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Abstract: The reversibility of boronic acid and diol inter-
action makes it an ideal candidate for the design of self-
assembled molecular structures. Reversibility is required
to ensure that the thermodynamically most stable struc-

ture is formed. Reversibility also ensures that any errors
produced during the assembly process are not permanent.

Keywords: boron - complexation - molecular recognition -
self-assembly - supramolecular chemistry

Complexation of Boronic Acids
Introduction

Boronic acid chemistry has its roots in the work of Frank-
land, who in 1860 documented the preparation of ethylbor-
onic acid, with the first synthetic publication on organobor-
on chemistry.!! In 1880 Michaelis and Becker reacted boron-
trichloride and diphenyl mercury to form dichlorophenyl-
borane. This in turn was added to water and recrystalized as
white needles in the first synthesis of phenylboronic acid.?
The route was refined by 1909 and the classical synthesis of
boronic acids from Grignard reagents and trialkyl borates
established.!”

The development of boronic acid based saccharide sensors
has been the topic of a number of recent comprehensive re-
views.F™) With this focus review we will explore another im-
portant aspect of boronic acid chemistry—molecular self-as-
sembly.

So, why is the boronic acid diol interaction an important
force in molecular assembly? (a) The boronic acid—diol in-
teraction is reversible. Self-assembled systems require rever-
sibility to ensure that the thermodynamically most stable
structure is formed. Reversibility ensures that any errors in
the assembly process are removed and only the desired as-
sembly is formed. (b) The boronic acid-diol interaction is a
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covalent binding interaction and unlike non-covalent inter-
actions, the interaction is directional. The strong directional-
ity of the bonds makes it possible to control the final geom-
etry of the assembly with a high level of precision. (c) The
diol unit used for the assembly is ubiquitous in nature in the
form of saccharides. The availability of a large chiral pool of
building blocks for self-assembly permits the structural di-
versity of these systems.

However, before describing some of the complex struc-
tures assembled using boronic acid chemistry, it is important
to introduce the boronic acid covalent binding motif in
some detail. Knowledge relating to the factors affecting the
binding constants and reversibility are vital to a chemist set-
ting out to design a self-assembled system involving the bor-
onic acid-diol interaction.

Boronic Acid-Diol Complexation

Given the significance of boric acid in the determination of
saccharide configurations,"™' it is perhaps surprising that
the same properties were not observed in boronic acids until
1954."2 During a course of investigations into aromatic bor-
onic acids, Kuivila and co-workers observed a new com-
pound being formed on addition of phenylboronic acid to a
solution of saturated mannitol, correctly postulating the for-
mation of a cyclic boronic ester analogous to the one known
to form between boric acid and polyols.

A number of publications followed examining the proper-
ties and synthesis of boronic acids,>**! with the first quanti-
tative investigation into the interactions between boronic
acids and polyols in 1959.1! In a study to clarify the disput-
ed structure of the phenylboronate anion, Lorand and Ed-
wards added a range of polyols to solutions of phenylboron-
ic acid. The pH of the solutions was adjusted such that there
was an equal speciation of phenylboronic acid in its neutral
and anionic forms; the pH matching the pK,. As diol was
added, the pH of the systems decreased, allowing binding
constants to be determined through the technique of pH de-
pression.

www.chemasianj.org 1077
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From these experiments Lorand and Edwards concluded
that the conjugate base of phenylboronic acid has a tetrahe-
dral, rather than trigonal structure.’! The dissociation of a
hydrogen ion from phenylboronic acid occurs from the inter-
action of the boron atom with a molecule of water. As the
phenylboronic acid and water react, a hydrated proton is li-
berated, thereby defining the acidity constant K,."”? This is
depicted in Scheme 1 by considering an explicit water mole-

Ho H

~ A

?
|

K OH
B.l\OH @ % :
@ YOH Bonw TH
OH

Scheme 1. The acid—conjugate base equilibrium for phenylboronic acid in
water. The dissociation of the hydrogen ion from phenylboronic acid
occurs from the interaction of the boron atom with a molecule of water.
Here we consider an explicit water molecule associated with the Lewis
acidic boron."”! As the phenylboronic acid and water react a solvated hy-
drogen ion is liberated, thereby defining the acidity constant K, where
pK,=8.70 in water at 25°C.1¥

cule associated with the Lewis acidic boron. The reported
pK.s of phenylboronic acid fluctuate between ~8.7 and
8.9,18%1 with a recent in-depth potentiometric titration
study refining this value to 8.70 in water at 25°C.*¥

Whilst one explicitly associated molecule is shown in a
number of illustrative schemes, for clarity, water should be
considered to be in rapid exchange on the Lewis acidic
boron in much the same way that hydrated Lewis acidic
metal ions exchange bound water. A pertinent comparison
can be found with the ionisation of Zn>* in water, the reac-
tion Zn-OH,—Zn-OH+H™ having a pK, of 8.8.%°

Boronic acids have been reported to rapidly and reversi-
bly?! interact with dicarboxylic acids,”*! a-hydroxy car-
boxylic acids®* and diols""” to form boronic esters in
aqueous media.” The most common interaction is with 1,2
and 1,3 diols to form five- and six-membered rings, respec-
tively. Until recently it was believed that the kinetics of this
interconversion was fastest in aqueous basic media where
the boron is present in its tetrahedral anionic form.*? How-
ever a recent paper by Ishihara has reported that reaction
rate constants of boronate ion with aliphatic diols are much
smaller than those with boronic acid.

In considering these interactions, the equilibria in
Scheme 2 can be readily expanded to form a thermodynamic
cycle, as illustrated in Scheme 3.

Abstract in Japanese:
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Considering Scheme 3, we define the formation of the
diol boronate anion complex as K, and the formation of
the diol boronic acid complex as Ki,;,, where it is observed
that K> Ky, For instance the logarithm of these constants
for phenylboronic acid binding fructose in 0.5m NaCl water
is: log K,=3.8 whereas log K;,<—1.4. This difference in
the value of the binding constant between K and K, is
typical, with differences of up to ~five orders of magnitude
being commonplace.? It is also known that the neutral bor-
onic acid becomes more acidic upon diol complexation. The
acidity constant of the bound complex is defined by K,
where it is observed that pK, > pK,'. For instance the pK, of
phenylboronic acid=9.0 in 0.1m NaCl 1:2 (v/v) methanol/
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Scheme 2. Interaction of the phenylboronate anion with 1,2 and 1,3 diols to form diol-phenylboronate com-

plexes with five and six-membered rings, respectively.
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Scheme 3. The equilibria for boronate ester formation couple to generate
a thermodynamic cycle. The formation of the diol boronate anion com-
plex is defined as K., and the formation of the diol boronic acid complex
is defined as K., where it is observed that K> K;,. The acidity con-
stant of the unbound complex is defined as K, and the acidity constant of
the bound complex is defined as K,', where it is observed that pK, > pK,'.

water. Under the same conditions, the pK,” of phenylboronic
acid bound to fructose=5.2; in other words the boronic
ester is more acidic than the boronic acid.?"

The stability constants (K) between various polyols and
boronic acids were first quantified by Lorand and Edwards
(Table 1) and it is the case that the trends established now
appear inherent in all monoboronic acids.!"®!

It is well known that boronic acids readily form five-mem-
bered rings with vicinal diols in basic aqueous media. It is
also the case that six-membered rings can be formed with
1,3-diol groups, although the stability of these cyclic diesters
is somewhat lower than their five-membered counter-
parts.F23437]

In response to the growing demand for an accurate inter-
pretation of the complex multi-component equilibria in-
volved in these systems, an extensive investigation was con-
ducted using the potentiometric titration technique.? The
refined values for the acidity and binding constants dis-

Chem. Asian J. 2008, 3, 1076 -1091
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played a good match with pre-
viously published data. Never-
theless, it became clear from
the results that the thermody-
namic cycle in Scheme3 is
somewhat of a simplification.
Stable complexes were found to
form readily between boronic
acids and Lewis bases. This rep-
resents a significant finding in
sensor design as Lewis bases
such as the conjugate bases of

Table 1. The binding constants calculated by Lorand and Edwards for
phenylboronic acid in water at 25°C.') The four monosaccharides most
routinely used in the evaluation of sensors for saccharides are in bold.

Polyol K [mol ]
1,3-Propanediol 0.88
Ethylene glycol 2.80
Propylene glycol 3.80
3-Methoxy-1,2-propanediol 8.50
D-Glucose 110
D-Mannose 170
D-Galactose 280
Pentaerythritol 650
Mannitol 2300
D-Fructose 4400
Catechol 18000

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

phosphate, citrate and imidazole are commonly used to
buffer the pH of solutions during the spectrophotometric
evaluation of sensors, adding a new degree of sophistication
to the understanding of the species present in solution.

It was shown that in buffered solutions binary (boronate—
Lewis base) complexes as well as ternary (boronate-Lewis
base-saccharide) complexes will be formed. Under acidic
conditions these ternary complexes are significant and under
certain stoichiometric conditions can become the dominant
components in solution (Scheme 4).

©
0
HOQB-;c? o SITNPER >
I e}
+ g/p.,boe o + OH
©

Scheme 4. In addition to the pair-wise interaction of boronic acids with
polyhydroxyl species, boronic acids also form stable complexes with
buffer conjugate bases. These complexes can be formed between both
the free boronate anion and Lewis bases as well as between saccharide
boronate complexes and Lewis bases.

When conducting experiments in solutions buffered with
a Lewis basic component, there is therefore a “medium de-
pendence” related to the formation of Lewis base adducts.]
These complexes reduce the free boronate and boronic acid

1079
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concentrations, diminishing the observed stability constants
(Kobs)'

Amine-Boron (N-B) Interactions

The so-called coordinative or dative, nitrogen to boron (N—
B or alternatively N—B) bonds have been studied for more
than 100 years. The strength of N—B bonds depends greatly
on the substituents on both atoms; electron-withdrawing
groups increase the Lewis acidity of boron, whilst electron-
donating groups increase the Lewis basicity of nitrogen. In
considering the bond strength, it is necessary to balance
these electronic factors against the counteracting steric re-
quirements of these same substituents. An investigation of
144 compounds with coordinative N—B bonds concluded
that steric interactions as well as ring strain (in the case of
cyclic diesters) weaken and elongate the N—B bond, which
occurs with a concurrent reduction in the tetrahedral geom-
etry of the boron center.*

The N-methyl-o-(phenylboronic acid)-N-benzylamine 5
system has been investigated separately by Wulff, Anslyn
and ourselves.?**%! Scheme 5 depicts a general model
where, at one extreme, the acyclic forms (5 and 6) illustrate
no N-B interaction, and at the other, the cyclic forms (8 and
9) illustrate a full N-B interaction; the species existing in
equilibrium. Species 7 involves a protonated nitrogen, there-

T. D. James et al

data which estimated the N-B interaction to be 13 kJmol ™’
or less in the absence of solvent.!! To qualify this in terms
of familiar bonding motifs, the energy of the N-B interac-
tion in these systems is approximately the same as that of a
hydrogen bond.

Whilst speculative this structural interpretation of the in-
teraction between boronic acid and the proximal tertiary
amine through a bound protic solvent molecule (solvent in-
sertion into the N—B bond) corresponds well with contem-
porary computational and potentiometric titration data, in
which the formation of intramolecular seven-membered
rings should not be ignored.'>?**%! The values for the
bond length (from the X-ray crystal structure) and for the
bond strength (from the potentiometric titrations) are those
that would be expected for a hydrogen bonding interaction
manifested through a bound solvent molecule at the boron
center.

The idea postulated is by no means a new one. An infra-
red study into the interaction between nitrogen and boron
in a similar system came to a similar “tentative conclusion”
in 1964."Y The experimental rationale was based on compar-
ing two emergent peaks in infrared spectra to similar peaks
in known model systems (Figure 1). The results indicated
that in carbon tetrachloride the interaction between the ni-
trogen and boron of 8-quinolineboronic acid could be modu-
lated by either water or phenol bound to the boron center
at oxygen.

Anslyn recently performed a
detailed structural investigation
of the N-B interaction in o-
(N,N-dialkyl aminomethyl) aryl-

H
HO <1~

HO. _OH
B
©/\N/\©
|
H
5
@ =5
R pK;=5.3
H H H*

pK, = 12.07

H*

Q _oH
Bo
©/\N/\©
|
Y
6

|

boronate systems.”) From de-
tailed "B NMR spectroscopy
(and X-ray data) it was shown

e 1l
HO\B”N>/\©

8

Scheme 5. The extent of the interaction between nitrogen and boron is illustrated within the upper and lower

bounds of possible contact depicted as the cyclic and acyclic forms.?

fore the ammonium cation precludes any N-B interaction.
The approximate energy of the N-B interaction in these
systems has been calculated from the stepwise formation
constants of potentiometric titrations, based on the relative
stabilities of ternary phosphate complexes (boronate +sac-
charide + phosphate) for boronic acids 1 and 5. The stability
of the phosphate complex with 1 is taken as the situation
with no N-B interaction and is compared with the stability
of § where an N-B interaction is present. From this analysis,
it was calculated that the upper and lower limits of the N-B
interaction must be bound between approximately 15 and
25kIJmol™' in N-methyl-o-(phenylboronic acid)-N-benzyla-
mine.! This value is in good agreement with computational

1080 www.chemasianj.org
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that in an aprotic solvent, the
N—-B dative bond is usually
present. However, in a protic
media, solvent insertion into the
N-B occurs to afford a hydro-
gen-bonded zwitterionic species.
Earlier work by Wang and co-
workers had also suggested that

HO
HO~EQN®

9

10 11

Figure 1. Morrison’s proposed complexes of the cis-1,2-cyclopentanediol
ester of 8-quinolineboronic acid with solvent water and phenol molecules
bridging the nitrogen and boron centers.[*!

Chem. Asian J. 2008, 3, 1076 -1091





Molecular Self-Assembly

solvolysis instead of N—B bond formation would occur upon
sugar binding.*!!

Thanks to the seminal publication from Anslyn™®! and cur-
rent work from a number of other groups,?*4%! the N-B
interaction in water can, in many cases, be ascribed to a hy-
drogen bonding interaction mediated through a bound sol-
vent molecule. In other words the N-B interaction in protic
media such as water or methanol should not be represented
as the N-B form 8 but, rather the solvent inserted form 8
(Solvent).

R
HO H \
\ | HO O—H
Ho‘B-"N/\© HO\\B/@ \N®
\
8 8 (Solvent)

Although the N—B bond is not significant in protic media
it is worth noting that the calculated and experimentally de-
rived dative N—B bond energy ranges from 58 to
152 kI mol -] Therefore, when designing self-assembling
systems, the N-B interaction should be taken into consider-
ation. This is particularly important for systems prepared
using non-protic media or materials where no solvent is
present.

Molecular Assembly
Molecular Imprinting

Molecular imprinting of saccharides using boronic acids was
pioneered by Wulff in 1977.5%%2 The approach employed
by Wulff produces a 3-D polymer network. Shinkai has also
applied the concept of molecular imprinting to homogene-
ous (0-D), linear polymers (1-D) and at interfaces (2-D).
The analysis and preparation of these lower dimensional
systems (0-,1-,2-D) is much simpler than the 3-D polymeric
systems.

Wang and co-workers have prepared a D-fructose selec-
tive system based on molecular imprinting.**¥ The system
is the first boronic acid based fluorescent saccharide sensor
and was prepared by reacting monomer 12 with p-fructose
in a dioxane pyridine mixture. The templated unit was then
used then in the preparation of a poylmer using 2-hydroxy-

.
o™
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Resue

6] N B—OH

L0
12

ethyl methacrylate as a comonomer and EGDM (ethylene-
glycol dimethacrylate) as cross-linker.
Ishi-i has investigated homo-

) geneous  imprinting  (0-D)

—y  proticsolvent where [60]fullerene was used as

H (water) an imprinting base. Two moles

CHj, (methanol), of a boronic acid of 1,2-bis(bro-
CH3CH, (ethanol) etc

momethyl)benzene formed a
complex with one mole of sugar
and the resultant 2:1 complex
was allowed to react with [60]fullerene in a homogeneous
solution. The chiroselectivities attained in this method were
very high (44-82% ee) for the C2 symmetric fullerenes
formed.®™ The diboronic acid/[60]fullerene receptors thus
obtained showed a good memory for the templated sugars
(44-48 % de).”® The results indicate that the molecular im-
printing is possible even in the homogeneous solution, utiliz-
ing [60]fullerene containing numerous reactive C=C double
bonds.

Kanekiyo explored linear polymer imprinting (1-D)
where the formation of a 1:1 dimer between anionic poly-
mers and cationic polymers was utilized. The polyanion
fragment contains boronic acid units to complex with AMP
(Scheme 6). On removal of AMP from the precipitated
polyion complex, a “cleft”, which has the memory for the
AMP template, is created.”” It was demonstrated that this
cleft shows high affinity for AMP and the precipitate (gel)
displays reversible swelling-shrinking in response to the
binding of AMP. When this gel is deposited on a QCM reso-
nator, it responds to small changes in the concentration of
AMPF

Friggeri investigated imprinting at 2-D interfaces using a
QCM resonator coated with Au.”) The conformational tran-
sitions of poly(L-lysine) are related to very subtle changes in
secondary forces such as hydrogen-bonding interactions,
electrostatic effects and hydrophobicity. Previously, it was
discovered that the addition of monosaccharides to boronic-

T ® 8 o O % 0 @
o © ' ©o-p=0 ®
o—g adenine ¥ -AMP
© _— @ % o adenine é - <
HO  OH : ol coo ¢
o o é or +AMP
ooc © B(OH); coo doc HO7R-0 & T2 Soa
| /
Shrunken gel Swollen gel

Scheme 6. AMP-imprinted polyion complex.
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acid-appended poly(L-lysine) affects the a-helix content of
the polypeptide chain and the pH at which the maximum a-
helix content is observed is specific to the added monosac-
charide.**®!! To take advantage of such sugar-induced con-
formational changes, Friggeri synthesized a poly(L-lysine)
derivative appending 70 mol% of the B(OH), group and
30 mol % of the SH group. After induction of the conforma-
tional change by the sugar-boronic acid interaction, the
polymeric complex was extended on Au. The sugar-induced
conformation was then immobilized on the Au surface,
which keeps a memory for the templated sugar. Evidence
for the imprinting was obtained using an Au-coated QCM
resonator.” In particular, when p-glucose is used as a tem-
plate sugar, the polypeptide backbone tends to adopt a
unique P-turn structure. Therefore a D-glucose-selective
QCM resonator was created by a simple imprinting
method.”)

More recently, it has been shown that molecular imprint-
ing can be achieved utilising the reprecipitation process of
functionalized “soluble” polymers!®* and the gel formation
process of low molecular-weight gelators.® These new
trends suggest the generality of the molecular imprinting
concept, that is the formation of 3-D cross-linked resins, is
not the only way of employing molecular imprinting.

The Air—Water Interface

Molecular assemblies of monolayers and their properties
have been well established.”® The unique characteristics of
Langmuir and Langmuir-Blodgett (LB)®®! films have
drawn particular attention. The self-assembled Langmuir
films developed at the air-water interface allow accurate
placing of boronic acid receptors for saccharide recognition.
The position of the receptors can be randomly dispersed or
templated by guests in the subphase. Once formed, the
Langmuir monolayers can then be transferred to a solid sup-
port using Langmuir-Blodgett (LB) techniques thus trans-
ferring the information from the monolayer to a surface.
This attribute makes the monolayer environment one of the
best for producing durable solid supported sensors.

The basic concept of the systems relies on the fact that
the pressure of a Langmuir film is sensitive to the activity of
its individual constituents. The boronic acids 13 and 14 were
prepared by Shinkai in order to demonstrate the effect of
saccharide binding at the air/water interface.’* The reactivi-
ty of the boronic acids was tested by solvent extraction

HO. __OH OH
B” EI’
~OH
OC+gH33
OCH33
13 14
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methods (solid—solvent, neutral solvent-solvent and basic
solvent-solvent). Extractabilities of both compounds were
found in the order Dp-fructose >D-glucose > Db-maltose > D-
saccharose. Monolayers formed by 13 were found to be un-
stable, based on both unreproducible pressure—area (P-A)
isotherms and the crystalline nature of the monolayer. The
meta-isomer, 14 featuring lower molecular symmetry, on the
other hand, gave very reproducible results. The P-A iso-
therm of 14 was affected by the introduction of saccharide
into the subphase at pH 10. The cholesterylboronic acid de-
rivative 15 investigated by Ludwig behaved similarly.[*’]
Arising from its chiral nature, 15 could selectively recognize
enantiomers of fructose. The influence of quaternized
amines on the saccharide binding has also been investigated
by Ludwig.”” Quaternized amines added into the subphase
facilitate the saccharide detection by the monolayer at neu-
tral pH. Assistance of closely located ammonium cations in
the formation of a boronate anion is believed to be the
source of enhancement.

The cooperative binding of saccharides by the diboronic
acid derivatives 16 on monolayers has also been investigated
by Ludwig and found to be in agreement with its recogni-

HO\B/OH HO< B,OH

OR OR
R = Me, 2-octyldodecyl, 4- tbutylbenzyl or Geranyl

16

tion pattern in homogeneous solutions.”*’? Molecular rec-
ognition in this system has been studied by Dusemund and
also seems to be facilitated by closely located ammonium
cations.["?

Pietraszkiewicz has investigated the interaction of L-sor-
bose, D-glucose, D-galactose and D-cellobiose with Langmuir
films of boron-containing cavitands derived from calix[4]re-
sorcinarenes.””! Binding could be detected but they were
unable to make any conclusions regarding the stereochemis-
try or stoichiometry of the complexes formed.

Recently Kurihara prepared electroconductive LB films
for sugar recognition. A polymerized electroconductive bor-
onic acid LB film was transferred onto a gold surface. The
binding with an electroactive manoside (nitrobenzene) was
monitored by cyclic voltammetry."*!

OH
| H
N

_B o)
HO Y
(0]

15
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Heterogenous and Polymeric Systems

The saccharide-boronic acid interaction can be used to de-
velop molecular assemblies. This can be achieved in two
ways. Firstly, one can sense saccharides using changes in the
physical properties of the molecular assembly and secondly,
one can control the superstructure of molecular assembly
using saccharides as a trigger.

Some chiral molecules are known to form chiral helical
aggregates.”™ Likewise, chirality can be induced in aggre-
gates of nonchiral molecules by interactions with chiral spe-
cies.®” Imada found that helical chiral aggregates are
formed when aggregates of a nonchiral tetraboronic acid por-
phyrin 17 are treated with monosaccharides.” Induced chir-

HOL, OH

B

Pl

HO OH

17

ality of the aggregate can be monitored by CD spectroscopy.
Furthermore, the sign of the exciton coupling of the sugar
complexed aggregate can be predicted by the structural ori-
entation of the complex. The chromophoric boronic acid de-
rivative 18 was also found to aggregate in mixed solvents
(water/dimethyl formamide) and became CD active when
saccharides were added.”™! The use of CD to determine
the configuration and conformation of saccharides has been

OCq2H s
(HO),B
\©\/\ e No /©/
&\(CHZ)B Q/
~
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well established by Harada and Nakanishi who employed
the perbenzoylation of the saccharide methyl glycoside.®!]

Organogels and hydrogels are formed mainly by 1-D ag-
gregation of amphiphilic molecules. Thus, a variety of super-
structures are constructed in the gel system, reflecting the
molecular shape of unit gelator molecules. When boronic
acid-appended amphiphiles are dispersed into solution, the
superstructure of the resultant aggregates is strongly affect-
ed by added sugars.*! For example, the sol-gel phase-tran-
sition temperature is changed by the addition of sugars and
in some cases, the chirally twisted fibrils appear in the gel
phase from achiral amphiphiles. When boronic acid-append-
ed cholesterol is used as a gelator, the gel can discriminate
between D- and L-saccharides through a difference in the
sol-gel phase-transition temperature.””

Kimura has applied the concept to the structure control
of ordered molecular assemblies formed in an aqueous
system. Compound 19 bearing a boronic acid group and a
chromophoric azobenzene group forms a micelle-like, order-
less aggregate in aqueous solution. When saccharides are
added, a stable membrane is formed.®™ The CD spectrum
arising from the azobenzene chromophore suggests that this
membrane changes in response to the absolute configuration
of added sugars. Arimori developed a similar system using
the porphyrin-containing amphiphile 20.%*” In this system,
the arrangement of the porphyrin moiety in the molecular
assemblies can be finely tuned by added saccharides.

James demonstrated that this idea is effective in a liquid
crystal system. It is known that in some cholesteric liquid
crystals, the change in the helical pitch is reflected by the
color change. It was found that cholesterylboronic acid 15
complexes of monosaccharides alter the color of a compo-
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site chiral cholesteric liquid crystal membrane.™ Interest-
ingly, the direction and the magnitude of the color change is
indicative of the absolute configuration of the monosacchar-
ide. This finding makes it possible to predict the absolute
configuration of the monosaccharide by a simple “color
change”.

Kobayashi found that sugar-based amphiphiles can enjoy
a fiber-vesicle structural interconversion in the presence of
boronic acid-appended poly(L-lysine).®* The research ob-
jectives of these papers were to design bolaamphiphilic gela-
tors utilizing a sugar family as a source of solvophilic groups
and an azobenzene segment as a solvophobic group, and to
monitor the aggregation mode utilizing the spectroscopic
properties of the azobenzene chromophore. The results indi-
cated that the bolaamphiphiles act, although only for specif-
ic DMSO-water mixtures, as gelators and form a unique
supramolecular helical structure in the gel phase. The UV/
Vis and CD spectra showed that the azobenzene segments
adopt H-type face-to-face orientation and the dipole mo-
ments are arranged in the right-handed helicity. Since the fi-
brils, as observed by electron microscope, possess the right-
handed helical structure, one may consider that the micro-
scopic azobenzene—azobenzene orientation is reflected by
the macroscopic supramolecular structure. When boronic
acid-appended poly(L-lysine) was added, the gel phase of
gelator 21 was changed into the sol phase in the macroscop-

Q
HO 0] OH
N HN 0 OH
"o ) o OH
21

ic level and the fibrous aggregate was changed into the ve-
sicular aggregate in the microscopic level. These changes,
which are usually induced by a temperature change, arise
from the specific boronic acid—saccharide interaction occur-
ring at constant temperature. Interestingly, when p-fructose

NWN
H

T. D. James et al

which shows high affinity with the boronic acid group was
added, the sol phase and the vesicular aggregate were
changed back to the gel phase and the fibrous aggregate, re-
spectively, as shown in Scheme 7.

Right-handed

i .
+N helical fiber Vesicle
! =
(?th
HN.__0O
D-Fructose
—
-
B(OH),

Scheme 7. Fiber-vesicle interconversion.

This means that the phase and morphological changes in
the sugar-integrated bolaamphiphiles can be controlled re-
versibly.

Covalently derived polymeric materials can also be pre-
pared using boronic acids. Mikami®! employed boronic acid
22 in the preparation of self-assembled sugar backbone
polymers using D-fucose, L-fucose and D-glucose as the
sugar units. The polymers formed were helical in nature
with D- and r-fucose displaying mirrored CD spectra. The
polymers formed had a molecular weight of 106kDa (L-
fucose) and 40.0kDa (p-glu-
cose).

Shimizu®? has also used bor-
onic acid 23 in conjunction with
glucuronamide boloramphi-
philes 24-26 to prepare self-as-
sembled sugar backbone poly-
mers.

The condensation of 1,1’-ferrocenediboronic acid with two
different tetraols has been shown by Aldridge to result in
two different self-assembled structures (Scheme 8). When
1,1’-ferrocenediboronic acid is reacted with pentaerythritol,
a macrocycle is formed. However, if (1R,25,5R,65)-tetrahy-

© OH
(o] [¢]
24

NMe; OH
O
(HO)B O O B(OH)s Hom
HO
OH
MesN 22
B(OH), B(OH), OH
(0]
o] O HO
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N N
H H
23
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H, \n/\/\/\/\/\/Y mOH
© O oH
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Scheme 8. When pentaerythritol is condensed with 1,1’-ferrocenediboronic acid, a macrocycle is formed, but when (1R,2S,5R,6S)-tetrahydroxycyclooc-

tane is used, a polymeric material is produced.

droxycyclooctane is used, a self-assembled polymer is ob-
tained.”

Severin®®! has developed a novel three component self-as-
sembled polymeric system using monoarylboronic acids,
1,2,4,5-tetrahydroxybenzene and 1,2-bis(4-pyridyl)ethylene
or 4,4-bipyridine. The system is interesting in that the poly-
meric backbone is held together by N—B bonds (Scheme 9).
The resulting crystalline polymers are deeply colored arising
from intrastrand charge-transfer transitions. However, be-
cause of the weak N-B interaction, the polymers are not
stable in solution. It was noted that the reversible formation
of the polymer backbone could, in itself, be interesting from
a polymer processing point of view.

The reversible nature of boronate estererification has
been exploited by Lavigne who used this property to create
self-healing polymers.””! A polymer created between 27 and
28 can be formed under anhydrous conditions but when
water is added, the monomers are reformed. If solvent is
then removed from the monomers, a linear polymer is re-
formed. Using the same boronic acid 27 with 1,2,4,5-tetrahy-
droxybenzene 30 results in a conjugated polymer that exhib-
its blue emission.'”! The emission wavelength of the polymer
is significantly longer than the monomers or the emission
wavelength of the nonconjugated polymer between 27 and
28. Lavigne has also prepared polymers composed of 29 and
30.7

Wang has prepared a N-B dimer of 8-quinoline boronic
acid and observed the hydrogen bond directed supramolec-
ular assembly of the dimeric species in the solid state.

Several other interesting supramolecular systems based
on the hydrogen bonding properties of boronic acid units®
have also been evaluated in the solid state.[1%-1%?]

