-CD cavity. When 2.0 equivalents of MO were
added, more than 60% of the guest parts were released, as
calculated from the peak of the TNB group. Next, a-CD
was added to the mixture as a competitive host. Shifts to the
original position were observed upon addition of a-CD.
Over 85% of guests were again included in the a-CD cavity
until 2 equivalents of a-CD was added. It is known that the
TNB group is too large to be included in a-CD. The peak in
the spectrum of MO with a-CD in D,O confirms that MO
was included in the a-CD cavity and the guest of 3 was
almost included in B-CD. Therefore, the mechanism can be
explained as follows: MO acts as a competitive guest to de-
stroy the supramolecular fibrils, which leads to the gel-to-sol
transition. Then, MO is withdrawn from the (3-CD cavity by
a-CD due to the higher affinity, which allows the gel to
reform.

Conclusions
We have presented a novel method of preparing a supra-
molecular hydrogel from modified cyclodextrin without a

polymer backbone. The present method is based on the
host—-guest and hydrogen-bonding interactions of CDs. The
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AdCA as a competitive guest
or urea as a denaturing re-
agent, and the hydrogel was
destroyed by native 3-CD as a
competitive host. Additionally,
the gel-to-sol transition oc-
curred upon addition of MO as a guest compound, whereas
the reverse reaction occurred upon addition of a-CD, which
is a stronger host for MO. The reversible gel-sol transitions
occurred four times upon the alternate addition of MO and
a-CD.

Experimental Section

Measurements

"H NMR spectra were recorded on a 400 MHz JEOL JNM EX-270 spec-
trometer at 30°C. Chemical shifts were referenced to the internal stan-
dard in the solvent. 2D ROESY NMR and PFG NMR experiments were
performed in D,O at 30°C at 500 MHz on a JEOL JNM LA-500 NMR
spectrometer and at 600 MHz on a VARIAN UNITY PLUS-600 NMR
spectrometer, respectively. The WETBPPSTE pulse sequence was ap-
plied for PFG NMR spectroscopy,” and the pulsed field gradients were
increased from 0.3 to 20.7 Gausscm ™. The time separations between the
pulsed field gradients and the duration for which they were applied were
100 and 1.1 ms. FTIR spectroscopy was performed on a Jasco FT/IR-410
spectrometer. KBr was used as the dispersant. Elemental analysis was
performed on an Elementar Vario EL-III instrument. Circular dichroism
and UV/Vis spectra were recorded on a Jasco J820 spectrometer in water
with a 0.1-cm cell at room temperature. Positive-ion matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
experiments were performed on a Shimadzu/Kratos Axima CFRV2.2.1
mass spectrometer. Vapor pressure osmometry measurements were per-
formed on a Knauer No. A0280 vapor osmometer at 40°C. Aqueous
NaCl and a-CD were used as the instrument standard. AFM images
were obtained by using a Nanoscope Illa instrument (Digital Instru-
ments, Santa Barbara, CA). The samples were prepared by slow evapora-
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tion of a dilute aqueous solution of the CD derivatives on mica over-
night.

Materials

B-CD, sodium hydroxide (NaOH), and p-toluenesulfonyl chloride were
obtained from Nacalai Tesque, Inc. trans-4-Aminocinnamic acid, trans-4-
aminohydrocinnamic acid, sodium 2,4,6-trinitrobenzene-1-sulfonate dehy-
drate (TNBS), and AdCA were obtained from Tokyo Chemical Industry
Co., Ltd. [D¢]DMSO (DMSO =dimethyl sulfoxide) and D,O were pur-
chased from Aldrich.

Syntheses

6-Amino-f3-CD and 1 (BCD-CiAm): These compounds were prepared ac-
cording to the method reported previously.”)

2 (BCD-AmTNB): TNBS (390 mg, 1.11 mmol) was added to a solution of
6-amino-B-CD (486 mg, 0.5 mmol) in H,O (20 mL), and the mixture was
stirred for 1 day. The obtained orange transparent solution was poured
into acetone. The precipitate was filtered, washed with acetone, and
dried under vacuum. Yield: 75%. "H NMR (400 MHz. [Dg]DMSO): 0=
8.95 (brs, 2H, TNB), 5.81-5.61 (m, 14H, O2 and O3 of §-CD), 4.94-4.79
(m, 7H, C1 of p-CD), 4.50-4.25 (m, O6 and C6' of -CD), 3.92-3.16 ppm
(m, overlapped with HOD); MS (MALDI-TOF): m/z caled for
CysH7,04N,: 1371 [M +Na]*; found: 1370.4.