B(OH),
+
R’ R!
R2

NOXW@N

(a)R} H RZ=Me X=Y
(b)R'=H, R?=Et, X=Y
(c)R"=Me, R*=H,X=Z

Scheme 9. Three component self-assembled polymer with N-B backbone.
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Organic Frameworks

The development of porous covalent organic frameworks
(COFs) is an important area in which the boronic acid-diol
interaction is beginning to play an important role. The po-
tential applications of porous covalent organic materials in-
clude gas storage,'™'"7 catalysis,"*® and separation.'” Re-
cently, Yaghi has used both the formation of boronic acid,
trimeric anydrides, and diol esterification to generate a
number of open organic frameworks.[!*112

The frameworks developed by Yaghi can be broken down
into two main classes, being either planar layered or three
dimensional honeycombed. The planar layered structures
are derived from the trimeric anhydride formed when phe-
nylboronic acid is dehydrated or a cyclic ester between
phenyl boronic acid and hexahydroxy triphenylene 36.
These two units, the cyclic anhydride or hexahydroxy triphe-
nylene 36, are represented as trianglular building blocks, as
shown in Figure 2a. The planar layered COFs were prepared

Ny ) /N—B’O
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Figure 2. a) Triangular and b) tetrahedral building blocks employed by Yaghi in the preparation of COFs.

by heating boronic acid 29 either by itself or with hexa-
hydroxy triphenylene 36 at 120°C for 72 h under a mesity-
lene—dioxane solution in a sealed pyrex tube (Figure 3a).
The sparing solubility of the boronic acid in the solvent mix-

Figure 3. a) Planar layered organic lattice and b) three dimensional hon-
eycomb structured COFs prepared by Yaghi.

ture was a key element in allowing slow diffusion of the
building blocks into solution and facilitate nucleation of a
crystalline material. The reaction was sealed to ensure avail-
ability of water to promote reversibility of the dehydration
and esterification reactions. Three more layered COFs were
also prepared by the esterification reaction of 31, 32, and 33
and with hexahydroxy triphenylene 36.

The honeycombed structures are derived from boronic
acids, such as 34 and 35, and represented as tetrahedral
building blocks (Figure 2b). In order to prepare honeycom-
bed structures these tetrahedral boronic acids were dehy-
drated to form a cyclic anhydride or esterified using hexahy-
droxy triphenylene 36 to generate four honeycombed COFs
(Figure 3b).

Lavigne has also employed a similar approach to prepare
an open organic framework using 30 with trisboronic acid
32'[113]
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Macrocycles and Cages

The boronic acid interaction with diols has also been used in
the construction of discrete macrocycles and cages. The re-
versible nature of the boronic acid—diol interaction makes
the interaction suitable in the self-assembly of multicompo-
nent systems. With reversible systems, any errors in the as-
sembly process can be removed since for a system in equi-
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librium the final state is always the one with the lowest
energy.

Pioneers in the development of boronic acid macrocycles
are Hopfl, Farfan, and Barba. In particular, they have em-
ployed a combination of facile imine (Schiff Base) forma-
tion and boronic acid esterification in the development of
multicomponent macrocycles. 374214121

Iwasawa has developed a novel templated dynamic self-
assembly system employing a racemic tetraol 43 and 1,4-
benzenediboronic acid 44.1”2 When the two components are
mixed in methanol a linear polymer is formed. However,
when toluene is added to the solution, dynamic self-assem-
bly occurs with formation of a 2:2 macrocycle (a crystal

R'" R?R?®
)—k

B

ov
és Fz{z R

R' =Hor Me
R? =Hor Me
R® = Hor Me or Ph

4O

37

~Bs
=2 07} o
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structure of the complex was obtained). When the guest was
switched to benzene, instead of the formation of a 2:2 mac-
rocycle, a new 3:3 macrocycle was formed (Figure 4).
Severin has also prepared macrocycles using both forma-
tion of cyclic boronate esters and intermolecular N-B inter-
actions.'” The 4:4 self-assembly of phenylboronic acids
with 2,3-dihydroxy pyridine 47 was evidenced by X-ray crys-
tallography. Severin has employed an analogous stratergy
for the preparation of dendritic nanostructures.'?!! More re-
cently, the same group has prepared macrocycles and cages
using three and four component systems. The three compo-
nent systems employ a meta formylboronic acid, a bis pri-
mary amine, and pentaerythritol (tetraol) 48 or para formyl-

R! ~_~
5 R} =H or Me
R R’ = H, Me, OMe, CI, NO, or CF3
RS R® =H, Me, OMe, ClorF
38

_B<
, 0710
R
R R =Hor tBu
1 R'=HorNO,
R R®=HorF

40

R = meta-nitropheny|

42
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OH HO OH
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Figure 4. Self-assembled structures 45 and 46 formed from 43 and 44 in
methanol with added toluene or benzene.

boronic acid, a tris primary amine, and pentaerythritol (tet-
raol) 49. These three component systems are reminiscent of
the three component assembly
of ortho formylboronic with
chiral amines and chiral diols
used by Bull and James for the
determination of the enantio-

T. D. James et al

(Scheme 11). The two components do not interact with each
other until Et,NAcO is added to the solution. On addition
of Et,NAcO, quantitative formation of the capsule by boro-
nate esterification is observed. The self-assembly process is
a direct result of anion directed boronate ester formation
and the Et,N* template. Reversible boronate esterification
also allowed for selective control of capsule formation as a
function of pH.

Conclusions and Future Prospects

In conclusion, over the past few years, the boronic acid—diol
interaction has found its way into numerous self-assembly
systems. In particular there has been growing interest in the
development of porous molecular frameworks and molecu-
lar capsules and cages derived from the facile boronic acid—
diol interaction. The frameworks will lead to the develop-
ment of new materials with applications in gas storage, cat-
alysis, and separation, while the capsules will be employed
in receptor and sensor development, extraction, or for drug
delivery.

B

@N < > Né\@
ﬁO;B_Ng\_/? B
0 o] 0" o

meric excess of chiral NG 0

amines!!? 1% or chiral ©7é\ O\B£©

diols."”'*! The Severin group Q P N

have recently extended their %:\EN_B/OU 0.0 O< -0
work to include four compo- — 0

nent systems. The system com- @\/ \/@
prises of a meta formylboronic = N'O_N\

acid unit, primary amine, pen-
taerythritol (tetraol) and pyri-
dine nitrogen for coordination
to a metal 50.1%

Barba™! has prepared two
hemicarcerands by the N—B N
bond directed self-assembly of
3-aminophenylboronic acid
with bis-ortho-phenol aldehyde
and bis-ortho-phenol methyl-
ketone (Scheme 10). Nabeshi- o’B‘o
ma has prepared self-assem-
bled cyclic boron-dypyrrin
oligomers prepared by the re-
action of catecholyldipyrrin
with boron trichloride.!*

Kubo!"! has designed an ion
pair-driven heterodimeric cap-
sule. The system consists of cy-
clotricatechylene and a boron-
ic acid-appended hexahomo-
trioxacalix[3]arene
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Scheme 10. N—B bond driven hemicarcerand formation.

OH
HO,
(o
HO O OH
@ e
HO B(OH), 1) Et4N OAc

2) Solvolysis
with methanal

OY\

(HO)B B(OH)> O

Scheme 11. Anion driven capsule formation.

Many of these systems take advantage of the fact that:

(a) The boronic acid—diol interaction is reversible.

(b) The boronic acid—diol interaction is directional.

(c) The boronic acid—diol interaction can take advantage of
a cheap and diverse chiral pool of diols.

Future developments will include the development of ma-
terials and capsules with the ability to self-repair and assem-
ble or disassemble when required, whether it be to deliver a
drug or to encapsulate toxic waste—“The age of boronic
acid based organic materials has arrived.”
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Abstract: Organic field-effect transis-
tors incorporating planar m-conjugated
metal-free macrocycles and their metal
derivatives are fabricated by vacuum
deposition. The crystal structures of
[H,(OX)] (H,OX=etioporphyrin-I),
[Cu(OX)], [Pt(OX)], and [Pt(TBP)]
(H,TBP =tetra-(n-butyl)porphyrin) as
determined by single crystal X-ray dif-
fraction (XRD), reveal the absence of
occluded solvent molecules. The field-

thin films of all these metal-free mac-
rocycles and their metal derivatives
show a p-type semiconductor behavior
with a charge mobility (u) ranging
from 107° to 107! cm?V~'s™". Annealing
the as-deposited Pt(OX) film leads to

Keywords: macrocyclic ligands -
materials science - molecular elec-
tronics - OFET (organic field-effect
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the formation of a polycrystalline film
that exhibits excellent overall charge
transport properties with a charge mo-
bility of up to 32x107'cm?’V~'s7!,
which is the best value reported for a
metalloporphyrin. Compared with their
metal derivatives, the field-effect tran-
sistors made from thin films of metal-
free macrocycles (except tetra-(n-pro-
pyl)porphycene) have significantly
lower u  values  (3.0x107°-3.7x

effect transistors (FETs) made from

Introduction

Interest in organic thin-film transistors (OTFTs) has grown
dramatically over recent years because of their potential
practical applications in active-matrix backplanes for flexi-
ble displays, sensors, and memory devices.! In this regard,
there has been a considerable interest in the design and syn-
thesis of planar m-conjugated molecules such as pentacene,”
oligothiophene,® arylacetylene,® indolo-[3,2-b]-carbazole,”!
tetrathiafulvalene,’® and perylene,l”! for uses in OTFT fabri-
cation. The intermolecular arrangements of these organic
molecules, in each case, are dominated by m--m stacking in-
teractions, leading to the formation of highly oriented poly-
crystalline films with good charge transport properties. Re-
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103 em?*V-is™).

cently, transition-metal complexes have been demonstrated
to be an alternative source of new materials for the develop-
ment of organic field-effect transistors.®) A notable example
is copper(IT) phthalocyanine abbreviated as Cu(Pc), which
has been extensively used in OTFT fabrication, for which a
maximum hole charge mobility of 107> cm*V~'s™! has been
achieved.® Noro et al. recently reported the construction of
a field-effect transistor made from a nickel(II) complex with
a o-diiminobenzosemiquinonate ligand, which has a compa-
rable charge mobility of 3.8x 1072 cm?V~'s~L.B! In the litera-
ture, there are few studies on field-effect transistors made
from porphyrins,”) metalloporphyrins, and related deriva-
tives,'”! despite the fact that these m-conjugated compounds
and metal complexes have a variety of applications such as
in organic light-emitting diodes (OLEDs),!""! as luminescent
oxygen sensors,'”! as phosphorescent probes,' and in pho-
tovoltaic cells.'¥! Porphyrins and metalloporphyrins are
robust, easily prepared, and have varying electronic struc-
tures and interesting excited-state properties."” The report-
ed field-effect transistors made from thin film of 5,10,15,20-
tetra-(phenyl)porphyrin®? and platinum(IT)
2,3,7,8,12,13,17,18-octaethyl-21 H,23 H-porphyrin Pt(OEP)!'"
exhibited a moderate charge mobility of 7.0x
102 em?V~!s7! and 2.2x107* em?*V~!s7!, respectively. How-
ever, when Pt(OEP) film was used as a phosphorescent
dopant for a red light OLED, a low charge mobility of
10 cm®*V-!s™' was observed.'"'* Herein, we described a
series of field-effect transistors made from thin films of
metal-free porphyrins and related macrocyclic compounds:
etioporphyrin-I  [H,(OX)], 2,3,7,8,12,13,17,18-octaethyl-
21H23H-porphine [H,(OEP)], phthalocyanine [H,(Pc)],
2,7,12,17-tetra-(n-propyl)-porphycene  [H,(TPrPc)], and
5,10,15,20-tetra-(n-butyl)-porphyrin [H,(TBP)], as well as
their metal(IT) derivatives (Pt, Ni, and Cu) (Scheme 1). We
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the X-ray crystal structures that
did not contain occluded sol-
vent molecules were used. In
this regard, the data from the

Na=ys =N .
g f Pr Bu B previously reported X-ray crys-
BT Me & tal structures of M(OEP) (M=
H,0XM=2H H,OEP M=2H HPo M =2H H,TPrPo M= 2H H,TBP M =2H Pt, Ni, Cu, and H,),'"*") M(Pc)
M(OX) M= Pt, Ni, Cu MOEP) M = Pt, Ni, Cu M Pc) M =Pt, Cu M(TPrPc) M= Pt MTBPIM= Pt

Scheme 1. Structures of the metal-free porphyrins and their metal derivatives.

also describe their charge transport properties following an-
nealing treatment of the as-deposited thin films at 60—
120°C. Using single crystal X-ray structures and grazing in-
cidence X-ray diffraction data, we have examined the effects
of peripheral substituents on porphyrin ligands and com-
plexed metal ions on the film structure and charge mobility
of the as-fabricated field-effect transistors. A high-perfor-
mance top-contact field-effect transistor made from an an-
nealed Pt(OX) film exhibited a charge mobility of up to
32x107' ecm?*V~'s™!, which is the best value for metallopor-
phyrin materials reported in the literature. Both packing of
molecules and film morphology (continuity and crystal
grain) are important parameters in determining the overall
charge transport properties of organic field-effect transis-
tors.

Results and Discussion

Detailed procedures for the synthesis of H,(TBP) and H,-
(TPrPc), as well as for metalloporphyrins M(OX), M(OEP)
(M =Pt, Ni, Cu), Pt(Pc), Pt(TBP), and Pt(TPrPc) studied in
this work are given in the Supporting Information. The iso-
lated yields of all the metal complexes were 70~80%. The
preparation of single crystals of H,(OX), Cu(OX), Pt(OX)
suitable for X-ray crystal structure determination proved to
be a difficult task, as either a fine powder sample or twinned
crystals were frequently encountered. We found that slow
evaporation of CHCI,;/CH,Cl, solutions of these compounds
or metal complexes gave tiny air-stable crystals (with a max-
imum dimension <200 pm), from which fine-needle
[H,(OX) and Cu(OX)] or thin-plate Pt(OX) crystal habit
was observed. To establish the arrangement of molecules in
the as-deposited and annealed polycrystalline films of
Pt(0X), Cu(OX), H,(OX), and Pt(TBP), only the data from

Abstract in Chinese:

AT AT Y (- JL BN &40 B B4 SR AT AL iR M 2 R M L R I TR T
THIHHTRAEE. RHBRGE X5 R EUERAT AL &4 ([Hy(0X)] (H0X =
etioporphyrin-I), [Cu(OX)], [Pt(OX)] #I [PY(TBP)] (H,TBP = tetra-(n-butyl)porphyrin)) {5tk
Ghk, WFFHmem SR AR B 0 2 00 B A T P 43 AR S A PR [ 3 280 R A4 B 2R 1 R
IR RIZ RV S R E S RBATEM TERIN p- - @R, HERATEMHM
SIGER RN 10° — 107 cn®V7IsT, TG E TR A9 UMK AL B 4 (3.0x107°-3.7x107°
em®V7ls™), T R IR SR TT LLAR R A BRI RS, BEeR II[PYOX) ) SLTT B 4 7T
R, SITEAER, M 1L1x107 e’V EAE 3.2x107 em?V7sT, RERESBuL
WAL ST R A
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(M=Pt, Cu, and H,),”™ H,-
(TBP)," and M(TPrPc) (M=
Pt, H,)?4 were used.

X-ray Crystal Structures

The crystal data of Pt(OX), Cu(OX), H,(OX), and Pt(TBP),
and selected bond distances/angles are listed in the Support-
ing Information, Tables S1 and S2. Figure 1 depicts the mo-
lecular structure of Pt(OX) and the packing of Pt(OX) mol-
ecules. The Pt atom is roughly coplanar with the mean plane
of the porphyrin macrocycle. Owing to the presence of
mirror and rotation symmetries, each asymmetric unit con-
tains one-eighth of the Pt(OX) molecule, and the Pt atom
lies on a special position (‘4,'/,'%). All four pyrrole-ring
moieties of each Pt(OX) molecule simultaneously have in-
termolecular st interactions (3.409 A) with its neighbors
along the three crystallographic directions. This results in a
n-stacked molecular arrangement that enables a close pack-
ing in the X-ray crystal structure. The Pt(OX) molecules
crystallized in a tetragonal space group of /4,/amd (No. 141)
that is isomorphic to Ni(OX).®! The Pt—N distances of
1.94(1) A are shorter than those of Ni—N distances found in
Ni(OX) (1.957 A) and Pt(OEP) (2.012 A)."Y Because of the
lattice symmetry imposed on Pt(OX), the methyl and ethyl
substituents were regarded as statistically disordered moiet-
ies. There are no direct metal---metal interactions, as re-
vealed by the shortest non bonded Pt---Pt contacts of
7.952(1) A.

Similar columnar-like m-stacked arrangements of Cu(OX)
or H,(OX) molecules with weak m--m interactions (3.500-
3.532 A for Cu(OX) and 3.485-3.583 A for H,(OX)) have
been found in their respective X-ray crystal structures (Sup-
porting Information, Figures S1 and S2). Each columnar
stack of Cu(OX) molecules is laterally segregated and ex-
tends along one direction of the X-ray crystal structure.
There are non bonded Cu--C distances of 3.42 A, as found
in the X-ray crystal structure of Cu(OX). The Cu atom is
coplanar with the mean plane of porphyrin macrocycle and
the Cu atom lies on the inversion center so that half of the
molecule is contained per asymmetric unit. The Cu—N dis-
tances of 1.988(5) A and 2.018(4) A are slightly longer than
those of 1.944 A and 1.997 A for Cu(OEP)."¥ A non centro-
symmetric arrangement is noted for H,(OX), and the four
methyl carbons of the ethyl substituents are displaced by ap-
proximately 1 A above or below the mean plane of the por-
phyrin macrocycle. Such an arrangement results in a slightly
curved molecular conformation with the dihedral angles, be-
tween the two mean planes of adjacent pyrrole rings of the
molecule, being 1.2-7.4° (Supporting Information Table S2).
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Figure 1. ORTEP drawing (30 % probability ellipsoids) of Pt(OX). Owing to the mirror and rotation symmetry
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b in each case. Compared with
the reported X-ray crystal
structures of Pt(TPP)Z* and
Pt(F, TPP)*! (H,TPP =meso-
tetraphenylporphyrin and
H,F,sTPP =perfluorinated
meso-tetraphenylporphyrin), Pt-
(TBP) adopts a less ruffled con-
formation, as evidenced by the
small dihedral angles (0.1-1.2°)
between the two mean planes
of adjacent pyrrole rings of the
molecule (Supporting Informa-
tion, Table S2).

n...® interaction with
upper molecular stack
(not shown)

L . g

of the crystal lattice, the four CH; moieties (C5, C5A, C5B, and C5C) of the ethyl substituents are statistically
disordered (left). Perspective views of the packing of Pt(OX) molecules, showing that the weak - stacking

interactions (3.409 A) (dotted lines) extending along three principle crystallographic directions effectively ena-

bles a close molecular packing (right).

Figure 2 shows a perspective view of the packing of Pt-
(TBP) molecules in a herringbone-like arrangement. The
axial sites of each Pt atom interact weakly with two neigh-
boring pyrrolic C-H hydrogen atoms [Ptl (x, y, z) -H3'—C3’
(x, o=y, 'h+2) and Ptl (x, 3 2)-H'-C" (=x, “h+y,
—!/,—z)] with a non bonded Pt--H distance of 2.871 A and a
Pt---H—C angle of 168.2°. This type of weak interaction may
be classified as a non agostic C—H--M interaction.”*! Neigh-
boring Pt(TBP) molecules are roughly orthogonal to each
other. The shortest centroid-to-centroid distance between
adjacent Pt(TBP) molecules is 7.918(1) A, precluding any
Pt--Pt interactions. The Pt—N distances of 2.024(3) A and
2.027(3) A are comparable to that of the other platinum(II)
meso-substituted porphyrins.”! In the literature, a similar
herringbone-like packing of molecules has previously been
reported in the X-ray crystal structure of H,(TBP).2"! The
X-ray crystal structures of Pt(TBP) and H,TBP reveal no in-
termolecular -7 interactions because the shortest non
bonded neighboring C--C distances are greater than 4.0 A

PXRD and GIXRD Patterns

The crystalline-phase purity of

the as-synthesized and pur-
chased organic compounds and metal complexes studied in
this work were verified by powder X-ray diffraction
(PXRD). The experimental PXRD patterns of Pt(OX),
Cu(0OX), H,(0X), and Pt(TBP) generally match the corre-
sponding simulated PXRD patterns using the data of single
crystal X-ray structures (Supporting Information Figure S3).
There are small variations in the relative peak intensities at-
tributed to an effect of preferred orientation caused by the
crystallite-shape anisotropy.

Figure 3 shows the grazing incidence X-ray diffraction
(GIXRD) pattern of the Pt(OX) film before and after the
annealing treatment at 60°C and 80°C, as well as a pro-
posed orientation of the molecules in the thin film annealed
at 80°C. Prior to the annealing treatment, there are two dif-
fraction peaks with 20 values at 7.47° and 8.25°, indicating
that two molecular orientations with d spacing values of
11.85 A and 10.74 A, respectively, were present. When the
as-deposited Pt(OX) film was annealed at 60°C, the ratio of
the area of these two peaks changed from 60:40 to 53:47.

Intermolecular non-bonded Pt ... H-C contacts

>
AN

[
H3" and C3"— "

H3 and C3 .-
\JRad

Figure 2. ORTEP drawing (30% probability) of Pt(TBP) (left). Perspective view of a ‘herringbone-like’ arrangement of Pt(TBP) molecules with weak
Pt--H—C interactions (e. g. Pt1---H3’ distance =2.871 A, dotted lines and Pt1-+-H3'—C3’ angle =168.2°, symmetry code: x, y, z for Pt1, H3 and C3; —x, —y,
—z for H3a and C3a; x, ',—y, '/, +z for H3 and C3’; —x, '/, +y, —'/,—z for H” and C3") (right).
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ed position (9.135°) of the [010]
Miller plane of the X-ray crys-
tal structure of H,(OX), it sug-

Substrate

gests that the H,(OX) mole-

cules were aligned in a colum-

Sieviow nar m-stacked arrangement, in

which the [010] Miller plane
was parallel to the plane of the
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Figure 3. GIXRD patterns of the as-deposited Pt(OX) film before (a) and after annealing treatment at
60°C (b) and at 80°C (c). The numerical values indicate the peak positions (°) in the 26 scale (left). The front
and side views of a proposed packing of Pt(OX) molecules in the thin film being annealed at 80°C. The
Pt(OX) molecules are coherently oriented along the [101] Miller plane of the X-ray crystal structure at an

angle of 40° with the plane of the substrate (right).

The two peak positions were slightly right-shifted, and an
additional weak peak at 9.32° appeared. When this thin film
was further annealed at 80°C, the diffraction peaks at 7.60°
and 8.43° completely disappeared, whereas the intensity of
the diffraction peak at 9.32° dramatically increased, and
three additional high-order diffraction peaks with 20 values
at 16.55°, 22.07°, and 28.33° developed. These four diffrac-
tion peaks match the calculated positions of 9.36°, 16.71°,
22.43°, and 28.34° for the respective [101], [112], [103], and
[303] Miller planes of the X-ray crystal structure of Pt(OX).
As the diffraction peak at 9.32° is the strongest, and is close
to the calculated position (9.36°) of the [101] Miller plane,
the Pt(OX) molecules in the thin film annealed at 80°C are
coherently aligned, and the mean plane of each Pt(OX)
molecule forms an angle of approximately 40° with the
plane of the substrate.

A similar m-stacked arrangement of metalloporphyrin
molecules has also been found in the Ni(OX) film that was
annealed at 140-160°C (Supporting Information, Figure S4).
However, the m-stacked molecular arrangement was minor
as most of Ni(OX) molecules were packed with a lamellar
d spacing value of 12.30 A, as shown by the strong diffrac-
tion peak with a 20 value of 7.20°. Subjecting the as-deposit-
ed Cu(OX) film to the same annealing treatment at 60—
160°C did not induce any structural transition, and the posi-
tion of the two diffraction
peaks (20=7.43° and 8.65°) re-
mained unaltered, whereas the
peak intensities decreased with
annealing temperature. In the
case of Hy(OX), there were two ™
diffraction peaks with 20 values
of 6.73° and 9.09° in the as-de-
posited film (Supporting Infor- e —
mation, Figure S5). After the

| 799

[/au.
%

Substrate

substrate. When the H,(OX)
film was further annealed at
140°C, the diffraction peak at
9.09° broadened.

The peripheral substituents
on the porphyrin macrocycle
significantly affects the packing
of molecules in the thin film
prepared by a deposition method. Figure4 shows the
GIXRD patterns of the as-deposited M(OEP) films (M =Pt,
Ni Cu, and H,) as well as a proposed packing of molecules
in the as-deposited films. The GIXRD pattern for the as-de-
posited M(OEP) films (M =Pt, Ni Cu, and H,) individually
displayed a single diffraction peak with 26 value near 7.98°,
that matched the calculated peak positions (7.930° and
7.928°) of the [110] Miller plane of the X-ray crystal struc-
tures of Ni(OEP) and Cu(OEP),"'! but significantly devi-
ated from that of 8.891° for the [001] Miller plane, and that
of 8.312° for the [010] Miller plane of the X-ray crystal
structures of Pt(OEP)!'! and H,(OEP),™ respectively.
Based on this finding, a columnar n-stacked arrangement of
M(OEP) molecules (M =Pt, Ni, Cu, H,) is expected in these
as-deposited films, and these m-stacked M(OEP) molecules
were oriented at an angle of approximately 55° from the
plane of the substrate. When these thin films were annealed
at 140°C, both the peak position and intensity of the single
diffraction peak at 7.98° showed little change.

Figure 5 shows the GIXRD pattern of the as-deposited
Pt(TBP) and H,(TBP) films and a proposed packing ar-
rangement of Pt(TBP) molecules in the as-deposited film.
The as-deposited Pt(TBP) film was well-ordered with high
crystallinity. The Pt(TBP) molecules are proposed to stand
on the substrate because the two observed diffraction peaks

s front view
[110]

a0
d=11.004

c)

Substrate

annealing treatment at 100°C,

T T
5 10 15
28/°

the peak at 6.73° disappeared
and the intensity of the peak at
9.09° increased with a small

b) [170] side view
N h / /
# ™ |“" Substrate |

Figure 4. GIXRD patterns of the as-deposited M(OEP) films M =Pt (a), Ni (b), Cu (c), and H, (d). The num-

bers indicate the peak positions (°) in the 20 scale (left). The front and side views of a proposed packing of M-

right-shift of 0.13°. As the peak
at 9.09° is close to the calculat-
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(OEP) molecules (M =Pt, Ni, Cu, or H,) in the as-deposited films oriented along the [110] Miller plane of the
X-ray crystal structure of Cu(OEP) at an angle of 55° with the plane of the substrate (right).
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Figure 5. GIXRD patterns of the as-deposited (a) Pt(TBP) and (b) H,(TBP) films. The numbers indicate the
peak positions (°) in the 20 scale (left). The side and top views of a proposed packing of Pt(TBP) molecules in
the as-deposited film oriented along the [100] Miller plane of the X-ray crystal structure of Pt(TBP) at an
angle of 86° with the plane of the substrate. Note that the Pt(TBP) molecules are nearly orthogonal to each

other, and to the substrate (right).

with 26 values at 6.73° and 13.47° match the respective cal-
culated positions of 6.743° and 13.510° for the [100] and
[200] Miller planes of the X-ray crystal structure of Pt-
(TBP), respectively. The mean plane of each Pt(TBP) mac-
rocycle is almost orthogonal to its neighbors, leading to a
herringbone-like arrangement of Pt(TBP) molecules on the
substrate. Furthermore, the as-deposited H,(TBP) film
adopted a similar molecular packing as that observed for
the Pt(TBP) film, but the packing was less ordered as evi-
denced by the presence of a weaker diffraction peak with a
20 value near 6.64°. Subjecting the as-deposited Pt(TBP)
and H,(TBP) films to an annealing treatment at 60-160°C
did not induce any structural transition.

Further studies using GIXRD revealed that the M(Pc)
(M =Pt, Cu, and H,) molecules
adopted a similar m-stacked col-
umnar arrangement in the as-

Effect Transistors

All the m-conjugated macrocy-
clic compounds and their metal
derivatives exhibited a moder-
ate thermal stability with onset
decomposition temperatures at
around 120-350°C under an N, atmosphere. The TGA
curves of these compounds and their metal derivatives are
given in the Supporting Information, Figure S8. All the
metal-free porphyrins decomposed at temperatures above
400-650°C, whereas the metal derivatives exhibited a
weight loss of 70-85% in the temperature range of 300-
500°C, forming black residues containing either Pt-metal
particles (for the Pt-containing derivatives) or metal oxides
(CuO/NiO for the Cu/Ni-containing derivatives). The per-
formance of field-effect transistors made from thin films of
H,(OX) and its metal derivatives are summarized in
Table 1. Even without an annealing treatment, the top-con-
tact field-effect transistor made from the Pt(OX) film
showed a significantly higher charge mobility (p) of 1.1x

Table 1. Device performance of the field-effect transistors made from the as-deposited and annealed films of
H,(OX) and its metal(II) derivatives.

deposited M(Pc) films (Sup-

porting Information, Figure S6). Entry Onset decomposition  Device Annealing Chaltg.e Threshold On/F)ff
. ; temperature [°C] geometry temperature [°C]  mobility voltage [V]  Ratio
The 20 values of the single dif- [em’V s ]
. o
fraction peak near 6.78-6.90% in 7 5oy 300 Bottom contact 25 3.7x10°° 7 10°
each case, were close to that 60 6.1x10-5 4 10°
(6.74-6.87°) of the [200] Miller 80 1.1x10™ -9 10°
plane of the X-ray crystal struc- 100 3.9x 10’2 -10 10:
tures of a- and y- polymorphic 120 3'0“04 - 101
¢ ¢ Pt(Pe). and Top 25 1.1x10 -29 10
orms of Pt(Pc),”™ and compa- contact 60 1.9x10™! -16 10°
rable to that of 7.011° for the 80 32x107" -9 10°
[100] Miller plane, and 7.023° 120 1.0x10" —4 10
for the [001] Miller plane of the Cu(0OX) 300 Bottom contact 25 1.4x107* -1 10!
60 21x107* 4 10°
X-ray crystal structur[eztga] of the 80 83%10-* _10 10*
p-form of Cu(Pc) and 100 55%x107* -2 10°
H,(Pc),®! respectively. In the 120 43x10°* -1 10
case of Pt(TPrP(;) (Supporting NI(OX) 300 Bottom contact 25 1.1x1073 3 10°
-3 2
Information, Figure S7), the 20 80 2.7 107 7 10
| £ 6.94° and 6.12° of th 100 2.0x10° -23 10°
values ot ©.747 and 5.1 ol the 120 1.7x107 —34 10°
two diffraction peaks were 140 1.4x10°° -6.7 10°
close to that (7.01° and 9.13°) 160 5.6x107° ~13 10?
of the respective [001] and H,(0X) 300 Bottom contact 25 8.7x10°° =27 10!
[010] Miller planes of the X-ray 80 - _ _
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1072ecm?V~!s7! than that of 3.7x10cm?V~'s™! for the
bottom-contact transistor. Figure 6 shows the output and
transfer characteristics of the top- and bottom-contact field-
effect transistors made from the Pt(OX) film that was an-
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104 em*V~!s7!, respectively. For the Pt(OEP), Pt(TBP),
and Pt(TPrPc) films, the charge mobility was in the range of
107* to 107> cm?V~'s~!. Even with an annealing treatment at
80°C, the H,(TBP), H,(OX), H,(OEP), Pt(Pc), and Pt-
(TPrPc) films showed no tran-
sistor performance. Upon an-
nealing up to 120°C, the in-
crease in charge mobility of
other macrocycles and their
metal derivatives was modest,
for example, Ni(OX) (x2.5
times); Cu(OX) (x 6 times); Ni-
(OEP) (x38 times); Cu(OEP)

F6.0x10°
r5.0x10°
F4.0x10°
F3.0x10°

"I 1!2’ A1l‘2
d

r2.0x10°
F.0x10°

C) 5.0x10* d)
0.0 ’ - .
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“1.0x10°

-1.5x10°

I/
/A

-2.0x10°
2.5x10°
-3.0x10"

-3.5x10"

i \\\

(x5 times); Pt(OEP) (x7.5
times); Cu(Pc) (x2.5 times);
H,(Pc) (x1.5 times); H,(TPrPc)
(x1.5 times); and Pt(TBP)
(x1.5 times). However, a de-
crease of 1.5-2.5-fold of the
charge mobility of the annealed
Cu(Pc), H,(Pc), Pt(TBP), and
H,(TPrPc) films was observed.
The charge mobility of the as-

F5.0x10°
F4.0x10°
r3.0x10”
r2.ox10’

F1.0x10”

(_!“)1 ' AR

Figure 6. Output (left) and transfer (right) characteristics of the top-contact (channel length 30 um, channel
width 250 um, (a) and (b), and the bottom-contact (channel length 100 um, channel width 3000 pum, (c) and (d)

transistors made from the Pt(OX) film annealed at 80°C.

nealed at 80°C. There was an increase in channel current
for increasing negative gate voltages, indicative of atypical
p-channel FET behavior with saturating drain current at
high source-drain voltages. For the top- and bottom-contact
field-effect transistors made from a Pt(OX) film, the charge
mobility extracted from the saturation regime of the output
curves are 32x10'em?V~'s™ and 1.1x107' ecm?*V~'s7!, re-
spectively. The top-contact field-effect transistor made from
the annealed Pt(OX) film was analyzed using transient
measurements of the drain current, keeping the drain-
source and gate voltage constant at —40 V (Supporting In-
formation, Figure S9). The drain current decayed exponen-
tially and took several minutes to reach background level or
to completely suppress the current in the channel. This
decay was reproducible as long as the transistor was kept
unbiased in an N, glove box. The devices made from an-
nealed Pt(OX) films showed a considerably high stability
and the overall device performances did not change over a
period of six months.

Device performance of the field-effect transistors made
from thin films of M(OEP) (M=Pt, Cu, Ni, H,), M(Pc)
(M=Pt, Cu, H,), M(TPrPc), and M(TBP) (M=Pt, H,), are
given in the Supporting Information, Table S3). All of them
consistently exhibited a p-channel FET behavior. Without
an annealing treatment, the field-effect charge mobility was
found to vary over a wide range of 10°-10°cm?*V-!s.
The field-effect transistors made from Ni(OX) and Cu(OX)
films had a low optimal charge mobility of 10 and
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deposited Pt(Pc) film was lower
than those of the as-deposited
Cu(Pc) and H,(Pc) films, even
though the packing of mole-
cules in these three films were
similar, with an identical d spac-
ing value of 12.8 A.

Film Morphological Studies Using SEM

Besides molecular packing, the peripheral substituents on
Pt" porphyrins were found to affect the morphology of the
as-deposited and annealed films, which consequently altered
the charge mobility of as-fabricated field-effect transistors.
Figure 7 shows the scanning electron microscopy (SEM)
images of a polycrystalline Pt(OX) film deposited on a SiO,/
Si substrate, before and after annealing treatment at 80°C
and 120°C.

Figure 7. SEM images of the top views of the as-deposited Pt(OX) film
before (left) and after annealing treatments at 80°C (middle) and 120°C
(right).

The as-deposited Pt(OX) film was relatively smooth and
almost covered by plate-like crystallite grains sized between
50-100 nm. When this film was annealed at 80°C, the crys-
tallite grains fused together, resulting in the formation of
crack defects covering approximately 6 % of the image area.

Chem. Asian J. 2008, 3, 1092-1103





A High-Performance Organic Field-Effect Transistor

At 120°C, the percentage of crack defects increased to
about 18 %, which could account for the drop in charge mo-
bility from 1.1x107" to 3.0x102ecm*V~!s™! of the bottom-
contact Pt(OX) device. These crack defects may be attribut-
ed to a mismatch in thermal expansion coefficients between
the Pt(OX) film and SiO,/Si substrate.”® In contrast, the as-
deposited Ni(OX), Cu(OX), and H,(OX) films were fairly
continuous, and the percentage of crack defects increased
with annealing temperature (Supporting Information, Fig-
ure S10). It is noteworthy that rod-shaped crystallites were
obtained when the Ni(OX) and Cu(OX) films were an-
nealed at 80°C and 120°C, respectively. The reason for the
formation of such rod-like crystallites is not clear, and a
probable cause may be related to recrystallization of the hot
films upon cooling to room temperature. Crystallite grain
boundaries were formed as a result of the air gaps in the an-
nealed Ni(OX) and Cu(OX) films, and these grain bounda-
ries likely led to a 50% drop in the charge mobility
[Ni(OX): 2.7x107* (80°C)—1.7x107* (120°C); Cu(OX):
83x107* (80°C)—4.3x10™* (120°C)]. A discontinuous and
cracked film was formed when the H,(OX) film was an-
nealed at 120°C, leading to a low charge mobility.

The SEM images of the as-deposited and annealed films
made from Pt(OEP), Pt(Pc), Pt(TBP), and Pt(TPrPc) were
recorded and are provided in the Supporting Information,
Figure S11. With the exception of the Pt(TPrPc) film, all the
as-deposited Pt" films were uniformly covered with crystal-
lite grains of variable shapes/sizes. For instance, the Pt-
(OEP) film contained needle-like crystallite grains (1000—
2000 nm long, 30-50 nm wide), whereas granular-shaped
particles with average diameter of approximately 25-40 nm
and 100-140 nm were found for the Pt(Pc) and Pt(TBP)
films, respectively. The difference in the charge mobilities of
field-effect transistors made from the as-deposited Pt(OEP),
Pt(Pc), and Pt(TBP) films did not appear to correlate with
the film morphology, as all the polycrystalline films were
similarly covered with crystallite grains with a low percent-
age of insulating grain boundaries. Unlike the Pt(OX) film,
annealing the as-deposited Pt(OEP), Pt(Pc), and Pt(TBP)
films at 80°C or 120°C did not induce any morphological
change. We found that there was a considerable number of
air gaps between neighboring crystallites in the Pt(TPrPc)
film (Supporting Information, Figure S11d), which accounts
for its low charge mobility of 10> cm*V~'s™.. A higher
charge mobility of 10*cm?V's™' was observed for the as-
deposited H,(TPrPc) film fabricated under the same deposi-
tion conditions. This may be attributed to the difference in
film morphology, as the H,(TPrPc) film was completely cov-
ered with crystallite grains (Supporting Information, Fig-
ure S12).

Discussion
Although porphyrins, metalloporphyrins, and related macro-

cycles have been extensively studied over the past decades,
their utilization for fabrication of field-effect transistors has
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received less attention. Pt(OEP)-based transistor-driven
electronic devices, such as OLEDs and photovoltaic cells
have been reported to have a low charge mobility
(=107 em?V~'s71).1M14 In this work, a slight variation in the
peripheral substituents, that is from H,(OEP) to H,(OX),
can significantly alter the arrangement of Pt(Por) molecules
(H,(Por)=H,OEP and H,0X) in the as-deposited crystal-
line film, consequently leading to a dramatic increase in the
charge mobility. The charge mobility of 3.2x10 cm*V!s™!
found for the annealed Pt(OX) film-based transistor is the
highest value reported for an OTFT fabricated from a por-
phyrin or metalloporphyrin. This charge mobility is higher
than the values (0.01-0.1 cm®*V~'s™") found for the OTFTs
constructed from the Pt-containing chain complex [Pt-
(NH,dmoc),][PtCl],, [NH,dmoc=(S)-1-amino-3,7-dimethy-
loctane],*”! a-w-dialky-oligothiophenes,”* and poly(3-hex-
ylthiophene).

As the majority of as-deposited and annealed thin films
studied in this work were crystalline, with one or two strong
diffraction peak(s) at 20 values of 6.73-9.32°, the long axis
of the porphyrin molecule is found to be preferentially ori-
ented along one direction with the d spacing value at
around 9.51-13.14 A. This suggestion is consistent with the
packing of molecules found in the X-ray crystal structures of
Pt(Por) complexes (H,Por=H,O0X, H,OEP, H,TBP, H,Pc,
and H,TPrPc). Based on a chosen Miller plane of the X-ray
crystal structure and the observed molecular orientation in
the X-ray crystal structure, we propose that the molecular
orientation angle ¢ of Pt(Por) in a thin film could be evalu-
ated from an approximate molecular size of Pt(Por) and
d spacing value of the observed GIXRD peak. The ¢ angles
for thin films containing other porphyrin macrocycles are
listed in the Supporting information, Table S4.

For the as-deposited Pt(OX) film, the two molecular ori-
entation angles ¢ were 53.7° and 46.9°, which decreased to
40.3° after an annealing treatment at 80°C. This annealing
treatment led to a remarkable increase in the charge mobili-
ty of the bottom-contact Pt(OX) field-effect transistor by
10*-fold. Among the Pt" complexes studied in this work, the
unique spatial arrangement of the methyl and ethyl substitu-
ents of Pt(OX) accounts for the formation of a spatially-op-
timized pseudo-2D packing arrangement of Pt(OX) mole-
cules with extensive lateral aggregations and weak m--m
stacking interactions. As a result, the charge carrier can
readily move in two dimensions along the Pt(OX) film,
which may account for the high charge mobility of 3.2x
10 em?*V~!s7L. In the literature, a m-conjugated organic po-
lymer, poly(3-hexylthiophene) with a high charge mobility
of 0.1 cm*V~'s™! was studied by in-plane/out-of-plane graz-
ing incidence synchrotron X-ray diffraction. This polymer
has a well-ordered lamellar structure with inter-chain stack-
ing interactions.” Using the same film deposition condi-
tions and the same annealing treatment, the thin films made
from Pt(OEP), Pt(Pc), Pt(TBP), and Pt(TPrPc) individually
exhibited a rather modest or low charge mobility. In these
as-deposited films, the Pt" complexes individually packed
into a columnar m-stacked or herringbone arrangement with
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relatively large molecular orientation angles [¢p=55.2° for
Pt(OEP), 85.5° for Pt(Pc), 86.1° for Pt(TBP), and 90° for
Pt(TPrPc)] (Supporting Information, Table S4). The slightly
greater steric demand of the ethyl substituents of Pt(OEP)
leads to the formation of a columnar-like stacked arrange-
ment of Pt(OEP) molecules. However, the columnar -
stacks of Pt(OEP) molecules are laterally segregated from
each other, revealing that charge transport would be likely
confined along the m--m stacking direction. Replacing the
eight pyrrolic substituents with four n-butyl substituents at
the meso-positions of the porphyrin ligand, significantly in-
creased the spacings between the Pt molecules. The weak
Pt--H—C interactions are crucial to maintain a herringbone
packing arrangement of Pt(TBP) molecules, which inevita-
bly disfavors any cofacial m--m stacking interactions, thus,
accounting for the low charge mobility of the Pt(TBP) film.
When the n-butyl meso-substituents are replaced by phenyl
groups, as in the case of Pt(TPP), no Pt---H—C interaction
between the pyrrolic or phenyl H atoms with Pt atoms has
been noted.™ We found that the charge mobility of both
the as-deposited and annealed Pt(TPP) films were less than
107 cm?V~'s™". Our attempts to make crystalline films con-
taining substituted-porphycene molecules in a single molec-
ular orientation were unsuccessful. We suggest that the co-
existence of two molecular orientations in the as-deposited
and annealed Pt(TPrPc) films would lead to an inefficient
molecular packing and poor film quality, and have a low
charge mobility. In the literature, the charge mobility of a
pentacene-based thin film transistor was found to be sensi-
tive to phase purity. The charge mobility (107°cm?V~'s™)
of the film with pentacene molecules in two separate phases
was found to be significantly lower than that of the film
with one phase (107 cm?V~'s vs 10! cm?V~!s71).5% Apart
from m--; stacking interactions, both the film quality and
morphological features of pentacene film-based transistors
were found to affect the charge mobility.!

In a previous study,®™ a charge mobility of approximately
10~* cm*V's™! was reported for a Pt(Pc) film OTFT device,
which is higher than the value of 1.5x10 °®cm?V s ob-
tained in this work. A possible explanation for this discrep-
ancy is that there may be two crystal polymorphs, namely,
monoclinic and triclinic or a- and y-Pt(Pc) forms,?®! simul-
taneously present in the same Pt(Pc) film, and the Pt(Pc)
molecules were packed into two similar types of columnar
n-stacked arrangements.”™™ Random distribution of crystal
grains of the two polymorphic forms of Pt(Pc) introduced
an insulating effect within the film, leading to a decrease in
charge mobility. In literature, the occurrence of crystal poly-
morphism for M(OX), M(OEP), M(TBP), or M(TPP) is less
common, with the exception of Ni(OEP)®? and Cu(OEP).™!
Nevertheless, both the Ni(OEP) and Cu(OEP) films studied
in this work exhibited a moderate charge mobility.

Although the crystal structures of M(Por) (where M =Pt,
Ni, Cu) do not reveal intermolecular M--M interactions, the
metal ion plays an important role in the packing of mole-
cules in the as-deposited and annealed films. As was found
for Pt(TBP), the weak Pt--H—C interactions direct the Pt-
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(TBP) molecules to adopt a herringbone-like arrangement,
precluding the formation of a columnar-stacked molecular
arrangement or any other form of close molecular packing.
To the best of our knowledge, there has been no report on
close M--H—C contacts in the X-ray crystal structures of Pt"
porphyrins in the literature. Short non bonded Ni---H—C
contacts of 2.65 A and 2.76 A are evident in the X-ray crys-
tal structures of nickel(II) substituted octaethyl-f3-oxo-por-
phyrin®*) and tetra-n-pentylporphyrin, respectively.**! Con-
versely, close Pt---H—C contacts are envisioned to be physi-
cally impossible for Pt(OX) and Pt(OEP) molecules, as both
complexes do not contain any pyrrolic H atoms and the
alkyl substituents (alkyl=methyl or ethyl) are spatially too
crowded to bring Pt and H atoms of adjacent molecules into
close proximity. This explains why Pt(OX) and Pt(OEP)
molecules were individually found to pack with relatively
long Pt--H distances of 3.46 A and 3.33 A, respectively, in
polycrystalline solid samples. The C—H--M interactions have
not been observed in the X-ray crystal structures of Ni-
(OEP) and Pd(OEP). In these two cases, the shortest M---H
distances (A) of 2.970 and 3.394 for the triclinic and tetrago-
nal forms of Ni(OEP), respectively,'"*? and 3.192 for Pd-
(OEP),™ are longer than the sum of van der Waals radii of
the metal ion and hydrogen atom (Ni-~H 2.83 A and Pd--H
2.85 A).1%

With the exception of M(TPrPc) and M(Pc) (M =Pt and
H,), the charge mobility of the as-deposited and annealed
films made from M(OX), M(OEP) (M=Pt, Ni, Cu), or Pt-
(TBP) were higher than those made from the corresponding
metal-free porphyrins. We note that the crystallinity of the
films made from M(OX) and M(OEP) (M =Pt, Ni, Cu), and
Pt(TBP) were generally better than those made from the re-
spective metal-free porphyrins. The incorporation of a metal
ion into the cavity of porphyrin macrocycle increases the ri-
gidity as well as m-conjugation within the porphyrin mole-
cule, and leads to stabilization of X-ray crystal structures by
weak intermolecular metal-porphyrin ligand interactions.
This generally favors the formation of a robust, well-ordered
film structure. For instance, weak Cu--C, Ni--C, or Pt---H in-
teractions are observed in the columnar-like stacked ar-
rangement of Cu(OX) and Ni(OEP) molecules, as well as in
the herringbone-like arrangement of Pt(TBP) molecules, re-
spectively. Compared with metal-free porphyrins, the films
made from the metalloporphyrins were found to have a
higher degree of short- and long-range structural orders, and
hence, a higher degree of film crystallinity. Changing the pe-
ripheral substituents on Pt" porphyrins readily altered the
film morphology arising from the variations in grain size
and shape. The degree of film crystallinity and continuity,
and concentration of defects and grain boundaries within
these thin films altogether affect the charge transport prop-
erties. In this work, the formation of a closely-spaced ar-
rangement of Pt(OX) molecules arising from -7 stacking
interactions and steric effect of the peripheral methyl and
ethyl substituents are probably the most important factors
governing the film quality and morphology of the as-depos-
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ited Pt(OX) film, leading to excellent overall charge trans-
port properties of the Pt(OX) film-based transistor.

Conclusions

We have constructed a number of field-effect transistors
(FETs) made from as-deposited and annealed films of sub-
stituted porphyrin compounds and metalloporphyrin com-
plexes, and have measured their charge transport properties.
An FET made from an annealed Pt(OX) film exhibited ex-
cellent overall charge transport properties, with a charge
mobility up to 3.2x107! cm®*V~'s™". This value is comparable
to those of technologically useful organic semiconductors,
such as pentacenes and oligothiophenes. The Pt(OX)-based
transistor has a charge mobility that is significantly higher
than those of analogous metal-organic macrocycles previ-
ously reported in literature. The unique molecular shape
and peripheral substituents of Pt(OX) enables it to form a
robust and efficient molecular packing with extensive lateral
aggregations and - stacking interactions. This is in con-
trast to the other Pt" porphyrin complexes that were found
to pack into either a columnar m-stacked or herringbone ar-
rangement of the molecules. Annealing treatment of the as-
deposited thin film provides a convenient way to maximize
the device performance (i.e. charge mobility, on/off ratio,
and threshold voltage, etc.), compared with the conventional
substrate-heating approach.

Experimental Section
General

All reagents were used as received. The synthetic procedures of M(OX),
M(OEP) (where M =Pt, Cu, and Ni), Pt(Pc), H,(TBP), and the other Pt"
complexes studied in this work are given in the Supporting Information.
H,(TPrPc) and Pt(TPrPc) were synthesized according to literature meth-
ods.*4l H,(OX) and H,(OEP) were purchased from Frontier Scientific
and purified by flash column chromatography. 'H NMR spectra were re-
corded with a Bruker AVANCE 300/400 MHz DRX FT-NMR spectrom-
eters. Electron impact (EI) mass spectra were recorded on a Finnigan
MAT 95 mass spectrometer. UV/Vis spectra were recorded on a Perkin—
Elmer Lambda 19 UV/Vis spectrophotometer. Elemental analyses were
performed at the Institute of Chemistry, Chinese Academy of Science.

Single Crystal X-ray Diffraction

Intensity data for tiny needle-shaped crystals (maximum dimensions
<200 pm) of H,(OX) and Cu(OX), and a thin plate crystal of Pt(OX)
were collected using an Oxford Diffraction Kappa diffractometer with
enhanced monochromatic CuK, X-ray radiation (1=1.54183 A) at The
Hong Kong University of Science and Technology (HKUST), whereas
the X-ray crystal data of Pt(TBP) was recorded using a Maresearch dif-
fractometer equipped with an image plate detector (diameter =300 mm)
using graphite monochromatized MoK, X-ray radiation (1=0.71073 A)
at The University of Hong Kong. For the glass-fiber mounted crystals of
Pt(0X), Cu(OX), H,(OX), and Pt(TBP), the data collection were per-
formed at room temperature. Crystal data and results of structure refine-
ment are given in the Supporting Information, Table S1). All these crys-
tal structures were solved by direct method employing the SHELXS-97
program on a PC.” In all cases, the majority of non-H atoms were ini-
tially located using Fourier synthesis. Notably, for H,(OX) and Cu(OX),
the lattice constants obtained in this work are different from the reported
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values determined using powder X-ray data, in which monoclinic cell
constants had previously been suggested, but their atomic coordinates
are not available in the literature.” Nevertheless, the structure solution
of H,(OX) using the space group of P-1 failed to achieve a stable conver-
gence (R1> 20% and R,,, ~43 % ). However, an alternative structure so-
lution using a non centrosymmetric space group (P1) gave a model simi-
lar to the one solved from the space group P-1, and this model was final-
ly refined with a lower R-factor. The two N—H hydrogen atoms were not
located in the Fourier difference map. For Pt(OX), owing to the symme-
try imposed by the space group [4,/amd (no. 141 in the International
Tables of Crystallography), a half occupancy factor was used for the
methyl carbon atom C5 of the ethyl group that was treated as statistically
disordered to adopt eight symmetry equivalent sites (x, y, z; /4 +, /i +X%,
Vamzs 1=x, Yoy, 23 =y, X, ez Yy, = x, iz 1, —y, 7
Vit *a—x, Yu—z; X, ',—y, z). Structure refinement was performed by
full-matrix least-square against F* using the SHELXL-97 program.’” In
all these cases, all non-H atoms were refined anisotropically and the aro-
matic C—H hydrogen atoms were treated as a riding model with isotropic
thermal parameters equal to 1.2 times (or 1.5 times for CH; and CH,
moieties) that of the attached C atoms. Crystallographic data (excluding
structure factors) for Pt(OX), Cu(OX), H,(OX), and Pt(TBP) have been
deposited in the Cambridge Crystallographic Data Center (CCDC) as
supplementary publication numbers: CCDC 642325, 642326, 642327, and
642328. Copies of these data can be obtained free of charge on applica-
tion to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(4+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Powder X-ray Diffraction (PXRD)

Solid samples were ground into a fine powder with a mortar and pestle,
and were packed onto a glass slide holder. Powder X-ray diffraction pat-
terns were collected with a Bruker D8 Advance (6/0) diffractometer
equipped with parallel CuK, radiation (A=1.5406 A) operating at 40 kV
and 40 mA. Scan range =3-60° (20), step size=0.02°, and scan speed=
1 step/second. Prior to any device fabrication, the crystalline-phase purity
of the solid samples used in this work was established by comparing the
experimental PXRD patterns with the simulated one. Simulated PXRD
patterns for M(OX) (M=Pt, Cu, and H,) and Pt(TBP) were generated
using the Mercury 1.4.2 program, that can be downloaded free of charge
from the following URL http://www.ccdc.cam.ac.uk/mercury/.

Grazing Incidence X-ray Diffraction (GIXRD)

Grazing incidence X-ray diffraction pattern of as-deposited and annealed
films formed on Si/SiO, substrate were recorded using a Bruker D8 Ad-
vance (0/0) diffractometer with a Gobel mirror attachment. Irradiation
of the parallel CuK, X-ray radiation was fixed at a grazing incident angle
of 1.000° (0), and the detector was independently moved to collect the
diffraction data in 26 range of 3-30° with a step-size of 0.01° (20) at a
fixed speed of 1 step/second.

Field-Effect Transistors and Charge Mobility Measurements

A heavily doped silicon substrate was used as the gate electrode. A sili-
con dioxide dielectric layer (100 nm) was thermally grown on a silicon
substrate. Image reversal photolithography followed by a standard lift-off
process was used to form the Ti/Au source/drain contact patterns. The
fabricated field-effect transistors had a channel width, W, of around
3000-30000 pum and a channel length, L, between 6-100 um. For bottom-
contact field-effect transistor, a thin film of metal-free porphyrin or met-
alloporphyrin with a thickness of 50 nm was coated on the patterned
SiO,/Si substrate by vacuum deposition. For top-contact field-effect tran-
sistors (W=250 pm and L =30 um), the Au electrode (50 nm) was depos-
ited with a shadow mask under a high vacuum of <4x 107 Pa, followed
by thermal annealing treatment of the metal-free porphyrin or metallo-
porphyrin film (50 nm) under a high vacuum (10 Pa). The Au electrode
was grown at a rate of 0.03 nms™'and the sample (porphyrin materials in
this work) layer was grown at a rate of 0.3 nms 'at room temperature.
The output and transfer characteristics of the field-effect transistors were
measured inside a N, glove box (Mbraun MB20G) equipped with a
probe station connected to a semiconductor parameter analyzer (Keith-
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ley 4200 SCS). The field-effect charge mobility u was estimated from the
output characteristics in the saturation regime, in which both drain (V)
and gate (V,) voltages were —40 V, according to Equation (1):

w
I = 57 Cn (V= V)’ 0

(in which, W=channel width; L =channel length; C,=capacitance of the
insulating SiO,/Si layer; V,=gate voltage; and V,=threshold voltage).*!
The device configuration is drawn in Scheme S1 in the Supporting Infor-
mation.

Thermogravimetric Analysis (TGA)

A few milligrams of solid sample were loaded on an aluminium/platinum
crucible. The weight loss of the solid sample was recorded using a
Perkin—Elmer TGA-7 analyzer in the temperature range of 30-800°C
under a flowing N, stream. The onset decomposition temperatures of all
these solid samples are listed in Table 1 and the TGA curves are collec-
tively deposited in the Supporting Information, Figure S8.

Scanning Electron Microscopy (SEM)

Images of film-surface morphology for the field-effect transistors made
from the porphyrin materials were recorded using a scanning electron
microscopy (LEO 1530). Prior to the SEM image acquisition, all film
samples were individually pre-coated with a metallic gold layer with a
thickness of 0.5 nm under a high vacuum.
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Synthesis of Enantiomerically Pure 1,2,3,4-Tetrahydro-f3-carbolines and
N-Acyl-1-aryl Ethylamines by Rhodium-Catalyzed Hydrogenation

Stephan Enthaler,”” Giulia Erre,™ Kathrin Junge,”! Daniele Addis,"
Renat Kadyrov,™ and Matthias Beller+!*!

Abstract: The rhodium-catalyzed asymmetric hydrogenation of different enamides,

in particular, dihydro-f-carboline derivates, was investigated in the presence of
chiral phosphorus ligands. Enantioselectivities of up to 99% ee were obtained tion
after ligand screening and optimization of the reaction conditions. The scope and
limitation of the catalysts were shown in the synthesis of optically active tetrahy-
dro-p-carbolines and other benchmark N-acyl-1-aryl ethylamines.

Introduction

There is a growing trend to substitute traditional stoichio-
metric transformations by more environmentally benign cat-
alytic processes in the synthesis of natural products and
novel biologically active compounds. Catalysis often allows
us to access new reaction types, to decrease the number of
reaction steps, and to improve waste balance, because of
high atom efficiency and selectivity as well as tolerance of a
broad range of functional groups.!! For example, catalytic
methods have been shown to improve the synthesis of in-
doles, which is one of the most represented building blocks
in natural bioactive products and marketed drugs.*?
Scheme 1 shows a selection of indol alkaloids with the tetra-
hydro-f-carboline skeleton. A crucial structural element of
all the compounds shown is the chiral carbon atom at the 3-
position (Scheme 1).

To date, relatively few catalytic attempts have been car-
ried out to introduce chirality in the 3-position. For instance,
asymmetric Pictet-Spengler reactions catalyzed by chiral
Brgnsted acids!® or chiral boranes,” proline-catalyzed asym-
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metric addition of ketones to dihydro-B-carbolines,””! and
asymmetric hydrogenations have been reported.”*) Among
the different catalytic approaches, asymmetric hydrogena-
tion offers probably the most versatile and elegant tool with
respect to selectivity, generality, and atom efficiency. So far,
both catalytic transfer hydrogenation and hydrogenation
with molecular hydrogen were established by Noyori and
co-workers,”) Morimoto et al.,®! and others™ for the synthe-
sis of tetrahydro-B-carboline and isoquinolines."”) Hence,
ruthenium-catalyzed transfer hydrogenation of dihydro-f3-
carboline imines in the presence of Noyori or Noyori-based
catalysts gave enantioselectivities of >99 % ee with formic
acid as the hydrogen source."”! Furthermore, Morimoto
et al. reported the catalytic reduction of similar substrates
with molecular hydrogen in the presence of iridium diphos-
phane complexes, whereby an enantioselectivity of up to
95% ee was attained.!