3 (BCD-CIAmMTNB): AdCA (35.2 mg, 0.195 mmol) was added to a sus-
pension of 1 (83.2 mg, 0.0648 mmol) in H,O (30 mL). After the mixture
was stirred for 12h at room temperature, the suspension gradually
became clear, and the precipitate was removed by filtration. Then, TNBS
(39.0 mg, 0.111 mmol) was added, and the mixture was stirred for one
more day. The obtained orange transparent solution was poured into ace-
tone. The precipitate was filtered, washed with acetone, and dried under
vacuum. Yield: 62%. IR: #=3380, 2928, 1636, 1514, 1345, 1031 cm™;
'"H NMR (400 MHz, [D;]DMSO): §=10.22 (s, 1H, NH), 8.81 (brs, 2H,
TNB), 7.63-7.56 (m, 3H, phenyl and CH=), 7.05 (brs, 2H, phenyl), 6.59
(d, J=16.1Hz, 2H, CH=), 5.77-5.64 (m, 14H, O2 and O3 of §-CD),
4.90-4.83 (m, 7H, C1 of B-CD), 4.50-4.25 (m, O6 and C6' of B-CD),
3.92-3.16 ppm (m, overlapped with HOD); “CNMR (400 MHz,
[Dg]DMSO): 6=166.0 (CO), 139.8, 139.6, 129.4, 129.4, 126.6, 126.6, 126.5
(phenyl), 101.9 (C1 of $-CD), 81.6 (C4 of $-CD), 73.0 (C3 of $-CD), 72.4
(C2 of B-CD), 72.0 (C5 of B-CD), 59.9 (C6 of p-CD), 58.7 ppm (C6’ of -
CD); MS (MALDI-TOF): m/z calcd for Cs;H;50,,N,: 1514 [M+Na]*;
found: 1515.1; elemental analysis: calcd (%) for Cs;H,30,N4-8 H,O: C
41.86, H 5.79, N 3.43; found: C 42.01, H 5.88, N 3.31.

4 (BCD-HyCiAmTNB): TNBS (80.0 mg, 0.222 mmol) was added to a sus-
pension of 6-AmHyCiO-3-CD (166 mg, 0.13 mmol) in H,O (10 mL).
After the mixture was stirred for 1 day, the suspension gradually became
clear. The solution was concentrated to 5 mL and poured into acetone
(50 mL). The resulting precipitate was washed three times with acetone
and dried under vacuum to give the crude product. Yield: 65%. IR: 7=
3375, 2931, 1719, 1621, 1339, 1029cm™'; 'HNMR (400 MHz,
[Dg]DMSO): 6=10.16 (brs, 1H, CONH), 8.83 (brs, 2H, TNB), 7.16 (d,
J=7.8 Hz, 2H, phenyl), 6.98 (brs, 2H, phenyl), 5.77-5.64 (m, 14H, O2
and O3 of B-CD), 4.85-4.82 (m, 7H, C1 of 3-CD), 4.44-4.28 (m, O6 and
C6' of B-CD), 3.84-3.16 (m, overlapped with HOD), 2.82 (t, /=7.3 Hz,
2H, CH,), 2.67-2.60ppm (m, 2H, CH,); “CNMR (400 MHz,
[Dg]DMSO): 6=171.8 (CO), 140.3, 138.7, 135.0, 129.2, 128.9, 127.6, 126.8,
121.1 (phenyl), 101.9 (C1 of B-CD), 81.6 (C4 of p-CD), 73.0 (C3 of p-
CD), 72.4 (C2 of $-CD), 72.0 (C5 of 3-CD), 59.9 (C6 of $-CD), 57.2 (C6’
of f-CD), 34.6 (CH,), 29.6 ppm (CH,); MS (MALDI-TOF): m/z calcd
for Cs;HgO,N,: 1516 [M+Na]*; found: 1518.6; elemental analysis:
caled (%) for Cs;HgO,Ny7.5 Hy,O: C 42.04, H 5.88, N 3.44; found: C
42.10, H 5.83, N 3.39.

6 (NaCiTNB): NaOH (10 mg, 0.25 mmol) was added to a suspension of
4-aminohydrocinnamic acid (32 mg, 0.20 mmol) in H,O (10 mL). TNBS
(80.0 mg, 0.222 mmol) was added, and the solution was stirred for 3 h at
90°C. After the mixture was cooled to room temperature, HCl (10M,
0.5 mL) was added to the solution. The resulting precipitate was washed
three times with water and dried under vacuum. Yield: 89%. IR: 7=
3272, 3085, 1690, 1628, 1511, 1345cm™'; 'HNMR (400 MHz,

694 www.chemasianj.org

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

A. Harada et al.

[Dg]DMSO): 6=10.23 (s, 1H, CONH), 8.96 (s, 2H, TNB), 7.63 (d, /=
8.5 Hz, 2H, phenyl), 7.53 (d, /=16.2 Hz, 1H, CH=), 7.17 (d, /J=8.6 Hz,
2H, phenyl), 6.48 ppm (d, J=15.9 Hz, 1H, CH=); ®C NMR (400 MHz,
[Dg]DMSO): 6=167.3 (CO), 142.7, 118.5 (CH=CH), 140.1, 139.8, 136.8,
136.4, 131.1, 129.1, 126.6, 120.3 ppm (phenyl); elemental analysis: calcd
(%) for C;sH;(N,O;: C 48.14, H 2.69, N 14.97; found: C 48.15, H 2.74, N
15.11.
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