Comparing the different catalytic possibilities for the
preparation of enantiomerically pure tetrahydro-p-carbo-
lines, we thought that the asymmetric hydrogenation of the
corresponding enamide precursors offers an attractive syn-
thetic approach. On the basis of our own work in catalytic
hydrogenation™! and inspired by the successful application
of different enamide hydrogenation protocols within the last
30 years, which utilize bidentate as well as monodentate
phosphorus ligands, we report herein for the first time ef-
fective catalysts for such reductions.

Chem. Asian J. 2008, 3, 1104-1110
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Scheme 1. Examples of indol alkaloids based on the tetrahydro-f3-carboline framework.

Results and Discussion

The model substrate 4 for the catalytic hydrogenation stud-
ies was synthesized by acylation of tryptamine 1 with neat
acetic anhydride, subsequent ring formation by Bischler-Na-
pieralski reaction in the presence of a P,O5/POCI; mix-
ture," and finally double-bond shift to the exocyclic posi-
tion by acetylation of the formed imine 3 with acetic anhy-
dride!" (Scheme 2). Here, the overall yield for enamide 4

was 37 %.
Ac,O N J«

NH,
N\
N
i 94%

1 2

Sarpagine alkaloids

N
— A
N
H
asymmetric
hydrogenation

P,04/POCI;

toluene, 110 °C
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With substrate 4 in hand, we
initially carried out an evalua-
tion of potentially suitable li-
gands for the rhodium-cata-
lyzed asymmetric hydrogena-
tion. The catalytic reactions
were performed with a precata-
lyst composed of 1.0 mol%
[Rh(cod),]BF, (cod=1,5-cyclo-
octadiene) and 1.0 mol % of the
corresponding ligand
(2.1 mol% for monodentate li-
gands) in dichloromethane and
an initial hydrogen pressure of
2.5 bar.l"" Selected results from
this study are presented in
Table 1. In all cases, good to ex-
cellent yields were achieved
within 24 h. Specifically, if the
chelating diphosphane ligands
are subdivided into four coordi-
nation modes (five-, six-,
seven-, and nine-membered rings, based on phosphorus—
metal-phosphorus), good enantioselectivities were displayed
for seven-membered-ring systems (Table 1, entries 1-3),
whereas six- and nine-membered-ring ligands showed only
poor enantioselectivity (Table 1, entries 6 and 15). In the
case of five-membered-ring chelating systems, the best enan-
tioselectivity of up to 96 % ee was obtained with the phos-
pholane-based diphosphane catASium MNXyF ligand 16!'"!
(Table 1, entry 12). The structurally similar Me-DuPhos at-
tained significantly lower enantioselectivity (Table 1,
entry 10). We also examined monodentate phosphorus li-

0O
AcyO N
@(\Q ° L
N CH,Cl, RT N

H

Tz /!

Ajmaline alkaloids

MeOOC

Strictosidine alkaloids

82%

Scheme 2. Synthesis of 1-(1-methylene-3,4-dihydro-1H-pyrido[3,4-b]indol-2(9H)-yl)ethanone (4).

Abstract in German: Im Rahmen dieser Arbeit wird die
Rhodium-katalysierte asymmetrische Hydrierung von En-
amiden vorgestellt, wobei ein besonderes Augenmerk auf
der Synthese von Vorstufen fiir Indolalkaloide (1,2,3,4-Tet-
rahydro-B-carboline) lag. Nach Untersuchung verschieden-
ster Ligandensysteme und Optimierung der Reaktionsbedin-
gungen konnten Enantioselektivitidten von bis zu 99 % ee er-
zielt werden. Dabei erwiesen sich Phospholan-basierte Di-
phosphane als besonders geeignet zum Chiralitdtstransfer.
Die hervorragenden Eigenschaften dieser Ligandklasse
konnte weiterhin in der asymmetrischen Hydrierung ver-
schiedenster Enamide erfolgreich gezeigt werden.

Chem. Asian J. 2008, 3, 1104-1110
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gands, for example, MonoPhos 17 and Ph-Binepine 18,
which have been proven to be highly active in the asymmet-
ric hydrogenation of enamide structures; however, only
moderate to good enantioselectivities were observed here
(Table 1, entries 13 and 14). Notably, the enantioselectivity
was improved to 62 % ee when the phenyl group of Ph-Bine-
pine was replaced by a fert-butyl group, whereas in most
other benchmark tests the latter showed inferior stereoselec-
tion.[e& 18]

Since the phospholane-based diphosphane catASium
MNXYyF 16 showed promising results in the asymmetric hy-
drogenation of compound 4, structurally similar ligands
were tested in more detail in this reaction (Table 2).'") How-
ever, substitution at the nitrogen atom with different groups

www.chemasianj.org 1105
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Table 1. Asymmetric hydrogenation of enamide 4 with various phospho-
rus ligands.™

M. Beller et al.

Table 2. Hydrogenation of enamide 4 with various phospholane-based li-
gands."”!

0 0 0 0
A N’< [Rh(cod),]BF/ligand N\ T:I’< A N’< [Rh(cod),]BF 4/ligand N\ I:’<
CH,Cl, CH,Cl,
Ni-I 25°C, 24 h, 2.5 bar (H) Ni-l Ni-l 25°C, 24 h, 2.5 bar (H,) Ni-l
4 4a 4 4a
Entry Ligand Conv. [%] ee [%] Entry Ligand Conv. [%] ee (%]
1 (R,R)-diop (5) 94 85 (—) <\( R o
2 (S)-binap (6) 94 92 (-) > ‘
3 (R)-Tolbinap (7) >99 90 (+) 1 § «NQ (16) >99 96 (—)
4 (5,5)-ChiraPhos (8) 62 94 (-) b? b on
5 (S,5)-bppm (9) 81 rac.
6 (5.5)-bdpp (10) >99 rac. CK o
7 (8,8)-DeguPhos (11) 99 rac. SNA
8 (R,R)-PyrPhos (12) 91 68(+) 2 A~ 20 93 97(-)
9 (8.5)-Et-FerroTane (13) >99 86 (+) )P ©
10 (S.5)-Me-DuPhos (14) >99 86 (+) )
1 JosiPhos (15) 99 76 (+) CP/ 0o
/S~ W )
\f o 3 f«NQ @ 98 9 (-)
12 ‘t&\ﬂq (16) >99 9% (-) 2] o
RS CF; ,
1 s
1 -MonoPhos (17 9 80 (— -
3 ()-MonoPhos (17) 8 0=y jiﬂ\ @2) 99 96 (=)
ot
14 86 44 ()
0
5 = 3 66 86 (—)
S
P4
Ny
15 59 34(-) 6 /- N f” 24) 95 68 (-)
A
7 R @5 34 10 (-)
A3
S

[a] All reactions were carried out at 25°C under 2.5 bar hydrogen for
24 h with 0.0012 mmol [Rh(cod),]|BF,, 0.0012 mmol bidentate ligand or
0.0024 mmol monodenate ligand, and 0.12 mmol 4 in dichloromethane
(2.0 mL). Conversions and ee values were determined by GC (Optima 5
Amin, 50-8-260/5-8-280/5-8-300/10) and HPLC (Chiracel OJ, t;=37.5
((+)-4a), 469min  ((—)-4a) (n-hexane/ethanol=95:5, flow=
1.0 mLmin ")), respectively. bdpp =2,4-bis(diphenylphosphanyl)pentane,
binap =2,2'-bis(diphenylphosphanyl)-1,1’-binaphthyl, bppm =2,3-bis(di-
phenylphospanyl)-N-phenylmaleimide, ChiraPhos =2,3-bis(diphenylphos-
phanyl)butane, DeguPhos=234-bis(diphenylphosphino)-1-benzylpyrroli-
dine, diop=2,2-dimethyl-4,5-bis(diphenylphosphanylmethyl)-1,3-dioxo-
lane, DuPhos=1,2-bis(phospholano)benzene, FerroTane =1,1'-bis(2,4-di-
ethylphos-photano)ferrocene, JosiPhos = 1-[2-(diphenylphosphino)ferro-
cenyl]ethyldicyclohexylphosphine, MonoPhos = (3,5-dioxa-4-
phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-yl)dimethylamine, Pyr-
Phos = 3,4-bis(diphenylphosphanyl)pyrrolidine, Tol = p-tolyl.

and further ring expansion showed no improvement in enan-
tioselectivity (Table 2, entries 3 and 4). A slight positive in-
fluence was found by changing the phthalimide ring to
phthalate (Table 2, entry?2), whereas the acenaphthylene
(23) and 2,5-dimethylthiophene backbones (24 and 25) gave
lower enantioselectivity (Table 2, entries 5-7).

Next, we investigated the influence of solvents and dif-
ferent hydrogen pressures on enantioselectivity and conver-
sion with ligand 20 (Table 3). A crucial effect was noticed
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[a] All reactions were carried out at 25°C under 2.5 bar hydrogen for
24 h with 0.0012 mmol [Rh(cod),|BF,, 0.0012 mmol bidentate ligand or
0.0024 mmol monodenate ligand, and 0.12 mmol 4 in dichloromethane
(2.0 mL). Conversions and ee values were determined by GC (Optima 5
Amin, 50-8-260/5-8-280/5-8-300/10) and HPLC (Chiracel OJ, t;=37.5
((+)-4a), 469min  ((—)-4a) (n-hexane/ethanol=95:5, flow=
1.0 mLmin ™)), respectively. Cy =cyclohexyl.

when the reaction was carried out in different solvents such
as methylene chloride, toluene, ethyl acetate, THF, metha-
nol, ethanol, and 2-propanol (Table 3, entries 2 and 6-11).
The best enantioselectivity of up to 99 % ee was achieved by
using ethyl acetate as solvent (Table 3, entry 7).

Generally, protic solvents triggered full conversion and
lower enantioselectivity, in contrast to nonprotic solvents. In
the case of toluene and THF, the diminished yield was prob-
ably caused by deactivation of the catalyst due to solvent co-
ordination (Table 3, entries2 and 6-11).”' Increasing the
hydrogen pressure above 10 bar yielded a negative effect on
the enantioselectivity and conversion (Table 3, entries 1-5).
A comparison of the behavior of the catalyst precursor pre-
pared insitu and isolated showed no significant difference
under standard conditions (Table 3, entries 1 and 2).
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Table 3. Pressure and solvent dependency of the asymmetric hydrogena-
tion of enamide 4 with [Rh(cod)(20)]|BF,.1"!

O O
N N’< [Rh(cod),]BF/ligand N N’<
CH,Cl,
N 25°C, 24 h, 2.5 bar (H) N
H - H
4 4a

Entry Solvent P [bar] Conv. [%] ee [%]
1" CH,Cl, 25 93 97 (-)
2 CH,Cl, 25 95 97 (-)
3 CH,CL 10 >99 88 (-)
4 CH,Cl, 25 90 80 (—)
5 CH,CL, 50 68 60 (—)
6 toluene 2.5 38 96 (—)
7 EtOAc 25 9% 99 (—)
8 THF 25 25 32(-)
9 MeOH 25 99 84 (—)
10 EtOH 25 99 74 (-)
1 2-PrOH 25 99 86 (—)

[a] All reactions were carried out at 25°C under the corresponding pres-
sure for 24 h with 0.0012 mmol [Rh(cod)(20)]BF, and 0.12 mmol 4 in
2.0mL solvent. Conversions and ee values were determined by GC
(Optima 5 Amin, 50-8-260/5-8-280/5-8-300/10) and HPLC (Chiracel OJ,
tg=37.5 ((+)-4a), 469 min ((—)-4a) (n-hexane/ethanol=95:5, flow=
1.0 mLmin™")), respectively. [b] Catalyst generated insitu containing
0.0012 mmol [Rh(cod),|BF, and 0.0012 mmol ligand 20.

While studying the effect of NH protection (Boc and Me;
Boc =tert-butoxycarbonyl) on enantioselectivity and reac-
tion rate, we observed inactivity of [Rh(cod)(20)]BF, under
standard conditions. However, when the Ph-Binepine (18)-
based rhodium catalyst was used in the hydrogenation of
the Boc-protected substrate, enantioselectivities and yields
of up to 78 % and 33 % ee, respectively, were achieved. Fur-
thermore, we synthesized an enamide, based on substrate 4,
with a trisubstituted C=C double-bond motif. Unfortunately,
no conversion was observed at all in the asymmetric hydro-
genation with the complex [Rh(cod)(20)]BF, when a benzyl
group was present.*”)

Next, we investigated the asymmetric reduction of the re-
lated isoquinoline precursor 29 (Scheme 3). Recently, Hashi-
moto, Saigo, and co-workers reported the asymmetric hy-
drogenation of substrate 29 with a rhodium diphosphane
catalyst."™ Enantioselectivities of up to 85% ee were ob-
tained under optimized conditions.""! Enamide 29 was syn-
thesized according to the described procedure (see below)
by acylation of 2-phenylethylamine (26) with neat acetic an-
hydride, subsequent ring formation by Bischler—Napieralski
reaction in the presence of P,Os, and finally double-bond
shift to the exocyclic position by acetylation of imine 28
with acetic anhydride (Scheme 3).

Ac,0 P,05/POCl,
mHz RT mHAc toluene, 110 °C @
949
26 % 27 28

Scheme 3. Synthesis of isoquinoline substrate 29.
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Applying similar reaction conditions to those described in
Table 2, we hydrogenated 29 by using several rhodium di-
phosphane catalysts based on chiral phospholanes (Table 4).

Table 4. Hydrogenation of isoquinoline substrate 29.1*)

@ffo

[Rh(cod),]|BF/ligand
—_—

CH,Cl,
25°C, 24 h, 2.5 bar (H,)

* N\fo
29a

Entry Ligand Conv. [%] ee [%]
1 16 99 (>99) 96 (—) (82)™
2Ll 20 99 92 ()
3 21 >99 94 (-)
4 22 98 88 (—)
5 23 99 84 (—)
6 24 99 50 (-)
7 25 99 58 (-)

[a] All reactions were carried out at 25°C under 2.5 bar hydrogen for
24 h with 0.0012 mmol [Rh(cod),]|BF,, 0.0012 mmol bidentate ligand, and
0.12 mmol 29 in ethyl acetate (2.0 mL). Conversions and ee values were
determined by GC and HPLC (ChiralPak-AD-H, tz=11.0 ((—)-29a),
13.7 min ((+)-29a) (n-heptane/ethanol =95:5, flow=1.0 mLmin™")), re-
spectively. [b] The value in parentheses was obtained from an experiment
performed in ethyl acetate. [c] Isolated complex [Rh(cod)(20)]|BF,.

Excellent enantioselectivities and yields were achieved in
the presence of phthalimide- and phthalate-based ligand
backbones (Table 4, entries 1-3). Notably, higher enantiose-
lectivity was attained with dichloromethane instead of ethyl
acetate as solvent (Table 3, entry 1). The best enantioselec-
tivity (96 % ee) was achieved with the system containing
ligand 16. When the acenaphthylene and 2,5-dimethylthio-
phene backbones were used, we found an indication that
two chiral phospholane units were beneficial for obtaining
good enantioselectivities (Table 4, entries 5-7).

On the basis of these encouraging results, we tested the
catalyst in the reduction of other enamides. Table 5 summa-
rizes the conversions and enantioselectivities attained in the
hydrogenation of the simple enamides 30-36 with the com-
mercially available preformed Rh complex of ligand 20. In
the case of aryl enamides 30-34, the obtained conversions
were excellent, and the ee values are comparable to those
for substrates 4 and 29, which confirms the ability of the ca-
talyst to hydrogenate various enamides with high activity
and good to excellent enantioselectivity.

Electron-donating substituents on the phenyl ring did not
improve the enantioselectivity (Table 5, entries 2-4), but the
catalyst appeared to be tolerant towards ortho substitution,
with only a slight decrease in enantiomeric excess. Electron-
withdrawing substituents, on the other hand, slightly en-

hanced the enantioselection

(Table 5, entry 5). In a similar

Acy0O manner to substrate 4, ligand 20
ChCly RT @P\] o turned out to be more selective
. T (90% ee) with ethyl acetate as

» solvent (Table 5, entry 1). Nota-

bly, the bulky tert-butylaceto-

35%
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Table 5. Asymmetric hydrogenation of substituted N-(1-arylvinyl)aceta-
mides 30-34 and acetoenamides 35 and 36."!

le} (6]
N M [Rh(cod)(20)]BF, UN N
R/& CH,Cl, R
25°C, 24 h, 2.5 bar (H,)

30-36 30a-36a
Entry Enamide R Conv. [%]" ee [%]"
1 30 C.H; 99 86 (R) (90)
2 31 p-CH,O-CH,  >99 84 (R)
3 32 m-CH;O-CgH,  >99 85 (R)
4 33 0-CH,0-C,H, 99 80 (R)
5 34 p-CE-CH, ~99 89 (R)
6 35 tert-butyl 94 96 (+)
7 36 2-thiophene >99 92 (+)

[a] All reactions were carried out at 25°C under 2.5 bar hydrogen for
24h with 0.0024 mmol [Rh(cod)(20)]BF, and 0.24 mmol substrate in
2.0 mL CH,CL,. [b] Conversion of enamides 30-34 was determined by
GC (Agilent Technologies, 30 m, 50-300°C), ee values were determined
by HPLC (ChiralPak AD-H): t;=6.6 ((R)-30a), 8.8 ((S)-30a) (n-hep-
tane/ethanol =95:5, flow=1.0 mLmin™"), 20.3 ((R)-31a), 29.5 ((S5)-31a)
(n-heptane/ethanol = 98:2, flow=1.5 mLmin™"), 30.6 ((R)-32a), 33.6 ((S)-
32a), 11.4 ((R)-33a), 17.3 ((S5)-33a) (n-heptane/ethanol=95:5, flow=
1.0 mLmin'), 12.7 ((S)-34a), 16.9 min ((R)-34a) (n-heptane/ethanol=
95:5, flow=0.8 mLmin'); conversion and ee of 35 were determined by
GC (Lipodex E, 25 m): 1t =49.0 ((+)-35a), 50.4 min ((—)-5a); conversion
and ee of 36 were determined by GC (Optima) and HPLC (Chiralcel
OD-H, heptane/ethanol=98:2, flow=1.0 mLmin'), respectively: tz=
27.0 ((—)-36a), 32.4 min ((4)-36a). [c] The absolute configuration of the
product was assigned by analogy. [d] The value in parenthesis was ob-
tained from an experiment performed in ethyl acetate.

enamide and the heterocyclic 2-thiophenylacetoenamide are
easy to hydrogenate with this catalyst, and excellent optical
purity of 35a and 36a were obtained (Table 5, entries 6 and
7).

Next, the more challenging endocyclic enamide 37 was
synthesized. The substrate with an internal double bond was
much less reactive to hydrogenation under these conditions,
and very low ee was observed, probably due to shielding of
the double bond (Scheme 4).

0 0
HN [Rh(cod)(20)]BF, uN*Jk
CH,Cl, C@ conv.: 29%, 8% ee
25°C, 24 h, 2.5 bar (H,)
37 37a

Scheme 4. Reduction of endocyclic substrate 37. Conversion was deter-
mined by GC (Agilent Technologies, 30 m, 50-300°C; 1, =20.7 (37),
19.7 min (37a)), ee values were determined by HPLC (Chiralpak AD-H,
heptane/ethanol = 95:5, flow =1 mLmin ).

Conclusions

We have demonstrated the usefulness of asymmetric hydro-
genation for the synthesis of optically active tetrahydro-f3-
carbolines by using rhodium catalysts. Enantioselectivities of
up to 99% ee with catASium M ligands were obtained after
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ligand screening and optimization of the reaction conditions.
The scope and limitation of the rhodium catalysts containing
catASium M ligands have been shown in the reduction of di-
hydroisoquinoline and other benchmark enamides with ex-
cellent enantioselectivities.

Experimental Section
General

All manipulations were performed under argon atmosphere with stan-
dard Schlenk techniques. Toluene was distilled from sodium benzophe-
none ketyl under argon. Methanol was distilled from Mg under argon.
Ethanol and 2-propanol were distilled from Na under argon. Methylene
chloride was distilled from CaH, under argon. Ethyl acetate (on molecu-
lar sieves) was purchased from Fluka and was used without further purifi-
cation. [Rh(cod),|BF, (purchased from Fluka) was used without further
purification.

Syntheses

2: Method A:?* Triethylamine (30.8 mmol) and a solution of the acetyl
chloride (28.4 mmol) in dichloromethane (10 mL) were added carefully
to a suspension of the tryptamine (28 mmol) in dichloromethane (30 mL)
under an atmosphere of argon at room temperature. After the mixture
was heated under reflux for 3 h, the solution was washed with aqueous
HCI and brine and dried over MgSO,. The solvent was removed under
vacuum, and an oily residue was obtained, which was dissolved in small
amounts of dichloromethane. Subsequent addition of n-hexane yielded
crystals of N-(2-(1H-indol-3-yl)ethyl)acetamide (2). Method B: A solu-
tion of tryptamine (99 mmol) in acetic anhydride (50 mL) was stirred for
48 h at room temperature. After addition of water/ice, the aqueous solu-
tion was extracted three times with diethyl ether (100 mL). The organic
layer was neutralized with aqueous NaHCO,, dried over Na,SO,, and re-
duced under vacuum to obtain an oil, which was dissolved in a small
amount of dichloromethane. Subsequent addition of n-hexane yielded
crystals of 2. Yield: 81% (method A); 94% (method B) (yellow crystals
crystallized from dichloromethane/n-hexane). R;=0.42 (CH,Cl,/MeOH =
95:5); m.p.: 80-82°C; IR (KBr): #=3400 (s), 3259 (s), 3084 (m), 2968
(m), 2940 (m), 2895 (m), 2850 (m), 1929 (w), 1893 (w), 1774 (w), 1633
(s), 1564 (m), 1458 (m), 1435 (m), 1373 (m), 1337 (m), 1298 (m), 1276
(m), 1246 (w), 1224 (m), 1209 (m), 1126 (w), 1094 (m), 1064 (m), 1012
(m), 987 (w), 929 (w), 877 (w), 845 (w), 800 (m), 745 (s), 610 (m), 579
(m), 560 (w), 487 (m), 461 (m), 421 cm™ (m); 'HNMR (300 MHz,
CDCl;): 6=8.32 (br, 1H, NH), 7.62-7.60 (m, 1H), 7.40-7.37 (m, 1H),
7.25-7.11 (m, 2H), 7.03 (d, J=2.26 Hz, 1H), 5.61 (br, 1H, NH), 3.60 (q,
J=6.43 Hz, 2H), 2.98 (dt, J=6.72, 0.75 Hz, 2H), 1.93 ppm (s, 3H, CH;);
BCNMR (75.5 MHz, CDCLy): §=170.2, 136.2, 127.1, 122.7, 121.9, 121.8,
119.2, 1184, 111.1, 39.6, 25.0, 23.1 ppm; MS (ESI): m/z (%)=202 [M]*
(32), 143 (100), 105 (8), 130 (99), 121 (10), 115 (13), 103 (14), 77 (16), 69
(22); HRMS: m/z calcd for C,,H;,ON,: 202.11006; found: 202.109792.

3: Phosphorus oxychloride (60 mmol) and phosphorus pentoxide
(60 mmol) were added carefully to a suspension of 2 (15.3 mmol) in tolu-
ene (100 mL). The solution was stirred for 1 h at 110°C. After the mix-
ture was cooled to room temperature, the solvent was removed, and the
residue was washed with diethyl ether (2x50 mL), carefully treated with
water and aqueous HCI, and heated to 90°C, then water was added until
a clear solution was formed. The solution was extracted with diethyl
ether (100 mL), and the aqueous layer was treated with sodium hydrox-
ide until pH=12. After extraction with diethyl ether (5x100 mL), the or-
ganic layer was dried over Na,SO,, and removal of the solvent yielded
orange crystals, which were purified by sublimation in vacuum and/or
crystallization to afford 1-methyl-4,9-dihydro-3H-pyrido[3,4-b]indole (3).
Yield: 48 % (off-white crystals crystallized from acetonitrile). M.p.: 175-
176°C; IR (KBr): #=3420 (m), 3136 (m), 3104 (m), 3073 (m), 3032 (m),
2989 (m), 2938 (s), 2880 (m), 2840 (m), 2770 (m), 2664 (w), 1724 (w),
1623 (m), 1606 (m), 1575 (m), 1551 (s), 1506 (m), 1471 (m), 1446 (m),
1427 (m), 1376 (m), 1325 (s), 1307 (m), 1278 (m), 1250 (m), 1222 (m),
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1171 (w), 1149 (w), 1123 (w), 1074 (w), 1018 (w), 1006 (w), 983 (w), 917
(w), 983 (m), 917 (W), 903 (w), 870 (w), 812 (w), 736 (s), 726 (m), 652
(W), 621 (W), 575 (w), 562 (w), 534 (w), 493 (W), 433 cm™" (w); 'H NMR
(300 MHz, CDCL,): 6=8.66 (br, 1H, NH), 7.55-7.52 (m, 1H), 7.34-7.31
(m, 1H), 7.23-7.17 (m, 1H), 7.11-7.05 (m, 1H), 3.83 (dt, /=843,
1.56 Hz, 2H), 2.80 (1, /=851 Hz, 2H), 230 ppm (s, 3H); “C NMR
(755 MHz, CDCL): 6=157.6, 136.3, 1289, 1253, 1242, 120.1, 119.8,
1163, 111.7, 48.1, 21.9, 19.2 ppm; MS (ESI): m/z (%) =183 [M]* (100),
171 (8), 154 (14), 143 (8), 128 (8), 115 (8), 77 (6), HRMS: m/z calcd for
C,H,N,: 183.09167; found: 183.091744.

4: A solution of 3 (19.9 mmol) and acetic anhydride (53 mmol) in di-
chloromethane (40 mL) was stirred for 12 h at room temperature. The so-
lution was poured onto ice (100 g) and made basic with KHCO;. The
aqueous layer was extracted with dichloromethane (2x100 mL). The or-
ganic layer was dried over Na,SO,, and removal of the solvent yielded a
brown residue, which was purified by crystallization to afford 1-(1-meth-
ylene-3,4-dihydro-1H-pyrido[3,4-b]indol-2(9H)-yl)ethanone (4). Yield:
82% (orange crystals crystallized from acetonitrile). M.p.: 225-227°C
(decomp.); IR (KBr): #=3293 (s), 3117 (w), 3083 (w), 3009 (w), 2918
(W), 2894 (w), 2839 (w), 1929 (w), 1889 (w), 1767 (w), 1741 (w), 1618 (s),
1543 (m), 1501 (m), 1475 (m), 1454 (m), 1443 (m), 1400 (s), 1378 (s),
1359 (m), 1325 (m), 1302 (m), 1271 (m), 1248 (m), 1233 (s), 1206 (m),
1188 (m), 1157 (m), 1131 (m), 1113 (m), 1067 (m), 1035 (m), 1009 (m),
989 (m), 943 (m), 894 (m), 865 (s), 760 (m), 738 (s), 713 (m), 701 (m),
670 (m), 643 (m), 621 (m), 604 (m), 579 (m), 560 (w), 535 (w), 510 (m),
470 (m), 438 (m), 423cm™' (m); 'HNMR (300 MHz, CDCL,;): § =8.43
(br, 1H, NH), 7.52-7.47 (m, 1H), 7.36-7.30 (m, 1H), 7.25-7.18 (m, 1H),
7.14-7.07 (m, 1H), 5.35 (d, /=1.32 Hz, 1H, =CH,), 4.99 (br, 1H, =CH,),
413 (t, J=5.75Hz, 2H), 2.87 (t, J=5.75Hz, 2H), 229 ppm (s, 3H);
BCNMR (75.5 MHz, CDCLy): 6=170.3, 136.9, 129.6, 126.8, 123.8, 120.1,
119.2, 111.1, 101.7, 43.3, 23.0, 21.5 ppm; MS (ESI): m/z (%)=226 [M]*
(95), 183 (100), 155 (35), 128 (9); HRMS: m/z caled for C,H ,NO:
226.11006; found: 226.110131.

29: Phosphorus pentoxide (0.35 mol) was added carefully in several por-
tions to a suspension of N-phenethylacetamide (92 mmol) in xylene
(200 mL). The solution was stirred for 2 h at 110°C. After the mixture
was cooled to room temperature, the solvent was removed, and the resi-
due was washed with diethyl ether (50 mL), carefully treated with water
and aqueous HCI, and heated to 90°C, then water was added until a
clear solution was formed. The solution was extracted with diethyl ether
(100 mL), and the aqueous layer was treated with sodium hydroxide until
pH=~12. After extraction with diethyl ether (4x100 mL), the organic
layer was dried over Na,SO,, and removal of the solvent yielded an oily
residue. The residue was treated with a solution of acetic anhydride
(0.25 mmol) in dichloromethane (50 mL), and the mixture was stirred for
12 h at room temperature. The solution was poured onto ice and made
basic with KHCO;. The aqueous layer was extracted with dichlorome-
thane (2x200 mL). The organic layer was dried over Na,SO,, and remov-
al of the solvent yielded a brown residue, which was purified by flash
chromatography (CH,Cl,/methanol=99:1). The yellow oil obtained was
dissolved in petroleum ether, and colorless crystals of 1-(1-methylene-
3,4-dihydroisoquinolin-2(1H)-yl)ethanone (29) were formed at —30°C.
Yield: 35%. M.p.: 65-68°C; IR (ATR): #=3257 (w), 3111 (w), 3057 (w),
3013 (w), 3000 (w), 2942 (w), 2929 (w), 2833 (w), 1942 (w), 1810 (w),
1628 (s), 1598 (m), 1487 (w), 1453 (m), 1426 (m), 1391 (s), 1364 (s), 1306
(m), 1259 (m), 1259 (m), 1234 (m), 1203 (m), 1153 (m), 1114 (m), 1093
(m), 1039 (m), 1011 (w), 997 (m), 958 (w), 937 (w), 898 (s), 866 (w), 826
(m), 775 (s), 747 (s), 719 (m), 682 cm™' (m); '"H NMR (300 MHz, CDCl,):
0=7.67-7.62 (m, 1H), 7.30-7.12 (m, 3H), 5.76 (d, /=0.87Hz, 1H, =
CH,), 5.06 (br, 1H, =CH,), 3.99 (t, /J=6.12Hz, 2H, CH,), 2.92 (t, /=
6.09 Hz, 2H, CH,), 2.23 ppm (s, 3H, C(O)CH;); "CNMR (75.5 MHz,
CDCly): 0=169.3, 134.9, 131.5, 129.2, 128.7, 126.4, 124.0, 106.2, 71.8 41.4,
28.8, 22.4 ppm; MS (ESI): m/z (%)=187 [M]* (42), 144 (100), 115 (38);
HRMS: m/z calcd for C,H,;;NO: 187.09917; found: 187.099164.

General procedure for the synthesis of 30-35: A solution of the corre-
sponding benzonitrile (17.0 mmol) in diethyl ether (20 mL) was added
dropwise to a stirred solution of methyl magnesium bromide (17.0 mmol,
3.0molL™" in diethyl ether, 6.0 mL) in diethyl ether (50 mL) at 0°C over
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a period of 30 min. After complete addition, the solution was heated
under reflux for 8 h. Within a few hours, a yellow precipitate was formed.
The reaction mixture was then cooled to 0°C, and a solution of acetic an-
hydride (17.0 mmol) in diethyl ether (20 mL) was added carefully over
30 min. The reaction mixture was heated under reflux for 8 h. Methanol
was added with stirring to the resulting suspension at room temperature
until all precipitates were dissolved (&50 mL). The homogeneous solu-
tion was mixed with water/ethyl acetate (1:1, 100 mL). After phase sepa-
ration, the aqueous layer was extracted three times with ethyl acetate
(50 mL). The combined organic layers were dried with MgSO,. After the
solvents were removed, the semicrystalline crude oil was purified by
column chromatography (n-hexane/ethyl acetate=1:1). Removal of the
solvent yielded the crystalline products. The analytical data are in agree-
ment with those reported in the literature.')

General procedure for the synthesis of 36: A stirred solution of the cor-
responding ketone (30.3 mmol), hydroxylamine hydrochloride (73 mmol),
and pyridine (62.2 mmol) in ethanol (40 mL) was heated to 85°C for
16 h. The solvent was removed, and the residue was dissolved in ethyl
acetate/water. The organic phase was washed two times with water
(20 mL) and dried with MgSO,. After removal of the solvents, the prod-
uct was recrystallized from toluene. The corresponding ketoximine
(18.6 mmol) was dissolved in toluene (30 mL) under argon. Acetic acid
anhydride (55.9 mmol), acetic acid (559 mmol), and Fe powder
(37.3 mmol, Aldrich 325 mesh) were added to the stirred solution, which
was then heated to 70°C for 4 h. The mixture was filtered through a plug
of celite after being cooled to room temperature. Dichloromethane was
added to the filtrate, followed by washing with 2.0M NaOH (2x25 mL)
at 0°C. The separated organic phase was concentrated to half volume.
The crystalline product was obtained after 12 h at 0°C. The crystals were
filtered and dried under vacuum. The analytical data are in agreement
with those reported in the literature.!'?#%!

General procedure for the catalytic hydrogenation of enamides: A solu-
tion of enamide (0.12 or 0.24 mmol) in solvent (1.0 mL) was transferred
by syringe into an autoclave. The catalyst was generated in situ by mixing
[Rh(cod),|BF, (0.0012 or 0.0024 mmol) and the corresponding ligand
(0.0012 or 0.0024 mmol; 0.0024 mmol for monodentate ligands) in solvent
(1.0 mL) for 10 min, after which the mixture was transferred by syringe
into the autoclave. Next, the autoclave was charged with hydrogen, and
the mixture was stirred at the required temperature. After the predeter-
mined time, the hydrogen was released, and the reaction mixture was
passed through a short plug of silica gel. The enantioselectivity and con-
version were measured by GC or HPLC without further modifications.
4a:  1-(1-Methyl-3,4-dihydro-1H-pyrido[3,4-b]indol-2(9H)-yl)ethanone:
White crystals crystallized from ethyl acetate after purification by flash
column chromatography (ethyl acetate/n-hexane=10:1). R;=0.2 (ethyl
acetate/n-hexane =10:1); m.p.: 198-200°C; IR (KBr): #=3402 (m), 3189
(s), 3116 (m), 3085 (m), 2971 (m), 2919 (w), 2872 (w), 2740 (w), 1735 (w),
1611 (s), 1592 (m), 1499 (w), 1474 (m), 1452 (s), 1370 (m), 1325 (m), 1305
(m), 1280 (w), 1243 (m), 1179 (m), 1163 (m), 1147 (w), 1093 (w), 1066
(w), 1052 (w), 1027 (m), 1008 (w), 970 (m), 922 (w), 905 (w), 883 (w), 843
(w), 764 (m), 744 (m), 736 (m), 704 (w), 611 (m), 596 (m), 503 (w), 468
(W), 427 ecm™ (w); '"HNMR (300 MHz, CDCl;) =831 (br, 1H, NH),
7.45-7.50 (m, 1H, 12-H or 9-H), 7.32-7.37 (m, 1H, 12-H or 9-H), 7.07-
7.23 (m, 2H, 10-H and 11-H), 5.81 (q, /=6.75 Hz, 1H, CH;CH), 3.98-
4.06 (m, 1H, CH,), 3.45-3.56 (m, 1H, CH,), 2.82-2.87 (m, 2H, CH,), 2.25
(s, 3H, C(O)CH;), 1.49 ppm (d, J=6.75Hz, 3H, CHCH;); “C NMR
(75.5 MHz, CDCl;): 6=169.2, 136.1, 1352, 126.6, 121.7, 119.5, 117.9,
111.0, 107.2, 45.1, 40.8, 22.1, 22.0, 19.1 ppm; MS (ESI): m/z (%)=228
[M]* (77), 213 (51), 185 (19), 171 (100), 156 (24), 144 (15), 128 (10), 115
(11), 43 (11); HRMS: m/z caled for CH;,ON,: 228.12571; found:
228.125660.
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Asymmetric Friedel-Crafts Alkylation of Electron-Rich N-Heterocycles with
Nitroalkenes Catalyzed by Diphenylamine-Tethered Bis(oxazoline) and
Bis(thiazoline) Zn" Complexes

Han Liu, Shao-Feng Lu, Jiaxi Xu, and Da-Ming Du*!!

Abstract: The asymmetric Friedel-
Crafts alkylation of electron-rich N-
containing heterocycles with nitroal-
kenes under -catalysis of diphenyl-
amine-tethered bis(oxazoline) and bis-
(thiazoline)-Zn" complexes was investi-

tions. Excellent yields (up to greater
than 99 %) and enantioselectivities (up
to 97 %) were achieved in most cases.
The complex of ligand 4d bearing tert-
butyl groups gave the best results in
the reactions of pyrrole. Moderate to

good yields (up to 91%) and enantio-
selectivities (up to 91 %) were achieved
in most cases. The origin of the enan-
tioselectivity was attributed to the NH-
7 interaction between the catalyst and
the incoming aromatic system in the

gated. In the reaction of indole deriva-
tives, the complex of ligand 4f with
trans-diphenyl substitutions afforded
better results than previously published
ligand 4e with cis-diphenyl substitu-

Introduction

Asymmetric Friedel-Crafts reactions are an efficient way to
construct stereogenic centers on the o or f§ position of dif-
ferent kinds of aromatic systems.'! During the past decade,
indole and its derivatives have been demonstrated to be
good substrates for the asymmetric Friedel-Crafts reaction
with unsaturated aldehydes,lz] unsaturated ketones,”! unsatu-
rated 2-acyl imidazoles, or unsaturated ketophosphonates,™
epoxides,”! ketoesters,® glyoxylate,©*® imines,” enamines,®
and electron-deficient olefins, such as nitroalkenes," alkyli-
dene malonates,"” and ethenetricarboxylates."!! Recently,
the aromatic systems have been expanded successfully to
electron-rich benzenes,*™%1? substituted pyrroles,P46¢13]
and 2-methoxyfurans.**'¥ Among these kinds of electron-
deficient acceptors, we were interested in nitroalkenes!" for
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transition state. Such an interaction
was confirmed through comparison of
the enantioselectivity and the absolute
configuration of the products in the re-
actions catalyzed by designed ligands.

indoles -

their high electrophilicity and potential transformation of
nitro group.!®

Guiry et al.'” and our group!®!! developed independently
the diphenylamine-tethered bis(oxazoline) ligands. We de-
veloped the diphenylamine-tethered bis(thiazoline) ligands
to further tune their coordination ability (Figure 1). The li-
gands mentioned above have been applied successfully in
the asymmetric Henry reaction of a-ketoesters,'® asymmet-
ric Nozaki—Hiyama-Kishi reactions,'”) asymmetric Micheal
additions of nitroalkanes to nitroalkenes,”” and asymmetric
Friedel-Crafts reactions of nitroalkenes with indoles

N X=0 X=8
H 4a: R =Ph 5a: R =Ph
AN ’

x XN N7 >x 4b:R=Bn  5b:R=Bn
\ / 4c: R =/Pr 5¢: R=iPr
4d:R=fBu  5d:R=fBu

R
N
H
’
0" N N Y N7 o
PH Ph Ph Ph ,\Ph P,; oh

de

Figure 1. Diphenylamine-tethered bis(oxazoline) and bis(thiazoline) li-
gands.
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(Scheme 1)) and 2-methoxyfuran."*! Herein, we document
our detailed investigation on the asymmetric Friedel-Crafts
alkylation of indole derivatives and pyrrole®!! with nitroal-

R3
1 6 mol% 4e
R A 5 mol% Zn(OTf), R! NO,
+ Rg/\/ NO, — 5 N\
N\ toluene, -20°C, 15 h N
1 R 2 3 \Rz
up to 98% ee
99% yield

Scheme 1. Asymmetric Friedel-Crafts alkylation of indole derivatives
with nitroalkenes.

kenes as part of our project to expand the application of the
diphenylamine-tethered bis(oxazoline) and bis(thiazoline) li-
gands.

Results and Discussion

Asymmetric Friedel-Crafts Alkylation of Indole Derivatives
with Nitroalkenes

In a preliminary communication, we reported the applica-
tion of the diphenylamine-tethered bis(oxazoline) and bis-
(thiazoline) ligands in the asymmetric Friedel-Crafts reac-
tion of indole derivatives 1 with nitroalkenes 2
(Scheme 1).1 Through the fine screening of Lewis acids,
solvents, ligands, and reaction temperature, S mol% com-
plex of ligand 4e and Zn(OTf), in toluene at —20°C was
found to give the best results, and products 3 were obtained
with high enantioselectivities. One year later, we reported
the asymmetric Friedel-Crafts alkylation of 2-methoxyfuran
with nitroalkenes.'*) Novel ligand 4f was synthesized and
the complex of this ligand and Zn(OTf), in xylene at room
temperature was found to be efficient. Considering that the
ligand 4f is easier to prepare than 4e owing to the commer-
cial availability of (1R,25)-2-amino-1,2-diphenylethanol, we
rescreened the catalytic activity of the ligands in toluene at
10°C (Table 1). The novel ligand 4 f gave enantioselectivities
comparable to ligand 4e at 10°C. When the reaction was
conducted at —20°C, 4 f gave slightly better ee values.
Encouraged by this result, we tested the scope of the
asymmetric Friedel-Crafts alkylation through catalysis with
4f-7Zn(OTf), (Table 2). Compared with the results we pub-

Abstract in Chinese:
FEICRAR T 3 RE B JT TV M T MO B {5 —Zn(O Tf), IEA 1L E TR T &

BT E S WERIEN TR Fricdel-Crafts JeREM . FEBMRATEYSHENS
BRI RAG, BE RN TEERAIEE 41 57 Zn(OTh), B &5 WL FBRE AT E(up
to >99%) FI A BLIE B2V (up to 97%e¢c). TEMLME AR EMUE N, T ERAAIEE 44 /)
Zn(OTH), Bl & ¥4 MBS 91%7= 3 91%ee. 1B 1T B4 5 4 ATIE TRANE L M AT L 0T
5, HRHEMDESRE SN NHa @51 ARE TIER.
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Table 1. Effects of ligands and temperature on the asymmetric Friedel-
Crafts alkylation of indole and nitrostyrene.!”!

Ph
c . NO, & mol fgand” No,
H Ph/\/ ’ toluene ,:
1a 2a H
3a
Entry Ligand T[°C) Yield [%]™ ee [%]
1 4a 10 99 83
2 4b 10 99 66
3 4c 10 94 30
4 4d 10 95 68
5 4e 10 99 90
6 4f 10 99 87
7 5a 10 99 78
8 5b 10 99 59
9 5¢ 10 93 11
10 5d 10 87 2
11 4e -20 99 94
12 4f -20 99 96

[a] All reactions were conducted on a 0.5-mmol scale in 3 mL toluene
with 5mol % ligand-Zn(OTf),. [b] Yield of isolated product. [c] Deter-
mined by HPLC using a Chiracel OD-H column with 70:30 hexane/2-
propanol as eluent.

Table 2. Asymmetric Friedel-Crafts alkylation of indoles with nitroal-
kenes catalyzed by 4 f-Zn(OTf),.1")

R3
R! 5 mol% Zn(OTf), 7
\©E\> r RTXNO: 6 mol% 4f R A\ e
_—
N\ toluene N
R? \,
1la-e 2a-r
3a-v

m
=
2
~
z,
z,

Product  Yield [% ]! ee [%]*

1 H H Ph 3a >99 96 (R)
2 H H 4-Me-CiH, 3b 99 93

3 H H 4-MeO-C¢H, 3¢ 88 90

4 H H 4-F-CH, 3d 99 95

5 H H 4-CI-C¢H, 3e >99 95

6 H H 3-Br-C¢H, 3f 99 95

7 H H 4-Br-CiH, 3g 93 95

8 H H 3-NO,-C(H, 3h >99 94

9 H H 4-NO,-CH, 3i 93 97
10 H H 34-MeO),-CH; 3j 89 90
11 H H 2-MeO-C¢H, 3k 93 87
12 H H 2-CI-CH, 3L 94 72
13 H H  2-thienyl 3m >99 87
14 H H  2-furyl 3n 88 80
15 H H  2-naphthyl 30 90 90
16 H H PhCH,CH, 3p 80 91
17 H H Cy 3q 79 94
18 H H Bu 3r 541 9714
19 Cl H Ph 3s 85 88
20 Me H Ph 3t 94 97
21 MeO H Ph 3u 99 97
22 H Me Ph 3v 86 97 (R)

[a] All reactions were conducted on a 0.5-mmol scale in 3 mL toluene
with 5 mol % 4 f-Zn(OTf), at —20°C for 24 h . [b] Yield of isolated prod-
uct. [c] Determined by HPLC using a Chiracel OD-H or Chiracel AD
column. For details, see Experimental Section. [d] The reaction was con-
ducted at 30°C for 130 h.

lished previously, better enantioselectivities were achieved

in most cases. For para- and meta-substituted aromatic nitro-
alkenes, the ee values are higher than 90 %. The aromatic ni-

Chem. Asian J. 2008, 3, 1111-1121
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troalkenes with electron-withdrawing substitutions give
higher ee values than those with electron-donating substitu-
ents. However, owing to the high ee values in both cases,
this electronic effect is negligible. On the contrary, the aro-
matic nitroalkenes with ortho substituents give significantly
lower enantioselectivities (Table 2, entries 11 and 12). Such
a phenomenon can be attributed to the unfavored interac-
tion between the ortho-substituted group and the ligand.
The nitroalkenes containing thiophene and furan give 87 %
and 80 % ee, respectively (Table 2, entries 13 and 14), while
the 2-naphthyl substrate gives 90 % ee (entry 15). To our de-
light, good enantioselectivities can be achieved in the cases
of a-monosubstituted, o,a-disubstituted, and o,o,a-trisubsti-
tuted aliphatic nitroalkenes, though the yields are lower
(Table 2, entries 16-18). In the case of sterically hindered
tert-butyl-substituted nitroalkene 2r (Table 2, entry 18), ele-
vated temperature and prolonged reaction time must be
used for obtaining acceptable conversion. Other indole de-
rivatives were also tested in the reaction. The enantioselec-
tivities are not affected significantly by the substitutions on
the indole. Notably, the ee value of 3v (Table 2, entry 22)
with N-methyl substitution is much higher than we pub-
lished previously. The absolute configuration of products
was identified as R through comparison of the optical rota-
tion with literature data.’! We also tried to expand the
scope of the type of acceptor to acetophenone-derived nitro-
alkene 2s and ester-containing nitroalkene 2t (Figure 2), but
no conversion could be observed by catalysis with our com-
plexes.

lNOz O,N.__CO,Et
B ‘
4
2s 2t

Figure 2. Inactive nitroalkenes in the asymmetric Friedel-Crafts alkyla-
tion of indole.

Asymmetric Friedel-Crafts Alkylation of Pyrrole with
Nitroalkenes

As a rational and reasonable expansion of our methodology,
we investigated the asymmetric Friedel-Crafts alkylation of
pyrrole. Substituted pyrroles have been widely used, not
only as important building blocks for natural alkaloids and
substructures of pharmaceutical molecules,” but also as
chemical materials,® for their significant bioactivities and
photoelectronic properties. Thus, the development of effi-
cient methods to construct pyrroles with chiral side chains is
still demanding. Compared with the asymmetric Friedel-
Crafts alkylation of indole derivatives, the asymmetric Frie-
del-Crafts alkylation of pyrrole has not been fully devel-
oped, owing to its relatively low reactivity, weak steric inter-
actions with chiral ligands caused by its small molecular
size, and instability toward acids. In 2001, MacMillan et al.
reported the successful application of their organocatalyst
derived from (S)-phenylalanine in the asymmetric Friedel-
Crafts alkylation of pyrrole with unsaturated aldehydes.'*"]

Chem. Asian J. 2008, 3, 1111-1121
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In 2005, Palomo et al. reported the asymmetric reaction of
pyrrole with unsaturated a-hydroxyketones by catalysis with
bis(oxazoline)-Cu"! complexes.’®® In 2006, Evans and co-
workers reported the asymmetric reaction of pyrrole and
tetrahydroindole with unsaturated 2-acyl imidazoles by cat-
alysis with pybox-Sc™ complexes.**!*! Recently, Antilla
et al. reported the asymmetric reaction of substituted pyr-
roles with acyl imines by catalysis with chiral phosphoric
acid.™ Pedro et al. also reported the asymmetric reaction
of pyrrole with enones by catalysis with a 3,3’-dibromo-
binol-Zr" complex.®¥ Both excellent yields and excellent
enantioselectivities have been achieved. Other authors have
also attempted the reaction of pyrrole with ethenetricarbox-
ylates,'"!l but with unsatisfactory yield and enantioselectivity.
To the best of our knowledge, the asymmetric Friedel-
Crafts reaction of pyrrole and nitroalkenes has not been de-
veloped,® though the racemic form has been developed re-
cently by several groups'®

Considering that the reaction conditions optimized for in-
doles may not be appropriate for the reaction of pyrrole, we
evaluted the effect of Lewis acids, solvents, temperature,
and chiral ligands. As listed in Table 3, when AgOTf and

Table 3. Effects of Lewis acids and solvents on the asymmetric Friedel-
Crafts alkylation of pyrrole with nitrostyrene.!

12 mol % 4a
@ s _\UNo, _1omol%mL, AR
N Ph solvent, 20°C,20h N NO,
H H
Ph

6 2a 7a
Entry Lewis acid Solvent Yield [% ™ ee [%]
1 AgOTf toluene 0 n.d.
2 Mg(OTf), toluene 0 n.d.
3 Sc(OTH); toluene 0 n.d.
4 In(OTf), toluene 2 -26
5 Yb(OTf); toluene 18 0
6 La(OTf), toluene 35 -2
7 Pd(OAc), toluene 76 0
8 Cu(OTY), toluene 37 —48
9 CuOT( toluene 81 —45
10 Zn(OTf), toluene 51 60
11 Zn(OTf), xylene 68 58
12 Zn(OTY), benzene 33 58
13 Zn(OTf), THF 0 nd.
14 Zn(OTf), CH,CN 0 n.d.
15 Zn(OTf), DCM 31 7
16 Zn(OTf), DCE 6 )
17 Zn(OTf), hexane 39 -2

[a] All reactions were conducted on a 0.25-mmol scale in 3 mL solvent
with 10 mol % 4a-ML, at 20°C for 20 h. [b] Yield of isolated product.
[c] Determined by HPLC using a Chiracel OD-H column with 70:30
hexane/2-propanol as eluent. n.d. =not determined.

Mg(OTf), were used, no conversion of nitrostyrene was ob-
served, which indicates that no reactive complex could be
formed. When Pd(OAc), was used, the red complex was
formed and it was reactive, but the product exhibits no
enantioselectivity. Sc™ and In™ triflates, which have been
successfully used in the asymmetric Friedel-Crafts reaction
by Evans et al.*"*! and the racemic form by Yadav et al.,™
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respectively, gave only disappointing results. A black residue
was formed, without any conversion of nitrostyrene. This
could be attributed to the strong Lewis acidity of the metal
cations and the special structure of ligand 4a. When the Sc™
or In™ coordinates to the NH-bridged ligand 4a, the proton
on the NH bridge would be activated and may catalyze the
polymerization of pyrrole as a Brgnsted acid. Compared to
Zn(OTf),, Cu(OTf), and CuOTf gave reversed but lower
enantioselectivities, which can be attributed to the different
coordination geometry of Cu' and Cu" complexes. After the
screening, Zn(OTf), was found to be the best choice of the
Lewis acid.

In the screening of solvent, toluene gave the best results.
Benzene and xylene were abandoned because of toxicity or
difficulty of removing, respectively, though they gave similar
results to toluene. Coordinating solvents such as THF and
acetonitrile can coordinate to the metal cation and inhibit
the reaction. Polar solvents such as dichloromenhane
(DCM) and 1,2-dichloroethane (DCE) gave lower yields
and enantioselectivities. Hexane gave poor result owing to
the poor solubility of the complex and nitroalkene.

In the screening of ligands, ligand 4d with fert-butyl sub-
stitution on the oxazoline ring gave the best result at room
temperature. The reaction can be completed within 24 h
with 79% ee. (Table 4)When the reaction was conducted at

Table 4. Effects of ligands and temperature on the asymmetric Friedel-
Crafts alkylation of pyrrole and nitrostyrene.
12 mol% Ligand

7N, Ph/\/NOZ 10mol% zn(0ThH, 4 \ .

N toluene N NO,

H H Ph

6 2a 7a
Entry Ligand T[°C] t [h] Yield [%]®! ee %]
1 4a 20 20 58 57
2 4b 20 20 76 63
3 4c 20 20 53 41
4 4d 20 20 54 79
5 4e 20 20 86 66
6 4f 20 20 85 70
7 Sa 20 20 73 45
8 5b 20 20 71 73
9 Sc 20 20 76 27
10 5d 20 20 40 1
11 4d 0 44 81 78
12 4d -20 120 48 82

[a] All reactions were conducted on 0.25-mmol scale in 3 mL solvent with
10 mol % ligand-Zn(OTTf),. [b] Yield of isolated product. [c] Determined
by HPLC using a Chiracel OD-H column with 70:30 hexane/2-propanol
as eluent.

0°C for 44 h, the yield was improved by reducing the possi-
ble dialkylation reaction without loss of enantioselectivity.
At —20°C, full conversion could not be achieved even after
120 h, indicating the much lower reactivity of pyrrole than
that of indole. The bis(oxazoline)s 4a and 4b gave lower
enantioselectivities than 4d. Ligands 4e and 4 f with double
phenyl substitutions in the oxazoline rings did not further

1114 www.chemasianj.org
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enhance the enantioselectivity. Meanwhile, bis(thiazoline) li-
gands 5a and Sb with the same configuration gave enantio-
selectivities comparable with their corresponding bis(oxazo-
line) ligands 4a and 4b, but it is very strange that the bis-
(thiazoline) 5d gave a much lower enantioselectivity than
the corresponding bis(oxazoline) 4d. The configuration of
products is the same from both type of ligands 4 and 5.

With the optimized conditions in hand, we investigated
the scope of the reaction (Table 5). In the cases of para- and
meta-substituted aromatic nitroalkenes (Table 5, entries 1—
8), moderate to good yields and enantioselectivities can be

Table 5. Asymmetric Friedel-Crafts alkylation of pyrrole with nitroal-
kenes catalyzed by 4d-Zn(OTf),.1"

12 mol% 4d
@ s _AUNo, 10mol%zn©Th, /Y

N R toluene, 0°C, 44 h N NO,

H H

6 2a-e, h—k, 7a—e, h-k,

m,n, p m, n, p

Entry R Product Yield [% ]! ee [%]
1 Ph Ta 81 78
2 4-Me-C¢H, 7b 58 78
3 4-MeO-C¢H, Tc 61 68
4 4F-CH, 7d 76 81
5 4-Cl-CH, Te 84 81 (5)
6 3-NO,-C¢H, 7h 88 80
7 4-NO,-C¢H, 7i 59 91
8 34-(MeO),-CH,  7j 59 70
9 2-MeO-CH, 7k 2 38
10 2-thienyl 7m 91 80
11 2-furyl Tn 83 79
12 PhCH,CH, 7p 64 11

[a] All reactions were conducted on a 0.25-mmol scale in 3 mL solvent
with10 mol % ligand-Zn(OTf),. [b] Yield of isolated product. [c] Deter-
mined by HPLC using a Chiracel OD-H or Chiracel OF column. For de-
tails, see Experimental Section.

obtained. Similar to the phenomenon we observed in the
asymmetric Friedel-Crafts alkylation of indole derivatives,
aromatic nitroalkenes with electron-donating groups give
lower enantioselectivities than those with electron-with-
drawing groups; ortho substitutions are still unfavored in
this reaction (Table 5, entry 9). Other aromatic nitroalkenes
derived from thiophene and furan give similar results
(Table 5, entries 10 and 11). Compared with the reaction of
indole derivatives, an aliphatic nitroalkene gives a much
lower ee value in the reaction with pyrrole (Table 5,
entry 12). The absolute configuration of the product 7e was
determined to be S through XRD analysis of its single crys-
tal (Figure 3). Other pyrrole derivatives such as N-methyl-
pyrrole and N-benzylpyrrole are inactive in our reaction
even at room temperature for 48h, indicating the much
lower reactivity of pyrrole derivatives than that of indole de-
rivatives.
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Figure 3. ORTEP drawing of product 7e; thermal ellipsoids are shown at
50% probability.

Mechanistic Aspects of the Asymmetric Friedel-Crafts
Alkylation

Having developed the asymmetric Friedel-Crafts alkylation
of indole derivatives and pyrrole with nitroalkenes by catal-
ysis with diphenylamine-tethered bis(oxazoline) and bis-
(thiazoline) Zn" complexes, we turned our attention to the
origin of the enantioselectivity. The absolute configurations
of the products of the asymmetric Friedel-Crafts alkylation
of indoles and pyrrole were determined to be R and S, re-
spectively (compounds 3 and 7 have same stereogenic
center, but compounds 3 are R configured and compounds 7
are S configured owing to the group-order rule). In our
recent publication,'*! the absolute configuration of the
products of the asymmetric alkylation of 2-methoxyfuran
was also determined to be S. These results indicate that the
electron-rich aromatic systems attack the f-carbon atom of
nitroalkenes from the Si face, which is opposite to the reac-
tion of indole with nitroalkenes catalyzed by 2,2-dimethyl-
malonate-derived bis(oxazoline)-Zn(OTf), complexes. On
the basis of the configurations of the products and the XRD
structure of the ligand we have published before,'® we pos-
tulate the proposed transition state of the reaction as illus-
trated in Figure 4.

Compared to the 2,2-dimethylmalonate-derived bis(oxa-
zoline)-Zn(OTf), complexes,” our catalysts work in a bi-
funtional form. The NH—n interaction®®”! directs the indole
attack from the back side. The nitrostyrene molecule coordi-
nates to the metal cation
through the two oxygen atoms,
while the hydrogen atom on the
a-carbon atom is directed to
the back side to eliminate the
steric repulsion between the
phenyl group and incoming
indole.

To confirm the role of the
NH-= interaction in the origin
of the enantioselectivity, we
prepared ligands 8 and 9, which
have similar skeletons to li-
gands 4 and 5, but without

Figure 4. Proposed  transition
state of the asymmetric Frie-
del-Crafts alkylation catalyzed
by 4 f-Zn(OTf), complex.
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the NH fragment. In the reaction of indole with nitrostyr-
ene, the ligands 8 and 9 gave much lower ee values
(Figure 5). On the basis of these results, we deduced that if

0
0" >N N“ o 0" N N7 "o
Bn B Ph PR
8 9

95% yield, 6% ee (R) 77% yield, 20% ee (R)

Figure 5. Ligands without a central NH fragment and their performance
in the asymmetric Friedel-Crafts alkylation of indole with nitrostyrene.

we use a large substituent in place of the H atom of the NH
fragment (e.g., an N-phenyl substituent), the attack from
the back side may be shielded (Figure 6), and the absolute

Figure 6. Proposed transition state of the asymmetric Friedel-Crafts alky-
lation catalyzed by 10a-Zn(OTf), complex.

configuration of the products may be reversed. To check our
postulation, we synthesized triphenylamine-tethered bis(oxa-
zoline) ligands 10a-d in four steps from 2-iodobenzoate and
aniline (Scheme 2). In the reaction of indole with nitrostyr-
ene by catalysis with 5mol% 10-Zn(OTf), complexes in

© a) NaOH
H,0/MeOH
—_—

CuI/Cu/K2C03

2 +
I "Bu,0, 140°C b) HyO*
CO,Et NH, 47% 99%
R= COQMe
© HN  OH
R R R MeSO,CI/TEA
N >
EDCI/TEA/DCM DCM
R 53-72% 47-93%

R=COH R R R R
10a R'=Ph, R®=H
10b R'=Bn, R*=H
10c R'=iPr, R?=H
10d R'=Ph, R?=Ph

Scheme 2. Synthesis of triphenylamine-tethered bis(oxazoline) ligands
10a-d.
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3 mL toluene at 10°C, ligands 10a—c gave the S configura-
tion with very low enantioselectivity, in accord with our pre-
diction. Ligand 10d gave the R product with 20 % ee , which
may be attributed to the phenyl group on the 5-position of
the oxazoline ring (Table 6). Such a result can be further
evidence of our proposed transition state.

Table 6. Effects of ligands 10a—d on the asymmetric Friedel-Crafts alky-
lation of indole and nitrostyrene.?!

Entry Ligand Yield [%]™ ee %]
1 10a 86 31 (S)
2 10b 53 17 (5)
3 10¢ 47 9(5)
4 10d 82 20 (R)

a] All reactions were conducted on a 0.5-mmol scale in 3 mL toluene
with 5mol% ligand-Zn(OTf), at 10°C. [b] Yield of isolated product.
[c] Determined by HPLC using a Chiracel OD-H column with 70:30
hexane/2-propanol as eluent.

Conclusions

We have demonstrated that the 4 f-Zn(OTf), complex effi-
ciently catalyzes the asymmetric Friedel-Crafts alkylation of
indole derivatives with nitroalkenes. Compared with the
previously published 4e-Zn(OTf), complex, better enantio-
selectivities and comparable yields were obtained in most
cases. We have also demonstrated that the 4d-Zn(OTf),
complex catalyzes the asymmetric Friedel-Crafts alkylation
of pyrrole with nitroalkenes. Moderate to good yields and
enantioselectivities were obtained in most cases. The origin
of the enantioselectivity was attributed to the NH—m interac-
tions between the catalysts and the incoming N-containing
heterocycles in the transition state. This interaction was con-
firmed through comparison of the enantioselectivity and ab-
solute configurations of the products in the reactions cata-
lyzed by designed ligands. Further application of this meth-
odology to the synthesis of functional chiral molecules is
currently underway in our laboratory.

Experimental Section

General

Commercially available compounds were used without further purifica-
tion. Solvents were dried according to standard procedures. Column
chromatography was carried out using silica gel (200-300 mesh). Melting
points were measured on a Yanaco melting point apparatus and are un-
corrected. The '"HNMR spectra were recorded on Mercury 300 MHz
spectrometers, while the *C NMR spectra were recorded at 75 MHz. In-
frared spectra were obtained on a Nicolet AVATAR 330 FTIR spectrom-
eter. Mass spectra were obtained on a VG-ZAB-HS (EI) mass spectrom-
eter. The ESI-MS spectra were obtained on Thermo Firrnigan LCQ
Deca XP Plus mass spectrometer. Optical rotations were measured on a
Perkin-Elmer 341 LC spectrometer. The enatiomeric excesses (ee values)
of the products were determined by chiral HPLC analysis using an
Aglient HP 1100 instrument (n-hexane/2-propanol as eluent). Elemental
analyses were carried out on an Elementar Vario EL instrument. The ni-
troalkenes were prepared according to a literature procedure.”!
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Synthesis

Typical procedure for the asymmetric Friedel-Crafts alkylation of indole
derivatives with nitroalkenes: To a flame-dried Schlenk tube were added
Zn(OTf), (9.3 mg, 0.025 mmol) and ligand 4f (18.3 mg, 0.03 mmol) under
nitrogen, followed by addition of toluene (3 mL). The mixture was stirred
at room temperature for 2 h and the nitroalkene (0.5 mmol) was added.
Then the mixture was further stirred for 10 min and cooled to —20°C.
The indole derivative (0.5 mmol) was added at —20°C and the mixture
was stirred at this temperature for 24 h. The mixture was separated di-
rectly by silica gel column chromatography with petroleum ether/ethyl
acetate (10:1 to 5:1) as eluent, and the product was obtained in pure
form.

3a: Compound 3a was prepared according to the typical procedure. The
product was obtained (134 mg,>99 % yield) as a white solid. M.p. 113—
115°C. The ee value was determined by chiral HPLC on a Daicel Chira-
cel OD-H column (hexane/2-propanol 70:30, 1.0 mLmin~!, 254 nm,
fngjor =23.7 MiN, fino,=19.2 min); [a]y=-23.0 (¢ 1.0, CH,Cl,, 96% ee);
'HNMR (300 MHz, CDCL,): §=8.02 (s, 1H), 7.43 (d, J=7.8 Hz, 1H),
7.15-7.31 (m, 7H), 7.06 (t, J=7.6 Hz, 1H), 6.95 (d, J=2.4 Hz, 1H), 5.16
(t, /=8.1Hz, 1H), 5.02 (dd, J,=12.4 Hz, J,=7.6 Hz, 1H), 4.90 ppm (dd,
J,=124Hz, J,=86Hz, 1H); "CNMR (75MHz, CDCl): 6=139.1,
136.4, 128.9, 127.7, 127.5, 126.0, 122.6, 121.6, 119.9, 118.8, 114.2, 111.4,
79.5, 41.5 ppm. Ref. [9¢]: [a]3=+25.3 (¢ 0.9, CH,Cl,, 84 % ee) for S con-
figuration.

3b: Prepared according to the typical procedure. The product was ob-
tained (139 mg, 99 % yield) as a colorless solid. M. p. 121-123°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 70:30, 1.0 mLmin~', 254 nm, Lnajor = 18.8 min,
lmino=15.6 min); [a]y=-133 (c 0.8, CH,ClL, 93% ee); 'HNMR
(300 MHz, CDCl,): 6=8.01 (s, 1H), 7.44 (d, J=7.8 Hz, 1H), 7.31 (d, /=
8.1 Hz, 1H), 7.19-7.22 (m, 3H), 7.04-7.15 (m, 3H), 6.96 (d, /J=2.1 Hz,
1H), 5.13 (t, /=7.8 Hz, 1H), 5.02 (dd, J,=12.3 Hz, J,=7.5 Hz, 1H), 4.89
(dd, J,=12.3 Hz, J,=8.4 Hz, 1H), 2.33 ppm (s, 3H); "C NMR (75 MHz,
CDCly): =137.2, 136.4, 136.1, 129.5, 127.6, 126.0, 122.6, 121.5, 119.8,
118.9, 114.5, 111.3, 79.6, 41.1, 21.0 ppm.

3c¢: Prepared according to the typical procedure. The product was ob-
tained (130 mg, 88 % yield) as a colorless solid. M.p. 141-143°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 70:30, 1.0 mLmin~!, 254 nm, Emajor = 24.7 min,
fminor=20.8 min); [a]¥=-27.0 (¢ 0.7, CH,Cl, 90% ee); 'HNMR
(300 MHz, CDCl;): 6=8.08 (s, 1H), 7.43 (d, J=7.8 Hz, 1H), 7.34 (d, J=
8.1 Hz, 1H), 7.24 (d, J=7.5Hz, 2H), 7.18 (d, J=8.1 Hz, 1H), 7.07 (t, J=
7.5Hz, 1H), 7.00 (s, 1H), 6.85 (d, /=84 Hz, 2H), 5.13 (t, /J=7.8 Hz,
1H), 5.04 (dd, J,=12.0 Hz, J,=7.5Hz, 1H), 4.88 (dd, J,=12.0 Hz, J,=
8.4 Hz, 1H), 3.76 ppm (s, 3H); "CNMR (75 MHz, CDCL): 6=158.8,
136.4, 131.1, 128.8, 126.0, 122.6, 121.4, 119.9, 118.9, 114.7, 114.2, 111.3,
79.7, 55.2, 40.8 ppm.

3d: Prepared according to the typical procedure. The product was ob-
tained (141 mg, 99 % yield) as a colorless oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-
propanol 70:30, 1.0 mLmin"', 254 nm, Emajor = 25.1 Min, #5i00, =19.5 min);
[a]d=-35.0 (c 0.5, CH,Cl,, 95% ee); '"H NMR (300 MHz, CDCL): 6=
8.11 (s, 1H), 7.45 (d, J=7.8 Hz, 1H), 7.23-7.37 (m, 4H), 7.14 (t, J=
7.5Hz, 1H), 7.02 (t, /J=8.7 Hz, 2H), 6.97 (s, 1 H), 5.20 (t, /=7.8 Hz, 1H),
5.06 (dd, J,=12.3 Hz, J,=7.5Hz, 1H), 490 ppm (dd, J,=12.3 Hz, J,=
8.4Hz, 1H); "CNMR (75MHz, CDCL): 6=161.9 (d, J=244.5 Hz),
136.3, 134.8 (d, J=3.2 Hz), 129.3 (d, /=8.0 Hz), 125.8, 122.6, 121.4, 119.9,
118.7,115.7 (d, J=21.4 Hz), 113.9, 111.4, 79.4, 40.7 ppm.

3e: Prepared according to the typical procedure. The product was ob-
tained (150 mg,>99 % yield) as a colorless solid. M.p. 132-134°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 70:30, 1.0 mLmin ™", 254 nm, f,,jo, =28.5 min,
minor=22.2min); [a]¥=-71 (¢ 10, CH,Cl,, 95% ee); 'HNMR
(300 MHz, CDCl;): 6=8.11 (s, 1H), 7.42 (d, J=7.8 Hz, 1H), 7.36 (d, J=
8.1 Hz, 1H), 7.20-7.32 (m, 5H), 7.11 (t, /=7.5 Hz, 1H), 7.00 (s, 1H), 5.17
(t, /=7.8Hz, 1H), 5.05 (dd, J,=12.3 Hz, J,=7.5 Hz, 1H), 4.90 ppm (dd,
J,=123Hz, J,=87Hz, 1H); "CNMR (75 MHz, CDCL): 6=137.6,
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136.4, 133.3, 129.1, 129.0, 125.8, 122.8, 121.5, 120.0, 118.7, 113.8, 111.4,
79.2, 40.9 ppm.

3f: Prepared according to the typical procedure. The product was ob-
tained (170 mg, 99% yield) as a colorless oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-
propanol 70:30, 1.0 mLmin !, 254 nm, Lnajor = 30.3 Min, £y, =21.4 min);
[a]ly)=-16.0 (¢ 0.5, CH,Cl,, 95% ee); '"H NMR (300 MHz, CDCl,): 6=
8.13 (s, 1H), 7.52 (s, 1H), 7.48 (d, /J=7.8 Hz, 1H), 7.42 (d, J=7.8 Hz,
1H), 7.34 (t, J=8.4 Hz, 1H), 7.27 (d, J=6.6 Hz, 1H), 7.12-7.23 (m, 3H),
6.96 (s, 1H), 5.18 (t, J=7.8 Hz, 1H), 5.02 (dd, J,=12.6 Hz, J,=7.5 Hz,
1H), 489 ppm (dd, J,=12.6 Hz, J,=8.4 Hz, 1H); *CNMR (75 MHz,
CDCl,): d=141.5, 136.2, 130.7, 130.6, 130.4, 126.3, 125.7, 122.8, 122.7,
121.5,119.9, 118.5, 113.2, 111.4, 79.0, 40.9 ppm.

3g: Prepared according to the typical procedure. The product was ob-
tained (160 mg, 93 % yield) as a colorless solid. M.p. 147-149°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 70:30, 1.0 mLmin', 254 nm, Emajor = 30.5 min,
lninor=23.3min); [a]¥=+1.8 (¢ 0.5, CH,Cl, 95% ee); 'HNMR
(300 MHz, CDCL,): 6=28.11 (s, 1H), 7.45 (d, J=8.1 Hz, 2H), 7.39 (t, J=
9 Hz, 2H), 7.26 (s, 1H), 7.21 (d, J=8.4 Hz, 2H), 7.09 (t, J=7.5 Hz, 1H),
7.02 (s, 1H), 5.15 (t, J=8.1Hz, 1H), 5.05 (dd, J;=12.3 Hz, J,=7.5 Hz,
1H), 4.90 ppm (dd, J,=12.3 Hz, J,=8.4Hz, 1H); "CNMR (75 MHz,
CDCly): 6=165.3, 1382, 136.4, 132.0, 129.5, 125.8, 122.9, 121.5, 120.1,
118.8,113.8, 111.4, 79.1, 41.0 ppm.

3h: Prepared according to the typical procedure. The product was ob-
tained (155 mg,>99 % yield) as a yellowish oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-
propanol 70:30, 1.0 mLmin !, 254 nm, Lingjor = 50.1 min, £, =36.3 min);
[a]ly=—14.8 (c 0.8, CH,Cl,, 94% ee); IR (neat): #=3424, 1551, 1527,
1458, 1421, 1377, 1349, 1101, 737 cm™'; "H NMR (300 MHz, CDCl,): 6=
8.26 (s, 1H), 822 (s, 1H), 8.15 (d, /=8.1Hz, 1H), 7.73 (d, J=7.5Hz,
1H), 7.52 (t, J=7.9 Hz, 1H), 7.41 (d, J=8.4Hz, 2H), 7.25 (t, J=8.4 Hz,
1H), 7.09-7.14 (m, 2H), 5.32 (t, J=7.9 Hz, 1H), 5.13 (dd, J,=12.7 Hz,
J,=7.0Hz, 1H), 501 ppm (dd, J,=12.6 Hz, J,=9.0 Hz, 1H); "C NMR
(75 MHz, CDCl,): 6=148.5, 141.5, 136.4, 134.1, 129.9, 125.6, 123.0, 122.7,
122.6, 121.5, 120.2, 1184, 112.9, 111.6, 78.8, 41.0; MS (70 eV, EI): m/z
(%) 311 [M]* (40), 264 (85), 251 (30), 217 (28), 43 ppm (100); HRMS
(EI) calced for C;4H3N;0,: 311.09061; found: 311.09110.

3i: Prepared according to the typical procedure. The product was ob-
tained (144 mg, 93 % yield) as a colorless solid. M.p. 149-150°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 70:30, 1.0 mLmin~', 254 nm, Lmajor =59.7 min,
Iminor=46.5min); [a]¥=+14.7 (¢ 0.6, CH,Cl,, 97% ee); 'HNMR
(300 MHz, CDCl;): 6=8.24 (s, 1H), 8.18 (d, J=8.7Hz, 2H), 7.52 (d, J=
8.7Hz, 2H), 7.38 (t, J=7.5Hz, 2H), 724 (t, J=7.8 Hz, 1H), 7.10 (t, /=
7.6 Hz, 1H), 7.06 (d, /J=2.1 Hz, 1H), 5.30 (t, J=7.8 Hz, 1H), 5.11 (dd,
J,=12.6 Hz, J,=7.1Hz, 1H), 499 ppm (dd, J,=12.6 Hz, J,=9.0 Hz,
1H); "CNMR (75 MHz, CDClLy): 6=147.2, 146.7, 136.4, 128.7, 125.6,
124.1, 123.1, 121.6, 120.3, 118.5, 112.9, 111.6, 78.7, 41.2 ppm.

3j: Prepared according to the typical procedure. The product was ob-
tained (145 mg, 89% yield) as a yellowish oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-
propanol 70:30, 1.0 mLmin !, 254 nm, Lnajor = 27.1 MinN, £330, =22.1 min);
[a]¥=-24.9 (c 0.8, CH,Cl,, 90% ee); IR (neat): ¥#=3367, 1593, 1550,
1515, 1459, 1421, 1377, 1262, 1236, 1142, 1025, 909, 809, 730 cm™';
'"HNMR (300 MHz, CDCl;): =831 (s, 1H), 7.50 (d, J=8.1 Hz, 1H),
7.34 (d, J=8.1Hz, 1H), 7.22 (t, J=7.5Hz, 1H), 7.12 (t, J=7.4 Hz, 1H),
6.99 (br, 1H), 6.89-6.92 (m, 2H), 6.82 (d, /J=8.1Hz, 1H), 5.17 (t, J=
79Hz, 1H), 5.07 (dd, J;=12.1Hz, J,=7.6Hz, 1H), 493 (dd, J,=
12.1 Hz, J,=8.5Hz, 1H), 3.85 (s, 3H), 3.82ppm (s, 3H); *CNMR
(75 MHz, CDCl;): 6=148.9, 148.1, 136.3, 131.6, 125.9, 122.4, 121.5, 119.7,
119.6, 118.7, 114.1, 111.3, 111.1, 111.0, 79.5, 55.70, 55.67, 41.1 ppm; MS
(70 eV, EI): miz (%) 326 [M]* (64), 279 (90), 266 (100), 84 (20); HRMS
(EI) caled for C;gHgN,O,: 326.12666; found: 326.12706.

3k: Prepared according to the typical procedure. The product was ob-
tained (137 mg, 93% yield) as a colorless solid. M.p. 93-95°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 70:30, 1.0 mLmin~!, 254 nm, #,,;,,,=11.6 min,
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lngjor=12.9 min); [a]y=-46.8 (c 0.6, CH,ClL, 87% ee); 'HNMR
(300 MHz, CDCL): 6=7.96 (s, 1H), 7.45 (d, J=7.8 Hz, 1H), 6.99-7.26
(m, 6H), 6.86 (d, /=7.8 Hz, 1H), 6.79 (t, J=7.2 Hz, 1H), 5.58 (dd, J,=
8.6 Hz, J,=7.0 Hz, 1H), 4.89-5.03 (m, 2H), 3.85 ppm (s, 3H); "C NMR
(75 MHz, CDCl,): 0=156.8, 136.3, 128.8, 128.6, 127.1, 126.4, 122.3, 121.9,
120.7, 119.6, 119.0, 113.7, 111.2, 110.7, 78.0, 55.4, 35.4 ppm; Ref. [9c]:
[a]¥=+49.6 (c 0.75, CH,Cl,, 61 % ee) for the S configuration.

31: Prepared according to the typical procedure. The product was ob-
tained (141 mg, 94% yield) as a colorless oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-
propanol 70:30, 1.0 mLmin~', 254 nm, Lajor=14.3 min, £, =22.7 min);
[a]d=-50.0 (c 0.7, CH,Cl,, 72% ee); '"H NMR (300 MHz, CDCL): 6=
8.08 (s, 1H), 7.42 (m, 2H), 7.33 (d, /J=8.1 Hz, 1H), 7.04-7.24 (m, 6H),
5.73 (t, J=8.0Hz, 1H), 4.91-5.03 ppm (m, 2H); "CNMR (75 MHz,
CDCly): 6=136.4, 133.8, 130.1, 128.9, 128.8, 127.2, 126.1, 122.7, 121.9,
120.5, 119.9, 118.8, 113.1, 111.4, 77.6, 37.9 ppm.

3m: Prepared according to the typical procedure. The product was ob-
tained (136 mg,>99% yield) as a yellowish oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-
propanol 70:30, 1.0 mLmin~', 254 nm, Emajor =19.6 Min, £, =21.7 min);
[a]¥=-21.5 (¢ 0.6, CH,Cl,, 87 % ee); '"H NMR (300 MHz, CDCl;): 6=
8.03 (s, 1H), 7.49 (d, J=7.8 Hz, 1H), 7.28 (d, J=8.1 Hz, 1H), 7.14-7.21
(m, 2H), 7.09 (t, J=7.5Hz, 1H), 6.94-6.98 (m, 2H), 6.90 (t, /=4.3 Hz,
1H), 5.42 (t, J=7.8 Hz, 1 H), 4.89-5.02 ppm (m, 2H); *C NMR (75 MHz,
CDCly): 0=142.8, 136.2, 126.9, 125.6, 125.2, 124.8, 122.6, 121.9, 119.9,
118.7, 113.7, 111.5, 79.9, 36.8 ppm.

3n: Prepared according to the typical procedure. The product was ob-
tained (113 mg, 88% yield) as a colorless solid. M.p. 85-87°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 70:30, 1.0 mLmin ™!, 254 nm, Emajor = 13.0 min,
foinor=17.9 min); [a]¥=+40.6 (¢ 0.9, CH,Cl,, 80% ee); 'HNMR
(300 MHz, CDCl;): 6=8.03 (s, 1H), 7.53 (d, /J=7.8 Hz, 1H), 7.04-7.34
(m, 4H), 6.99 (d, J=1.5Hz, 1H), 6.27 (dd, J;=3.0 Hz, J,=1.8 Hz, 1H),
6.12 (d, /=33 Hz, 1H), 521 (t, J=7.6 Hz, 1H), 5.01 (dd, J,=12.4 Hz,
J,=82Hz, 1H), 486 ppm (dd, J,=12.4 Hz, J,=7.5 Hz, 1H); "CNMR
(75 MHz, CDCl,): 6=152.1, 142.2, 136.2, 125.5, 122.7, 122.5, 119.9, 118.6,
111.5, 111.3, 110.4, 107.3, 77.8, 35.6 ppm.

30: Prepared according to the typical procedure. The product was ob-
tained (142 mg, 90 % yield) as a colorless solid. M.p. 128-130°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 70:30, 1.0 mLmin!, 254 nm, Lajor = 20.7 min,
Iminor =254 min); [a]¥=-262 (¢ 0.6, CH,Cl, 90% ee); 'HNMR
(300 MHz, CDCly): 6=8.24 (d, /J=7.8Hz, 1H), 7.90 (s, 1H), 7.85 (m,
1H), 7.74 (t, J=4.6 Hz, 1H), 7.11-7.52 (m, 7H), 7.01 (t, J=7.4 Hz, 1H),
6.84 (s, 1H), 6.03 (t, J=7.8 Hz, 1H), 4.98-5.05 ppm (m, 2H); *C NMR
(75 MHz, CDCl,): 6=136.4, 134.5, 134.1, 131.0, 129.1, 128.2, 126.8, 126.0,
1259, 125.3, 124.6, 122.60, 122.56, 119.9, 118.7, 114.0, 111.4, 784,
36.9 ppm.

3p: Prepared according to the typical procedure. The product was ob-
tained (117 mg, 80% yield) as a colorless oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-
propanol 85:15, 1.0 mLmin~', 254 nm, tajor =35.1 min, £, =41.3 min);
[a]d¥=+243 (c 1.1, CH,Cl,, 91% ee). '"H NMR (300 MHz, CDCl;): 6=
8.05 (s, 1H), 7.59 (d, /J=7.8 Hz, 1H), 7.35 (d, J=7.8 Hz, 1H), 7.11-7.29
(m, SH), 7.07 (d, J=6.9 Hz, 2H), 7.00 (d, J=2.1 Hz, 1H), 4.57-4.69 (m,
2H), 3.74-3.84 (m, 1H), 2.48-2.67 (m, 2H), 2.06-2.24 ppm (m, 2H);
BC NMR (75 MHz, CDCly): 6 =141.2, 136.5, 128.4, 128.3, 126.00, 125.96,
122.4,122.2, 119.8, 118.7, 113.3, 111.6, 80.4, 35.9, 33.9, 33.2 ppm.

3q: Prepared according to the typical procedure. The product was ob-
tained (108 mg, 79% yield) as a colorless oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel AD column (hexane/2-prop-
anol 90:10, 1.0mLmin"!, 254 nm, bnajor = 13.0 min,  £00,=16.7 min);
[a]d¥=+44.4 (c 0.5, CH,Cl,, 94% ee); '"HNMR (300 MHz, CDCLy): 6=
8.02 (s, 1H), 7.57-7.60 (m, 1H), 7.28-7.31 (m, 1H), 7.08-7.21 (m, 2H),
6.89 (d, /=2.4Hz, 1H), 4.79 (dd, J,=12.0 Hz, J,=6.3 Hz, 1H), 4.69 (dd,
J,=12.0Hz, J,=9.4Hz, 1H), 3.61-3.69 (m, 1H), 1.61-1.83 (m, 6H),
0.88-1.29 ppm (m, 5H); "CNMR (75MHz, CDClL): 6=136.1, 126.7,
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1222, 122.1, 119.5, 119.0, 113.0, 111.4, 78.4, 41.8, 40.4, 31.1, 30.3, 26.2,
26.1, 26.0 ppm.

3r: Prepared according to the typical procedure, though the reaction was
conducted at 30°C for 130 h. The product was obtained (66 mg, 54 %
yield) as a colorless solid. M.p. 131-133°C. The ee value was determined
by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-propanol
90:10, 1.0mLmin"', 254 nm, fp,jo,=17.1min, foiner=27.6 min); [a]y=
—19.6 (c 0.7, CH,Cl,, 97% ee); 'HNMR (300 MHz, CDCly): 6=8.06 (s,
1H), 7.61 (d, J=7.5Hz, 1H), 7.29 (d, J=7.5 Hz, 1H), 7.09-7.19 (m, 2H),
6.98 (d, J=2.4Hz, 1H), 4.71-4.87 (m, 2H), 3.77 (dd, J;=11.1 Hz, J,=
48 Hz, 1H), 0.99 ppm (s, 9H); "CNMR (75 MHz, CDCL): 6=135.7,
128.2,122.1, 121.9, 119.6, 119.3, 112.9, 111.1, 78.0, 45.5, 34.4, 28.0 ppm.

3s: Prepared according to the typical procedure. The product was ob-
tained (128 mg, 85 % yield) as a colorless solid. M.p. 132-134°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 85:15, 0.9 mLmin~', 254 nm, Emajor = 28.3 min,
tminor=36.0min); [a]¥=+304 (c 0.5, CH,Cl, 88% ee); 'HNMR
(300 MHz, CDCL): 6=8.12 (s, 1H), 7.37 (d, /J=2.1 Hz, 1H), 7.21-7.35
(m, 6H), 7.12 (dd, J,=8.6 Hz, J,=2.0 Hz, 1H), 7.05 (d, J=2.4 Hz, 1H),
5.11 (t, J=8.0 Hz, 1H), 5.01 (dd, J;,=12.3 Hz, J,=8.1 Hz, 1H), 4.90 ppm
(dd, J,=12.3 Hz, J,=8.1 Hz, 1H); "C NMR (75 MHz, CDCl;): 6=138.7,
134.7, 129.0, 127.7, 127.6, 127.1, 125.6, 123.0, 122.8, 118.3, 114.0, 112.4,
79.3, 41.3 ppm.

3t: Prepared according to the typical procedure. The product was ob-
tained (132 mg, 94 % yield) as a colorless solid. M.p. 138-139°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 85:15, 1.0 mLmin~', 254 nm, Lmajor = 34.0 min,
fminor=41.3 min); [@]¥=+10.1 (¢ 1.0, CH,Cl,, 97% ee); IR (neat): 7=
3423, 3413, 1560, 1536, 1482, 1456, 1432, 1377, 1210, 1099, 949, 916, 804,
700 cm™'; '"HNMR (300 MHz, CDCL): 6=7.97 (s, 1H), 7.24-7.36 (m,
7H), 7.05 (d, J=8.4 Hz, 1H), 6.96 (d, /J=2.4 Hz, 1H), 5.18 (t, J=7.8 Hz,
1H), 5.06 (dd, J,=12.3 Hz, J,=7.2 Hz, 1H), 4.94 (dd, J,=123 Hz, J,=
8.4 Hz, 1H), 2.42 ppm (s, 3H); "CNMR (75 MHz, CDCL,): §=139.2,
134.7, 129.2, 128.9, 127.7, 127.5, 126.3, 124.3, 121.8, 118.4, 113.8, 111.0,
79.5, 41.5, 21.5 ppm; MS (70 eV, EI): m/z (%) 280 [M]*(70), 233 (100),
220 (90), 146 (17); HRMS (EI) calcd for C;;H;,N,0O,: 280.12118; found:
280.12179.

3u: Prepared according to the typical procedure. The product was ob-
tained (147 mg, 99 % yield) as a colorless solid. M.p. 134-136°C. The ee
value was determined by chiral HPLC on a Daicel Chiracel OD-H
column (hexane/2-propanol 85:15, 1.0 mLmin ', 254 nm, Lmajor = 30.1 min,
Iminor=235.2min); [a]¥=+31.8 (¢ 1.0, CH,Cl,, 97% ee); 'HNMR
(300 MHz, CDClLy): 0=7.99 (s, 1H), 7.19-7.34 (m, 6H), 6.96 (d, J=
2.4 Hz, 1H), 6.86 (d, J=2.4 Hz, 1H), 6.83 (d, /J=1.5Hz, 1H), 5.12 (t, /=
8.0Hz, 1H), 5.02 (dd, J,=123Hz, J,=75Hz, 1H), 491 (dd, J,=
123 Hz, J,=8.1 Hz, 1H), 3.76 ppm (s, 3H); ®C NMR (75 MHz, CDCL,):
0=154.1,139.1, 131.5, 128.9, 127.7, 127.5, 126.5, 122.2, 114.0, 112.6, 112.1,
100.7, 79.4, 55.8, 41.5 ppm.

3v: Prepared according to the typical procedure, though the reaction was
conducted for 48 h. The product was obtained (120 mg, 86 % yield) as a
colorless oil. The ee value was determined by chiral HPLC on a Daicel
Chiracel OD-H column (hexane/2-propanol 85:15, 1.0 mLmin~', 254 nm,
Inajor =50.7 Min, fpine,=53.7 min); [a]y=-25.4 (c 0.7, CH,Cl,, 97% ee);
'"H NMR (300 MHz, CDCL): §=7.41-7.45 (m, 1H), 7.18-7.33 (m, 7H),
7.02-7.08 (m, 1H), 6.82 (s, 1H), 5.15 (t, J=8.0Hz, 1H), 5.00 (dd, J,=
123 Hz, J,=7.6Hz, 1H), 489 (dd, J,=123Hz, J,=84Hz, 1H),
3.67 ppm (s, 3H); "CNMR (75 MHz, CDCL): 6=139.3, 137.1, 128.8,
127.7, 1274, 126.4, 1263, 122.1, 119.4, 118.9, 112.6, 109.5, 79.4, 41.4,
32.7 ppm.

Typical procedure for the asymmetric Friedel-Crafts alkylation of pyrrole
with nitroalkenes: To a flame-dried Schlenk tube were added Zn(OTY),
(9.3 mg, 0.025 mmol) and ligand 4d (12.6 mg, 0.03 mmol) under nitrogen,
followed by addition of toluene (3 mL). The mixture was stirred at room
temperature for 2 h and the nitroalkene (0.5 mmol) was added. Then the
mixture was stirred further for 10 min and cooled to 0°C. Pyrrole
(17.0 mg, 0.25 mmol) was added at 0°C and the mixture was stirred at
this temperature for 44 h. The mixture was separated directly by silica
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gel column chromatography with petroleum ether/ethyl acetate (15:1) as
eluent, and the product was obtained in pure form.

7a: Prepared according to the typical procedure. The product was ob-
tained (44 mg, 81 % yield) as an oil. The ee value was determined by
chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-propanol
70:30, 0.8mLmin ', 2350m, fy0,=19.9 Min, fyiner=17.6 min); [a]i=
—57.2 (c 0.8, MeOH, 78% ee); 'HNMR (300 MHz, CDCl): 6=7.85 (s,
1H), 7.19-7.36 (m, 5H), 6.63-6.65 (m, 1H), 6.13-6.16 (m, 1H), 6.05-6.07
(m, 1H), 4.93 (dd, J ,=11.1 Hz, J,=6.9 Hz. 1H), 4.85 (t, /=7.0 Hz, 1H),
4.76 ppm (dd, J,=11.1 Hz, J,=7.2 Hz, 1H); C NMR (75 MHz, CDCl,):
0=137.9,129.1, 128.8, 128.0, 127.8, 118.1, 108.5, 105.7, 79.1, 42.8 ppm.

7b: Prepared according to the typical procedure. The product was ob-
tained (40 mg, 69 % yield) as a white solid. M.p. : 97-100°C. The ee value
was determined by chiral HPLC on a Daicel Chiracel OD-H column
(hexane/2-propanol 70:30, 0.8 mLmin~", 235 nm, fyyjo,=16.4 Min, fyiner=
144 min); [a]¥=-51.1 (¢ 1.7, MeOH, 78% ee); 'HNMR (300 MHz,
CDCly): 6=17.82 (s, 1H), 7.10-7.18 (m, 4H), 6.67-6.69 (m, 1H), 6.15-6.18
(m, 1H), 6.07 (s, 1H), 4.97 (dd, J;=11.1 Hz, J,=6.6 Hz. 1H), 4.86 (t, /=
6.6 Hz, 1H), 4.78 (dd, J,=11.1 Hz, J,=7.5Hz, 1H), 2.33 ppm (s, 3H);
BCNMR (75 MHz, CDCly): 6=137.9, 134.8, 129.9, 129.1, 127.8, 118.0,
108.6, 105.6, 79.3, 42.5, 21.0 ppm.

7c: Prepared according to the typical procedure. The product was ob-
tained (37 mg, 61% yield) as a yellowish oil. The ee value was deter-
mined by chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-
propanol 70:30, 0.8 mLmin~!, 235 nm, Lajor =24.8 min, £, =20.3 min);
[a]d=-53.0 (c 0.5, MeOH, 68% ee); 'H NMR (300 MHz, CDCL): 6=
7.88 (s, 1H), 7.13 (d, J=14.7 Hz, 2H), 6.86 (d, J=14.7 Hz, 2H), 6.53-6.68
(m, 1H), 6.14-6.17 (m, 1H), 6.05-6.07 (m, 1H), 4.94 (dd, /,=11.1 Hz,
J,=64Hz. 1H), 4.71-4.85 (m, 2H), 3.77ppm (s, 3H); “CNMR
(75 MHz, CDCl,): 6=159.2, 129.8, 129.2, 129.0, 118.0, 114.5, 108.5, 105.5,
79.3,55.2,42.1 ppm.

7d: Prepared according to the typical procedure. The product was ob-
tained (44 mg, 76 % yield) as a white solid. M.p. 94-97°C. The ee value
was determined by chiral HPLC on a Daicel Chiracel OD-H column
(hexane/2-propanol 70:30, 0.8 mLmin~', 235 nm, bnajor = 15.3 MiN, £inor =
14.6 min); [a]¥=-61.0 (¢ 1.6, MeOH, 81% ee); IR (neat): 7=3385,
1606, 1550, 1509, 1430, 1380, 1227, 161, 1124, 1100, 1037, 841, 808, 742,
726 cm™'; '"HNMR (300 MHz, CDCL): 6=7.98 (s, 1H), 7.19-7.23 (m,
2H), 7.02-7.08 (m, 2H), 6.70 (s, 1H), 6.20 (s, 1H), 6.10 (s, 1H), 4.97 (dd,
J;=11.1Hz, J,=69 Hz, 1H), 4.88 (t, /=72 Hz, 1H), 477 ppm (dd, J,=
11.1 Hz, J,=7.5Hz, 1H); *CNMR (75 MHz, CDCL,): 6=162.2 (d, J=
245.6), 133.7 (d, J=3.2 Hz), 129.4 (d, /=82 Hz), 128.5, 118.3, 115.9 (d,
J=21.5Hz), 108.5, 105.7, 79.0, 42.0 ppm; MS (70 eV, EI): m/z (%) 234
[M]* (18), 187 (100), 174 (52); HRMS (EI) caled for C,,H;;N,O,F:
234.08046; found: 234.08077.

7e: Prepared according to the typical procedure. The product was ob-
tained (53 mg, 84 % yield) as a white solid. M.p. 102-104°C. The ee value
was determined by chiral HPLC on a Daicel Chiracel OD-H column
(hexane/2-propanol 70:30, 0.8 mLmin ", 235 nm, fyio,=18.1 min, fyiner=
16.9 min); [a]¥=-49.0 (c 1.3, MeOH, 81% ee); 'HNMR (300 MHz,
CDCLy): 6=7.87 (s, 1H), 7.33 (d, /J=11.1 Hz, 2H), 7.17 (d, J=11.1 Hz,
2H), 6.70-6.72 (m, 1H), 6.16-6.19 (m, 1H), 6.06-6.09 (m, 1H), 4.97 (dd,
J,=11.7Hz, J,=6.9 Hz, 1H), 4.88 (t, J=7.5Hz, 1H), 4.77 ppm (dd, J,=
11.7 Hz, J,=7.5Hz, 1H); *CNMR (75 MHz, CDCl;): §=136.5, 133.8,
129.2,129.1, 128.2, 118.4, 108.6, 105.8, 78.8, 42.2 ppm.

7h: Prepared according to the typical procedure. The product was ob-
tained (58 mg, 88% yield) as an oil. The ee value was determined by
chiral HPLC on a Daicel Chiracel OF column (hexane/2-propanol 75:25,
1.0 mLmin—1, 235nm, tmajor=91.5min, tminor==81.2min); [a]d=
—43.8 (c 1.1, MeOH, 80% ee); IR (neat): 7=3425, 2978, 2363, 1553,
1529, 1432, 1378, 1351, 1124, 1099, 802, 729 cm—1; 1H NMR (300 MHz,
CDCI3): 6=8.17 (s, 1H), 8.14 (s, 2H), 7.52-7.62 (m, 2H), 6.76 (s, 1H),
6.18-6.21 (m, 1H), 6.12 (s, 1H), 5.01-5.08 (m, 2H), 4.89 ppm (dd, J1=
15.1 Hz, J2=11.0 Hz, 1H); 13C NMR (75 MHz, CDCI3): 0 =148.4, 140.4,
134.0, 130.1, 127.3, 123.0, 122.8, 118.9, 108.8, 106.3, 78.4, 42.4 ppm; MS
(70 eV, EI): m/z (%) 261 [M]+ (5), 214 (44), 167 (46), 149 (100); HRMS
(EI) caled for C12H11N304: 261.07496; found: 261.07518.
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7i: Prepared according to the typical procedure. The product was ob-
tained (39 mg, 59 % yield) as a white solid. M.p. 126-129°C. The ee value
was determined by chiral HPLC on a Daicel Chiracel OD-H column
(hexane/2-propanol 80:20, 0.9 mLmin—1, 254 nm, tmajor=58.8 min,
tminor=>56.0 min); [a]¥=-43.6 (c 0.8, MeOH, 91 % ee); IR (neat): 7=
3410, 2926, 1553, 1518, 1378, 1349, 113, 1098, 1035, 858, 729 cm—1;
1H NMR (300 MHz, CDCI3): 6=8.20 (d, J=7.8 Hz, 2H), 8.06 (s, 1H),
7.43 (d, J=8.1Hz, 2H), 6.75-6.77 (m, 1H), 6.19-6.21 (m, 1H), 6.11 (s,
1H), 5.00-5.08 (m, 2H), 4.86 ppm (dd, J1=15.3 Hz, J2=11.7 Hz, 1H);
13CNMR (75 MHz, CDCI3): 6=145.4, 129.0, 127.1, 124.3, 119.1, 119.0,
109.0, 106.5, 78.5, 42.6 ppm; MS (70 eV, EI): m/z (%) 261 [M]+ (14), 214
(100), 201 (17), 168 (29); HRMS (EI) calcd for C12H11N304: 261.07496;
found: 261.07526.

7j: Prepared according to the typical procedure. The product was ob-
tained (41 mg, 59 % yield) as a white solid. M.p. 126-129°C. The ee value
was determined by chiral HPLC on a Daicel Chiracel OD-H column
(hexane/2-propanol 70:30, 0.8 mLmin~', 235 nm, Lmajor = 28.5 MiN, frinor =
21.0 min); [a]¥=-53.3 (c 0.8, MeOH, 70% ee); IR (neat): 7#=3373,
2936, 2838, 1551, 1516, 1465, 1378, 1262, 1236, 1142, 1025, 912, 805,
734 cm™'; 'THNMR (300 MHz, CDCl;): 6=7.89 (s, 1H), 6.78-6.86 (m,
2H), 6.71 (s, 2H), 6.17-6.19 (m, 1H), 6.09 (s, 1H), 4.98 (dd, J,=10.8 Hz,
J,=6.0Hz, 1H), 476-4.88 (m, 2H), 3.87 (s, 3H), 3.83 ppm (s, 3H);
BCNMR (75 MHz, CDCLy): 0=149.4, 148.7, 130.2, 129.1, 120.0, 118.1,
111.4, 110.9, 108.6, 105.5, 79.3, 55.9, 42.6 ppm; MS (70 eV, EI): m/z (%)
276 [M]* (40), 229 (100), 216 (84); HRMS (EI) calcd for C,4H;4N,O,:
276.11101; found: 276.11078.

7k: Prepared according to the typical procedure. The product was ob-
tained (26 mg, 42% yield) as an oil. The ee value was determined by
chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-propanol
70:30, 0.8 mLmin~", 2350m, fyo,=13.7 Min, fpipe, =152 min); [a]}y=
—21.6 (c 1.3, MeOH, 38% ee); IR (neat): 7=3431, 2924, 1551, 1492,
1463, 1438, 1378, 1245, 1122, 1027, 799, 757, 725cm™'; 'H NMR
(300 MHz, CDClLy): 0=829 (s, 1H), 7.24-7.30 (m, 1H), 7.05 (d, J=
7.5 Hz, 1H), 6.89-6.95 (m, 2H), 6.68 (s, 1H), 6.12-6.14 (m, 1H), 6.10 (s,
1H), 522 (t, J=7.8Hz, 1H), 4.87-4.99 (m, 2H), 3.91 ppm (s, 3H);
BCNMR (75 MHz, CDCLy): 6=156.5, 129.2, 129.1, 129.0, 126.3, 121.3,
117.8, 111.2, 108.3, 106.0, 77.6, 55.6, 38.2 ppm; MS (70 eV, EI): m/z (%)
246 [M]* (31), 199 (74), 184 (100), 80 (46); HRMS (EI) caled for
C3H,N,O5: 246.10044; found: 246.10067.

7m: Prepared according to the typical procedure. The product was ob-
tained (51 mg, 91% yield) as an oil. The ee value was determined by
chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-propanol
70:30, 0.8 mLmin~', 235nm, bnajor=15.5 min, t,y00,=17.4 min); [a]d=
—443 (c 1.9, MeOH, 80% ee); 'HNMR (300 MHz, CDCl,): §=8.07 (s,
1H), 7.25 (d, J=4.8 Hz, 1H), 6.96 (d, J=4.8 Hz, 1H), 6.94 (s, 1H), 6.70
(s, 1H), 6.15-6.18 (m, 1H), 6.10 (s, 1H), 5.19 (t, /=7.8 Hz, 1 H), 4.93 (dd,
J,=129Hz, J,=75Hz, 1H), 482ppm (dd, J,=132Hz, J,=8.1Hz,
1H); "*CNMR (75 MHz, CDCly): 6=140.9, 128.2, 127.2, 125.8, 125.5,
118.2, 108.7, 105.8, 79.6, 38.1 ppm.

7n: Prepared according to the typical procedure. The product was ob-
tained (43 mg, 83% yield) as an oil. The ee value was determined by
chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-propanol
70:30, 0.8 mLmin ', 2350m, fyo,=11.1min, fyine=12.3 min); [a]y=
+13.1 (¢ 0.7, MeOH, 79 % ee); '"H NMR (300 MHz, CDCl;): 6=8.28 (s,
1H), 7.40 (s, 1H), 6.71-6.73 (m, 1H), 6.32-6.34 (m, 1H), 6.14-6.19 (m,
2H), 6.09 (s, 1H), 5.01 (t, J=7.6 Hz, 1H), 4.89 (dd, J,=129 Hz, J,=
7.8 Hz, 1H), 480 ppm (dd, J,=129Hz, J,=7.8 Hz, 1H); “CNMR
(75 MHz, CDCl,): 6=150.6, 142.7, 126.1, 118.3, 110.6, 108.8, 107.8, 106.6,
77.7, 36.9 ppm.

7p: Prepared according to the typical procedure. The product was ob-
tained (39 mg, 64% yield) as an oil. The ee value was determined by
chiral HPLC on a Daicel Chiracel OD-H column (hexane/2-propanol
70:30, 0.8 mLmin', 2350m, f,,0,=30.2min, fy,6,=26.5min); [a]y=
+0.53 (¢ 1.9, MeOH, 11% ee); IR (neat): 7=3427, 2926, 1549, 1496,
1454, 1430, 1379, 1031, 795, 723, 701 cm™'; '"H NMR (300 MHz, CDCL,):
0=8.10 (s, 1H), 7.19-7.32 (m, 3H), 7.12 (d, /=7.2 Hz, 2H), 6.72 (s, 1H),
6.19-6.21 (m, 1H), 6.06 (s, 1H), 4.50-4.53 (m, 2H), 3.45-3.55 (m, 1H),
2.63-2.72 (m, 1H), 2.49-2.59 (m, 1H), 2.00 ppm (q, J=7.5Hz, 2H);
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BCNMR (75 MHz, CDCLy): 6=140.7, 129.2, 128.5, 128.3, 126.2, 117.5,
108.8, 105.6, 80.3, 36.7, 33.7, 32.9 ppm; MS (70 eV, EI): m/z (%) 244
([M]*, 39), 197 (53), 93 (100), 80 (42); HRMS (EI) calcd for C,H,(N,O,:
244.12118; found: 244.12150.
2,2'-Bis[N-(15)-(1-phenyl-2-hydroxyethyl)carbamoyl]diphenyl ether: A
solution of 2,2-dicarboxyl diphenylether® (516 mg, 2 mmol) in thionyl
chloride (5 mL) was heated at reflux for 3 h. The excess thionyl chloride
was removed under reduced pressure to afford the diacyl dichloride. The
above diacyl dichloride in CH,Cl, (20 mL) was added dropwise to a solu-
tion of (S)-phenylglycinol (548 mg, 4 mmol) and Et;N (1.4 mL, 10 mmol)
in CH,Cl, (10 mL) at 0°C and stirred at room temperature for 48 h. The
reaction mixture was successively washed with saturated NH,Cl (aq), sa-
turated NaHCO; (aq), and brine. The organic layer was dried over anhy-
drous Na,SO,, concentrated, and purified by silica gel column chroma-
tography using CH,Cl,/MeOH (50:1) as eluent to afford the bis(hydroxy-
amide) 832 mg (84% yield) as a colorless solid. M.p. 93-95°C; [a]¥ =
—88.8 (c 0.6, CH,Cl,); IR (neat): #=3305, 3062, 1635, 1604, 1533, 1477,
1445, 1304, 1232, 1105, 1069, 1031, 895, 753, 700 cm~'; 'H NMR
(300 MHz, CDCl;): 6=8.03 (d, /=72 Hz, 4H), 7.47 (t, J=7.8 Hz, 2H),
7.30 (d, J=7.8 Hz, 2H), 7.22-7.23 (m, 6H), 7.14-7.16 (m, 4H), 6.92 (d,
J=81Hz, 2H), 517-5.24 (m, 2H), 3.70-3.83 (m, 4H), 3.26 ppm (br,
2H); "CNMR (75 MHz, CDCl,): 6=165.2, 153.5, 139.1, 132.8, 131.5,
128.5, 127.4, 126.4, 125.7, 124.6, 118.8, 65.7, 55.9 ppm; ESI-MS: m/z 497.1
[M+H]*; elemental analysis (%) calcd for C;H,sN,0O51/2H,0: C 71.27,
H 5.78, N 5.54; found: C 71.52, H 5.84, N 5.54.

9: To an ice-cooled solution of the bis(hydroxyamide) (496 mg, 1 mmol)
and Et;N (0.62mL, 4.4 mmol) in CH,Cl, (5mL) was added dropwise
methanesulfonyl chloride (0.17 mL, 2.2 mmol) by syringe. The reaction
mixture was allowed to warm to room temperature and stirred further
for 4 h. Then saturated NH,Cl (aq) was poured into the reaction mixture
and the organic layer was separated. The aqueous layer was extracted
with CH,Cl, (3x10 mL) and the combined extracts were dried over an-
hydrous Na,SO,. The solvent was removed in vacuo to afford the crude
bismesylate. The crude bismesylate was dissolved in methanol (3 mL)
and a solution of NaOH (80 mg, 2 mmol) in water (3 mL) was added.
After heating at reflux for 4 h, the mixture was cooled to room tempera-
ture and the solvent was removed in vacuo. The residue was extracted
with CH,Cl, (3x10 mL). The combined extracts were washed with brine
and dried over anhydrous Na,SO,, and concentrated in vacuo to afford
the crude ligand 9. The crude product was purified by silica gel column
chromatography using petroleum ether/ethyl acetate (2:1) as eluent to
afford 9 (276 mg, 60% yield) as a colorless oil. [a]d=-84.9 (¢ 0.5,
CH,CL,); IR (neat): #=3058, 1645, 1601, 1485, 1450, 1356, 1233, 1160,
1118, 1057, 1032, 973, 761, 700 cm™"; 'H NMR (300 MHz, CDCL): 6=
7.96-7.99 (m, 2H), 7.42-7.47 (m, 2H), 7.17-7.28 (m, 12H), 7.00 (d, /=
8.1 Hz, 2H), 5.27 (dd, J,=9.9 Hz, J,=8.4 Hz, 2H), 4.65 (dd, J;=9.9 Hz,
J,=84Hz, 2H), 412ppm (t, J=81Hz, 2H); "CNMR (75MHz,
CDCly): 0=163.6, 155.8, 142.4, 132.4, 131.8, 1285, 127.4, 126.7, 123.3,
120.0, 119.7, 74.9, 69.7 ppm; MS (70 eV, EI): m/z (%) 460 [M]* (75), 339
(15), 236 (100), 222 (42), 91 (34); HRMS (EI) calcd for C;H,N,Os:
460.17869; found: 460.17952.

General procedure for the preparation of bis(hydroxyamide)s of triphe-
nylamine-tethered ligands: To a 100-mL flask were added 2,2'-dicarboxyl-
triphenylamine®' (666 mg, 2 mmol), EDCI-HCl (900 mg, 4.5 mmol),
DMAP (25 mg, 0.2 mmol), and CH,Cl, (35 mL). Then N-methylmorpho-
line (0.72 mL, 6.5 mmol) was added, and the mixture became clear. The
chiral amino alcohol (4.5 mmol) was added, and the solution was stirred
at room temperature for 48 h. The reaction was quenched by addition of
30 mL of saturated NH,CI (aq). The phase was separated, and the organ-
ic phase was washed with saturated NaHCO; (aq) and brine. After
drying over anhydrous Na,SO,, the solvent was removed in vacuo and
the crude product was purified by silica gel column chromatography
using CH,CL,/CH;0H (50:1) as eluent. In the case of the bis(hydroxya-
mide) of ligand 10¢, the TBS-protected (S)-valinol was used instead of
(S)-valinol to eliminate side reactions. The TBS group was removed with
TBAF in THF before purification.

2,2'-Bis[ N-(15)-(1-phenyl-2-hydroxyethyl)carbamoyl]triphenylamine: Pre-
pared according to the general procedure. The product was obtained
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(795 mg, 69 % yield) as a colorless solid. M.p. 129-131°C; [a]¥=+51.7 (c
0.6, CH,Cl,); IR (neat): v=3267, 3063, 1629, 1597, 1544, 1482, 1444,
1307, 1263, 1069, 1030, 755, 734, 698 cm™'; '"H NMR (300 MHz, CDCL):
0=17.85 (s, 2H), 7.50 (d, /J=7.2Hz, 2H), 7.27-7.33 (m, 2H), 7.19-7.21
(m, 2H), 7.08-7.15 (m, 10H), 6.90-7.00 (m, 7H), 6.83 (d, /=7.8 Hz, 2H),
4.69-4.71 (m, 2H), 3.53 (s, 4H), 3.26 ppm (br, 2H); *C NMR (75 MHz,
CDClLy): 6=168.4, 147.9, 145.4, 138.8, 131.5, 130.4, 129.2, 128.4, 127.2,
126.5, 124.3, 123.3, 122.8, 66.0, 56.6 ppm; ESI-MS: m/z 572.2 [M+H]*;
elemental analysis caled (%) for C;H;3N;0,-1/2H,0: C 74.46, H 5.90,
N 7.24; found: C 74.98, H 5.70, N 7.30.
2,2'-Bis[N-(15)-(1-benzyl-2-hydroxyethyl)carbamoyl]triphenylamine: Pre-
pared according to the general procedure. The product was obtained
(634 mg, 53% yield) as a white solid. M.p. 191-193°C; [a]d=—48.6 (c
0.5, CH,ClL,); IR (neat): #=3521, 3397, 3304, 3062, 2865, 1628, 1596,
1557, 1518, 1490, 1440, 1299, 1247, 1078, 1044, 759, 746, 699 cm™';
'"H NMR (300 MHz, CDCl,): 6 =7.09-7.43 (m, 20H), 6.91-7.00 (m, 5H),
3.89 (s, 2H), 3.23-3.28 (m, 4H), 2.89 (br, 2H), 2.55-2.64 ppm (m, 4H);
BCNMR (75 MHz, CDCLy): 6=168.0, 147.9, 145.2, 138.1, 131.9, 131.5,
130.0, 129.3, 129.2, 128.4, 126.7, 126.4, 124.4, 123.3, 122.4, 62.8, 53.5,
36.3 ppm; ESI-MS: m/z 600.2 [M +H]"; elemental analysis calcd (%) for
CyH3N;0,4: C76.10, H 6.22, N 7.01; found: C 76.04, H 6.42, N 7.01.
2,2"-Bis[N-(1S)-(1-(1-methylethyl)-2-hydroxyethyl)carbamoyl]triphenyl-
amine: Prepared according to the general procedure. The product was
obtained (722 mg, 72% yield) as a colorless solid. M.p. 112-114°C;
[a]ly=—55.8 (c 0.9, CH,CL); IR (neat): #=3264, 3067, 2959, 2874, 1626,
1597, 1546, 1483, 1443, 1306, 1251, 1158, 1078, 787, 755, 736, 696 cm™"; '
HNMR (300 MHz, CDCL,): 6=17.62 (d, J=7.2 Hz, 2H), 7.44 (br, 2H),
7.34 (dt, J,=7.8Hz, J,=1.5Hz, 2H), 7.13-7.28 (m, 4H), 6.92-7.03 (m,
5H), 3.40-3.47 (m, 4H), 3.23 (d, /=9.0 Hz, 2H), 3.01 (br, 2H), 1.71-1.82
(m, 2H), 0.84 (d, J=6.6 Hz, 6H), 0.71 ppm (d, J=6.9 Hz, 6H); C NMR
(75 MHz, CDCl;): 6=168.5, 148.0, 145.3, 131.9, 131.4, 130.2, 129.3, 126.8,
124.4, 123.3, 122.4, 62.8, 57.9, 29.1, 19.25, 19.17 ppm; ESI-MS: m/z 504.2
[M+H]*; elemental analysis caled (%) for CyH;;,N;0,-1/2H,0: C 70.29,
H 7.47, N 8.20; found: C 70.87, H 7.41, N 8.21.

2,2'-Bis[N-(18,2 R)-(1,2-diphenyl-2-hydroxyethyl)carbamoyl]triphenylami-
ne: Prepared according to the general procedure. The product was ob-
tained (1.045 g, 72% yield) as a colorless solid. M.p. 108-110°C; [a]y =
+5.0 (c 0.6, CH,CL,); IR (neat): 7=3282, 3262, 1629, 1597, 1483, 1445,
1318, 1255, 1192, 1094, 1062, 755, 699 cm™'; '"H NMR (300 MHz, CDCl,):
0=28.06 (br, 2H), 7.40 (d, J=6.9 Hz, 2H), 7.28 (t, J=7.5Hz, 2H), 7.17-
7.20 (m, 7H), 7.03-7.15 (m, 9H), 6.92-6.96 (m, 7H), 6.81 (d, J=6.6 Hz,
4H), 6.69 (br, 2H), 4.89-4.91 (m, 2H), 4.73 (s, 1H), 3.62 ppm (br, 2H);
BCNMR (75 MHz, CDCLy): 6=168.0, 147.4, 145.1, 140.0, 136.4, 131.3,
130.1, 129.0, 128.2, 127.7, 127.6, 127.3, 127.1, 126.4, 126.1, 124.1, 123.0,
122.8, 76.2, 60.2 ppm; ESI-MS: m/z 7242 [M+H]*; elemental analysis
caled (%) for C,H,;N;0,1/2H,0: C78.67, H5,78, N 5.73; found:
C78.49, H5.62, N 5.64.

General procedure for the preparation of triphenylamine-tethered li-
gands: To an ice-cooled solution of the bis(hydroxyamide) (1 equiv) in
CH,Cl, (1 mmol/10 mL) was added Et;N (4.4 equiv). Then methanesul-
fonyl chloride (2.2 equiv) was added dropwise at 0°C. The temperature
was allowed to rise to room temperature and the solution was stirred for
48 h. The full conversion of bis(hydroxyamide) to the corresponding bi-
s(oxazoline) ligand was indicated by TLC analysis. The reaction was
quenched by addition of 20 mL of saturated NH,Cl (aq). The phase was
separated, and the organic phase was washed with saturated NaHCO;
(aq) and brine. After being dried over anhydrous Na,SO,, the solvent
was removed in vacuo and the crude product was purified by silica gel
column chromatography using petroleum ether/ethyl acetate (5:1) as
eluent.

10a: Prepared according to the general procedure from 545 mg
(0.95 mmol) of corresponding bis(hydroxyamide). The product was ob-
tained (345mg, 68% yield) as a white solid. M.p. 153-154°C; [a]} =
—355.4 (c 0.5, CH,Cl,); IR (neat): #=3063, 1642, 1592, 1485, 1449, 1323,
1263, 1118, 1073, 1031, 952, 749, 699 cm™'; '"H NMR (300 MHz, CDCL):
0=17.88 (dd, J,=7.5Hz, J,=15Hz, 2H), 7.42-7.48 (m, 2H), 7.14-7.32
(m, 12H), 6.87-6.89 (m, 5H), 6.75 (d, J=7.8 Hz, 2H), 4.96 (t, J=9.9 Hz,
2H), 4.35 (dd, J,=9.9 Hz, J,=8.7 Hz, 2H), 3.58 ppm (t, /=8.7 Hz, 2H);
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BCNMR (75 MHz, CDCly): 6=165.1, 147.9, 146.2, 141.6, 132.3, 132.1,
129.6, 128.8, 128.3, 127.3, 127.0, 124.8, 124.3, 120.6, 119.9, 74.7, 69.3 ppm;
MS (70 eV, EI): miz (%) 535 [M]* (100), 298 (30), 236 (12), 195 (39), 77
(16); elemental analysis calcd (%) for Cs;HyN;0,: C80.72, H 5.46,
N 7.84; found: C 80.79, H 5.56, N 7.84.

10b: Prepared according to the general procedure from 530 mg
(0.89 mmol) of the corresponding bis(hydroxyamide). The product was
obtained (465 mg, 93% yield) as a yellowish oil. [a]x=-92.1 (¢ 0.7,
CH,CL,); IR (neat): #=3061, 3027, 2894, 1650, 1592, 1486, 1449, 1356,
1323, 1288, 1265, 1076, 1031, 965, 748, 697 cm™'; 'H NMR (300 MHz,
CDCL): 6=7.73 (d, J=7.8Hz, 2H), 7.39 (t, J=7.6 Hz, 2H), 7.14-7.27
(m, 12H), 7.07 (d, J=7.5Hz, 4H), 6.92 (t J=72Hz, 1H), 6.76 (d, J=
7.8 Hz, 2H), 4.11-422 (m, 2H), 3.87 (t, J=8.7Hz, 2H), 347 (t, J=
79 Hz, 2H), 2.87 (dd, J,=13.6 Hz, J,=4.6 Hz, 2H), 1.90 ppm (dd, J,=
12.9 Hz, J,=10.2 Hz, 2H); "CNMR (75 MHz, CDCL): 6=164.2, 147.5,
145.7, 138.1, 131.9, 131.3, 129.1, 128.9, 128.7, 128.3, 126.2, 125.0, 124.1,
120.5, 120.1, 71.8, 66.9, 41.1; MS (70 eV, EI): m/z (%) 563 [M]* (100),
472 (25), 338 (32), 117 (22), 91 ppm (42); HRMS (EI) caled for
C33H33N;0,: 563.25728; found: 563.25783.

10c: Prepared according to the general procedure from 338 mg
(0.67 mmol) of the corresponding bis(hydroxyamide). The product was
obtained (176 mg, 56% yield) as a yellowish oil. [a]d=-90.5 (c 04,
CH,Cl,); IR (neat): #=3063, 2957, 2871, 1646, 1593, 1486, 1449, 1352,
1323, 1263, 1118, 1035, 966, 765, 748, 693 cm™'; 'HNMR (300 MHz,
CDClLy): 6=7.74 (d, J=6.6 Hz, 2H), 7.38 (t, J=7.0 Hz, 2H), 7.13-7.21
(m, 4H), 7.07 (t, J=7.8 Hz, 2H), 6.76 (t, J=7.4Hz, 1H), 6.66 (d, /=
7.8 Hz, 2H), 3.70-3.80 (m, 2H), 3.51-3.58 (m, 4H), 1.37-1.40 (m, 2H),
086 (d, J=6.6Hz, 6H), 0.7l ppm (d, J=6.6Hz, 6H); “CNMR
(75 MHz, CDCl;): 6=163.8, 147.2, 145.9, 131.8, 131.6, 129.1, 128.4, 125.2,
124.0, 1204, 119.9, 71.7, 70.3, 32.5, 19.1, 18.3 ppm; MS (70 eV, EI): m/z
(%) 467 [M]* (100), 424 (20), 338 (24), 297 (20), 196 ppm (15); HRMS
(EI) caled for C3,H33N;0,: 467.25728; found: 467.25663.

10d: Prepared according to the general procedure from 1.044 ¢
(1.44 mmol) of the corresponding bis(hydroxyamide). The product was
obtained (468 mg, 47 % yield) as a white solid. M.p. 190-191°C; [a]¥ =
—204.8 (c 0.5, CH,Cl,); IR (neat): 7=3062, 1645, 1591, 1489, 1451, 1323,
1158, 1032, 967, 749, 758, 696 cm™'; H NMR (300 MHz, CDCl,): 6=7.96
(d, J=7.5Hz, 2H), 7.38-7.45 (m, 4H), 7.29-7.34 (m, 6H), 7.17-7.24 (m,
10H), 7.11 (t, J=3.6 Hz, 4H), 6.99 (t, J=7.2 Hz, 1H), 6.76-6.81 (m, 6 H),
485 (d, J=99Hz, 2H), 471ppm (d, J=9.9Hz, 2H); “"CNMR
(75 MHz, CDClL,): 6=164.2, 148.8, 146.5, 140.9, 139.7, 132.5, 132.2, 130.0,
129.1, 128.6, 128.3, 128.0, 127.4, 127.2, 125.7, 125.0, 124.5, 120.7, 120.0,
89.1, 78.1 ppm; MS (70 eV, EI): m/z (%) 687 [M]* (100), 524 (13), 357
(25), 298 (30), 195 (32); elemental analysis calcd (% )for C,;HzN;O,:
C83.82, H5.42, N 6.11; found: C 83.81, H 5.58, N 6.09.

X-ray analysis of 7e: The crystal was measured on a Rigaku RAXIS
RAPID IP diffractometer at 293 K by using graphite-monochromated
Moy, radiation with 1=0.71073 A. The Rapid-AUTO site was used for
data collection and cell refinement. Computing data reduction was per-
formed using CrystalStructure (Rigaku/MSC, 2000). The structure was
solved by direct methods using SHELXS-97 (G. M. Sheldrick, 1997).
Full-matrix least-squares refinement on F was performed with
SHELXL-97 (G. M. Sheldrick, 1997). Refinement of F* against all reflec-
tions was performed. The weighted R factor wR and goodness of fit S are
based on F2, conventional R factors are based on F, with F set to zero for
negative 2. CCDC 631421 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/
data_request/cif.
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Pd"-Catalyzed Domino Heterocyclization/Cross-Coupling of a-Allenols and
o-Allenic Esters: Efficient Preparation of Functionalized Buta-1,3-dienyl

Dihydrofurans

Benito Alcaide,*”! Pedro Almendros,*" Teresa Martinez del Campo,*! and

Abstract: A mild, palladium(IT)-cata-
lyzed reaction of a-allenols with a-al-
lenic esters in a heterocyclization/cross-
coupling sequence, applicable to a wide
range of substitution patterns, has been

Rocio Carrascosa'®

well as substrates of increased steric
demand, such as tertiary a-allenols,
makes this novel sequence of hetero-
cyclization/cross-coupling an attractive
method in organic synthesis. The cur-

rent mechanistic hypothesis invokes a
regiocontrolled palladium(II)-mediated
intramolecular oxypalladation of the
free allenol component, that then un-
dergoes a cross-coupling reaction with

developed for the preparation of 2,3,4-
trifunctionalized 2,5-dihydrofurans.
Our studies indicate high levels of
chemo- and regiocontrol. The possibili-

. . . lectivity
ty of using optically active substrates as

Introduction

For a long period of time, allenes were considered as highly
unstable, which hindered development of the chemistry of
allenes. However, during the past decade the allene moiety
has developed from almost a rarity to an established
member of the weaponry utilized in modern organic syn-
thetic chemistry.!! Although many efforts have been made
for transition-metal-catalyzed cyclization of functionalized
allenes,” cross-coupling reactions of two different allenes
are almost unexplored. Ma et al. have reported the coupling
of 2,3-allenoic acids with 2,3-allenols, 1,2-allenyl ketones, or
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the allenic ester partner, followed by a
trans-f3-deacyloxypalladation with con-
comitant regeneration of the Pd" spe-

regiose- )
cies.

simple allenes,”’! while we recently communicated the cross-
coupling reaction between two different secondary a-allenol
derivatives.!!l On the other hand, 2,5-dihydrofurans, in addi-
tion to being structural motifs that are frequent in a wide
variety of natural products exhibiting interesting biological
activity,”! are useful building blocks in organic synthesis."
As a consequence, the development of practical synthetic
routes to access such structures is of major interest. In con-
tinuation of our interest in heterocyclic and allene chemis-
try,”! we report here full details of the novel heterocycliza-
tion/cross-coupling reaction of secondary a-allenols with o-
allenic esters, together with its extension to tertiary a-alle-
nols to give, in a single step, highly functionalized monocy-
clic or spirocyclic 2,5-dihydrofurans.

Results and Discussion

Precursors for the dihydrofuran formation, secondary a-alle-
nols 2a-j, were prepared in good overall yield beginning
from the appropriate carbaldehyde 1a-i (Scheme 1, Table 1)
by the regiocontrolled indium-mediated Barbier-type car-
bonyl-allenylation reaction in aqueous media.’! a-Allenols
(—)-2g, (+)-2i, and (+)-2j were obtained as single isomers.
Total diastereocontrol was not achieved for the indium-
mediated allenylation of enantiopure aldehyde (4 )-1h.

Chem. Asian J. 2008, 3, 1140-1145
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OH
1 R2 " A\’{
R'-CHO + — R
Br THF/NH,4CI (aq. sat.) \\
1 2

Scheme 1. Indium-mediated Barbier-type carbonyl allenylation of alde-
hydes 1. Synthesis of a-allenols 2.

However, the diastereomeric a-allenols (+)-2h and anti-
(+)-2h could be easily separated by gravity flow chromatog-
raphy. Configuration at the carbinolic chiral center of the
enantiopure o-allenols 2g and 2i was established using
Trost’s method by comparison of the 'H NMR chemical
shifts of their acetylmandelates 3-6 (Scheme S1 of the Sup-
porting Information).”’! Some a-allenols 2a—-j were protected
as the corresponding acetates or p-nitrobenzoates 7a-d
using standard chemistry (Scheme S2 of the Supporting In-
formation).

Initial studies evaluated the effectiveness of different o.-al-
lenol derivatives and catalysts (Scheme 2, Table 2). Aromat-
ic o-allenols were selected as initial test substrates. Our
early efforts focused on the reaction between a-allenol 2d
and a-allenic acetate 7b. The use of AuCl; resulted in a
complex mixture of unidentified products. Fortunately, pal-
ladium-based catalysts, such as Pd(OAc), or PdCl, in the ab-
sence of any oxidant, were found to promote (albeit in low
yield with Pd(OAc),) this new heterocyclization/cross-cou-
pling sequence in solvents such as MeCN or DMF at ambi-
ent temperature (Table?2). It was discovered that, upon
treatment with 5 mol% of PdCl, in DMF (0.2m), a-allenol
2d gave an impressive 90 % yield of the desired cyclization
adduct 8a when protected a-allenol 7b was used as the cou-
pling partner (entry 4, Table 2). No homodimerization prod-
ucts were detected. In addition, the domino cyclization reac-
tion is totally regioselective, giving exclusively the five-mem-
bered oxacycle. The free a-allenol component suffered het-
erocyclization to give a 2,5-dihydrofuran, while the protect-
ed a-allenol cross-coupling partner was embodied to the C4
carbon atom of the oxacycle as a 3-methyl-4-phenyl-buta-
1,3-diene functionality. When the allenic ester component
was suppressed in the PdCl,-catalyzed reaction, the a-alle-
nols 2 suffer a very slow low yielding homodimerization.*)

To further probe the scope of this transformation, we
tested the tolerance of the Pd"-catalyzed heterocyclizative

Abstract in Spanish: Se ha desarrollado un nuevo proceso
de heterociclacién/acoplamiento cruzado de dos a-alenoles
diferentes que permite obtener 2,5-dihidrofuranos 2,3,4-tri-
funcionalizados, compatible con una gran variedad de fun-
cionalidades en cualquiera de las agrupaciones alendlicas. El
proceso tandem ocurre con total regio- y estereoselectivi-
dad, asi como con conservacién de la integridad estereoqui-
mica cuando se utilizan sustratos optimamente activos. La
utilidad de esta nueva metodologia se ha demostrado con la
sintesis de B-lactamas y oxindoles espirdanicos, ambas estruc-
turas de relevancia bioldgica.
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Table 1. Preparation of a-allenic alcohols 2.

Aldehyde a-Allenol Yield [%]®
OH
QCHO e
99
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a 2a
OH
Me
Me 66
1b
2b
Br Br OH
CHO Me
= 97
ic 2c
oMp PMP
|\ O_QO 0" 0 oOH
_ Me 77
CHO
1d 2d
OH OH oH
Me
@i (j/\\ 96
CHO
1e 2
OH
0. v
N~ CHO -
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g Bn e} o N Bn 7
1i 2j

[a] Yield of pure, isolated product with correct analytical and spectral
data. [b] 5 mg (7%) of the epimeric compound anti-(+)-2h was also ob-
tained. Configuration at the carbinolic chiral center of the enantiopure o-
allenol (+)-2h was assumed to be the same as that for a-allenol (+)-2i;
which is in agreement with previous results in our group. PMP=4-
MeOC-H,.

cross-coupling to structural alterations at both the a-allenol
and protected o-allenol moieties. Additionally, vy-allenols
were found to be completely unreactive under these condi-
tions, and it was possible to chemoselectively couple o-allen-
ic acetate 7b and a-allenol 2 e, which bears an o- and a y-al-
lenol functionality on the same molecule. None of the cou-
pled phenolic y-allenol was obtained, giving exclusively the
product 8b by selective coupling to the a-allenol moiety
(Scheme 3). Since cyclization to the seven-membered ring is
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PMP
?o OH OAc MR
e Me catalyst
+ _—
solvent, RT
Me
()-2d (£)-7b

Scheme 2. Reaction between a-allenol 2d and a-allenic acetate 7b under modified metal-catalyzed heterocyc-

lization/cross-coupling. PMP =4-MeOC4H,.

Table 2. Metal-catalyzed heterocyclization/cross-coupling sequence of a-
allenol 2d and a-allenic acetate 7b.

Entry Catalyst!®! Solvent Time [h] Yield [%]®!
1 AuCl, CH,Cl, 24 L
2 Pd(OAc), DMF 24 10
3 Pd(OAc), MeCN 48 el
4 PdCl, DMF 4 90
5 PdCl, MeCN 9 55
[a] All reactions were conducted using 5 mol% of catalyst. [b] Yield of

pure, isolated product with correct analytical and spectral data. Disap-
pearance of starting 2d was observed in all cases. [c] A complex mixture
of unidentified products was obtained.

slower, it is also unable to compete. Next, we decided to use
heteroaromatic a-allenol derivatives as the reactants
(Scheme 3). Gratifyingly, buta-1,3-dienyl dihydrofuran 8¢
was obtained in reasonable yield. Therefore, we set out to
evaluate the tolerance of the cross-coupling process toward
the presence of stereocenters. Conversion of a-allenol 2g to
the desired functionalized optically active dihydrofuran de-
rivative 8d was smoothly accomplished. This result indicates
that the stereochemical integrity at the carbinolic allenol
carbon atom as well as the proximal stereocenter was re-
tained in the course of the allene-allene cross-coupling pro-
cess. No efforts have yet been made to develop the hetero-
cyclization/cross-coupling reaction for allenes bearing sub-
stituents at the terminal position. Therefore, the reaction
may only be limited to terminal allenes where chirality
transfer is not involved.

The development of new
synthetic methods for the effi-
cient construction of biologi-
cally active compounds is an
important field in organic
chemistry. In this context, nat-
ural products are of particular
interest as leading structures.
However, the isolation of new
natural products is rather diffi-
cult and time consuming.
Therefore, the concept of syn- OH
thesizing natural product hy-
brids and analogues, containing
two different pharmacophoric o Bn
subunits, has been recently de- (+)-2i
vised.'! Thus, we decided to
explore the above coupling se-

quence for the preparation of  at0°C);8h:5h.

1142
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(+)-2h R' = PMP, R? = MeO, R® = Me

(+)-2i R" = Bn, R = PMPCOO, R® = Me
(+)-2j R' = Bn, RZ = PMPCOO, R® = Ph
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2-azetidinone-tethered  buta-
1,3-dienyl  2,5-dihydrofurans,
which can be regarded as hy-
brids of the pharmacologically
relevant subunits of p-lactam
and dihydrofuran. Remarkably,
the heterocyclizative cross-cou-
pling between 2-azetidinone-
tethered allenols 2h—j and o-
allenic acetates 7 resulted in the achievement of f-lactam-—
dihydrofuran hybrids 8e-h in good yields (Scheme 4). Thus,
it was shown that the heterocyclization/cross-coupling of
two different a-allenol derivatives can be considered in a
complex synthetic planning.

Extrapolation of the coupling sequence of secondary a-al-
lenols to sterically more encumbered tertiary allenic alco-

(£)-8a

OH OH OAc

(%)-2e (£)-7b

(-)-29 (£)-7c (+)-8d (58%)

Scheme 3. Palladium-promoted preparation of five-membered oxacycles
8b-d. Reagents and conditions: a) 5 mol % PdCl,, DMF, RT; 8b: 6 h (the
reaction was carried out at 0°C); 8c: 2.5h; 8d: 4 h. Ar=p-tolyl. PNP=
4-NO,C4H,.

OAc
Me
a) R2
R4

R4

o)
(£)-7b R* = Me (+)-8e (75%)
(#)-7aR*=H (+)-8f (67%)
(#)-7b R* = Me (+)-89 (54%)

OAc

(+)-8h (59%)

(+)-7d

Scheme 4. Palladium-promoted preparation of 2-azetidinone-tethered buta-1,3-dienyl 2,5-dihydrofurans 8e-h.
Reagents and conditions: a) 5 mol % PdCl,, DMF, RT; 8e: 4 h; 8f: 2.5 h; 8g: 4 h (the reaction was carried out
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hols is not obvious.'"! Having in hand the precursors, a-alle-
nols 10a—g, which can be made in aqueous media starting
from a-oxolactams 9a-d by the indium-mediated Barbier-
type ketone-allenylation reaction (Scheme 5),!'” we decided

RZ
0 HO
In, 5°C
0 + R—= 0
N Br THF/H,0 N
R R
9aR' = Me (2)-10a R = Me, R? = Me (90%)
9bR'=H (2)-10b R" = H, R2 = Me (90%)
9aR' = Me (#)-10c R' = Me, R? = Ph (82%)
abR'=H (2)-10d R" = H, R? = Ph (61%)
o) 2 O/P
5 2_— R B
O>T/.WO R T\B /7?5‘3\\/0
r
o N\R1 THF/NH4CI (aq. sat.) g N‘R1
In, RT
(-)-9¢cR'=Bn (-)-10e R' = Bn, RZ = Me (94%)
(-)-9¢ R'=Bn (-)-10f R" = Bn, R? = Ph (98%)

(+)-9d R" = PMP (+)-10g R' = PMP, R3 = Me (74%)

Scheme 5. Indium-mediated Barbier-type carbonyl allenylation of ke-
tones 9. Synthesis of tertiary a-allenols 10 a-g.

to undertake a study of the potential use of more diverse al-
lenols in this novel domino reaction. Schemes 6 and 7 illus-

RZ
HO OAc " o) ) Me
e
o + Ar/\ A, \
N R?

9 !\: o Ar

R R
(+)-10a (+)-7b (#)-11a R! = Me, R? = Me (76%)
(+)-10b (+)-7b (3)-11b R = H, R? = Me (54%)
(#)-10c (#)-7b (#)-11c R" = Me, R? = Ph (50%)
(+)-10d (#)-7b (#)-11d R' =H, R? = Ph (65%)
hore PNPCOO

e S
N N

Me Br Me

(£)-10a (#)-7c (2)-11e (47%)

Scheme 6. Palladium-promoted preparation of spirocyclic oxindoles 11a—
e. Reagents and conditions: a) 5 mol % PdCl,, DMF, RT; 11a: 2 h; 11b:
2h;11c: 1.5h;11d: 45 h; 11e: 3.5 h. Ar=p-tolyl.

R?on Q‘% e Me C}LO H O Me
S + Ar)\\ 2 - "r/ \
N, N RZ  Ar
o R R! 0

(-)-10e (%)-7a (-)-12a R" = Bn, R? = Me, Ar = Ph (51%)
(-)-10e (+)-7b (-)-12b R = Bn, R2 = Me, Ar = p-tolyl (75%)
(-)-10f (%)-7b (+)-12¢ R' = Bn, R2 = Ph, Ar = p-tolyl (47%)
(+)-10g (4)-7b (+)-12d R" = PMP, R? = Me, Ar = p-tolyl (57%)

Scheme 7. Palladium-promoted preparation of spirocyclic f-lactams 12a—
d. Reagents and conditions: a) 5 mol % PdCl,, DMF, 0°C; 12a: 3 h; 12b:
45h;12¢:24 h;12d: 4 h.
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trate several examples of the heterocyclization/cross-cou-
pling methodology on tertiary a-allenols 10. All substrates
reacted efficiently to afford high yields of the isolated corre-
sponding spiro adducts 11 and 12. This provides a new mild
method for the synthesis of the spirocyclic p-lactam and ox-
indole frameworks, which are important structural motifs in
biologically relevant compounds as natural products and
pharmaceuticals."") Noteworthy cases include the chemose-
lective cross-coupling in the presence of the NH-lactam
moiety, which remains unchanged, and the heterocyclization
of hindered phenyl-substituted allenols.

Importantly, all products were obtained as single isomers,
that is, with complete E selectivity with regard to the newly
established C=C double bond. The cyclic structure (by
DEPT, HMQC, HMBC, and COSY) and the stereochemis-
try of the substituted alkene moiety (by qualitative homonu-
clear NOE difference spectra) of (E)-buta-1,3-dienyl dihy-
drofurans 8, 11, and 12 were established by one- and two-di-
mensional NMR techniques.

The formation of dihydrofurans 8, 11, and 12 can be ra-
tionalized through a novel heterocyclization/cross-coupling
reaction between a-allenols and protected allenols. A possi-
ble catalytic cycle is shown in Scheme 8. Regiocontrolled

OH
RS
RZ:
R*COOH Paicl, 2,10
R' o
HCI R *\
. 2,10 R®
—X—~ HO R?
CIPd(OCOR®) R*\
R O R? Pd'Cl R R Pd'cl
R 13
_ R o
RY R? OCOR®
Z“Me R?® = R“J\‘\M\i
Ré R*COO. H .
8,11,12 Me pd'Cl
R‘

14

Scheme 8. Mechanistic explanation for the palladium-catalyzed hetero-
cyclization/cross-coupling reaction.

palladium(IT)-mediated intramolecular oxypalladation of
the free allenol component 2 or 10 generates a palladadihy-
drofuran intermediate 13 that then undergoes a cross-cou-
pling reaction with the protected allenol partner 7. The cou-
pling of vinyl palladium(II) intermediates 13 with protected
allenols 7 leading to species 14 takes place regioselectively
at the central allene carbon atom of 7. Finally, trans-f3-de-
acyloxypalladation generates, in a highly stereoselective
manner, buta-1,3-dienyl dihydrofurans 8, 11, and 12 as
single E isomers with concomitant regeneration of the Pd"
species. It should be noted that the carbopalladation of 2,5-
dihydrofuranyl palladium intermediate 13 to form the corre-
sponding m-allylic palladium intermediate is totally chemo-
selective toward the allenic acetate 7; since homodimeriza-
tion from the coupling with another molecule of free allenol
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did not occur. Probably, the central allene carbon atom in
allenic esters 7 is more activated than in free allenols 2 or
10 because of the presence of the acetate group.

Conclusions

In conclusion, an atom-economic, selective, and highly prac-
tical one-pot synthesis of 2,3,4-trifunctionalized heterocycles
has been developed that efficiently affords racemic and
enantiopure (E)-buta-1,3-dienyl dihydrofurans. This mild
2,5-dihydrofuran-forming palladium(II)-catalyzed reaction
of a-allenols with a-allenic esters in a heterocyclization/
cross-coupling sequence is applicable to a wide range of sub-
stitution patterns. Finally, the utility of this novel heterocyc-
lization/cross-coupling sequence was demonstrated through
the preparation of spiro -lactams and oxindoles, which are
both chemically and biologically relevant moieties.

Experimental Section
General Methods

'"H NMR and “C NMR spectra were recorded on a Bruker Avance-300,
Varian VRX-300S, or Bruker AC-200. NMR spectra were recorded in
CDCl; solutions, except otherwise stated. Chemical shifts are given in
ppm relative to TMS ('H, 0.0 ppm), or CDCl; ("*C, 76.9 ppm). Low- and
high-resolution mass spectra were taken on a HP5989 A spectrometer
using the electronic impact (EI) or electrospray modes (ES) unless other-
wise stated. Specific rotation [a]p is given in 10" degem®g ™! at 20°C, and
the concentration (c¢) is expressed in g per 100 mL. All commercially
available compounds were used without further purification.

General Procedure for the Heterocyclizative Cross-Coupling between
a-Allenols and Protected o-Allenols

Palladium(II) chloride (0.005 mmol) was added to a stirred solution of
the corresponding a-allenol 2 or 10 (0.10 mmol) and the appropriate o-
allenic acetate or p-nitrobenzoate 7 (0.30 mmol) in N,N-dimethylforma-
mide (1.0 mL). The reaction was stirred under argon atmosphere until
disappearance of the starting material (TLC). Water (0.5 mL) was added
before being extracted with ethyl acetate (3x4 mL). The organic phase
was washed with water (2x2mL), dried (MgSO,), and concentrated
under reduced pressure. Chromatography of the residue eluting with hex-
anes/ethyl acetate mixtures gave analytically pure 2,3,4-trisubstituted 2,5-
dihydrofurans 8, 11, or 12.1'

(+)-8a: a-Allenol (£)-2d (50 mg, 0.16 mmol), after chromatography of
the residue using hexanes/ethyl acetate (10:1) as eluent, afforded com-
pound (£)-8a (68 mg, 90%) as a colorless oil; IR (CHCL): 7=
1725 cm™; '"HNMR (300 MHz, CDCl;, 25°C): =820 and 7.00 (d, /=
9.0 Hz, each 2H), 7.32 (m, 8H), 6.60 (br s, 1H), 5.99 (m, 1H), 5.36 (d,
J=1.5Hz, 1H), 5.00 (d, J=1.0 Hz, 1H), 4.87 (m, 2H), 3.91 (s, 3H), 2.36
(s, 3H), 2.04 (d, J=12 Hz, 3H), 1.53 ppm (m, 3H); *C NMR (300 MHz,
CDCl;, 25°C): 6=164.8, 164.0, 148.8, 144.6, 136.4, 1352, 134.9, 133.8,
133.7, 133.0, 132.4, 129.1, 128.8, 128.4, 128.3, 126.4, 122.8, 121.6, 114.4,
113.9, 86.7, 78.7, 55.5, 21.2, 15.8, 10.9 ppm; MS (ES): m/z (%) 467 (100)
[M+H]*, 466 (14) [M]*; elemental analysis caled (%) for C;H;,0,
(466.6): C 79.80, H 6.48; found C 79.94, H 6.44.

(+)-8e: a-Allenol (+)-2h (55 mg, 0.19 mmol), and after chromatography
of the residue using hexanes/ethyl acetate (20:1) as eluent, gave com-
pound (+)-8e (64mg, 75%) as a colorless oil; [a]p=4455 (c=2.1,
CHCL,); IR (CHCL): #=1742 cm™; '"H NMR (300 MHz, CDCl, 25°C):
0="7.48 and 6.79 (d, /=9.0 Hz, each 2H), 7.11 and 6.97 (d, /=8.0 Hz,
each 2H), 6.17 (br s, 1H), 5.29 (m, 1H), 5.21 and 4.58 (d, /J=1.2 Hz, each
1H), 4.72 (d, J=5.6 Hz, 1H), 4.68 (m, 2H), 4.56 (m, 1H), 3.67 and 3.65
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(s, each 3H), 2.33 (d, /=0.7 Hz, 3H), 1.84 (d, /=12 Hz, 3H), 1.67 ppm
(m, 3H); "*CNMR (300 MHz, CDCl,;, 25°C): 6=164.9, 156.3, 144.2,
136.2, 135.9, 134.9, 134.5, 133.5, 130.4, 129.3, 129.1, 128.6, 118.9, 114.2,
114.1, 86.9, 82.7, 77.6, 61.7, 59.4, 55.3, 21.1, 15.1, 12.0 ppm; MS (ES): m/z
(%): 446 (100) [M +H]™, 445 (11) [M]*; elemental analysis caled (%) for
CyH;NO, (445.6): C75.48, H7.01, N 3.14; found C 75.72, H 7.06, N 3.10.
(+)-11a: a-Allenol (+)-10a (50 mg, 0.23 mmol), after chromatography of
the residue using hexanes/ethyl acetate (5:1) as eluent, afforded com-
pound (+)-11a (66 mg, 76%) as a colorless oil; IR (CHCL): v=
1712em™; '"HNMR (300 MHz, CDCl;, 25°C): 6=7.37 (dd, J=7.6,
1.5Hz, 1H), 724 (m, 5H), 7.11 (td, /J=7.6, 1.0Hz, 1H), 6.85 (d, J=
7.8 Hz, 1H), 6.78 (br s, 1H), 5.48 (d, J=1.2 Hz, 1H), 5.20 (br s, 1H), 5.16
and 5.03 (dq, /=117, 2.0 Hz, each 1H), 3.23 (s, 3H), 2.37 (s, 3H), 2.10
(d, J=12Hz, 3H), 1.35ppm (t, J=1.9 Hz, 3H); “CNMR (300 MHz,
CDCl;, 25°C): 6=171.0, 144.0, 137.3, 136.5, 136.2, 135.0, 134.5, 131.2,
130.1, 129.6, 129.3, 128.9, 124.5, 123.2, 117.6, 114.9, 108.3, 105.0, 79.5,
26.3,21.2,15.5,9.7 ppm; MS (ES): m/z (%): 372 (100) [M+H]*, 371 (15)
[M]*; elemental analysis caled (%) for C,sH,sNO, (371.5): C 80.83,
H 6.78, N 3.77; found C 80.70, H 6.83, N 3.80.
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Covalent Attachment of Bacteriorhodopsin Monolayer to Bromo-terminated
Solid Supports: Preparation, Characterization, and Protein Stability

Yongdong Jin,**! Olga Girshevitz,™ Noga Friedman,™ Izhar Ron,'! David Cahen,'! and

Abstract: The interfacing of functional
proteins with solid supports and the
study of related protein-adsorption be-
havior are promising and important for
potential device applications. In this
study, we describe the preparation of
bacteriorhodopsin (bR) monolayers on
Br-terminated solid supports through
covalent attachment. The bonding, by
chemical reaction of the exposed free
amine groups of bR with the pendant
Br group of the chemically modified
solid surface, was confirmed both by
negative AFM results obtained when
acetylated bR (instead of native bR)

Mordechai Sheves*!*!

the FTIR spectrum. The coverage of
the resultant bR monolayer was signifi-
cantly increased by changing the pH of
the purple-membrane suspension from
9.2 to 6.8. Although bR, which is an ex-
ceptionally stable protein, showed a
pronounced loss of its photoactivity in
these bR monolayers, it retained full
photoactivity after covalent binding to
Br-terminated alkyls in solution. Sever-
al characterization methods, including
atomic force microscopy (AFM), con-

mono-
retinal

Keywords: adsorption -
layers photoactivity -

tact potential difference (CPD) mea-
surements, and UV/Vis and Fourier
transform infrared (FTIR) spectrosco-
py, verified that these bR monolayers
behaved significantly different from
native bR. Current—voltage (I-V)
measurements (and optical absorption
spectroscopy) suggest that the retinal
chromophore is probably still present
in the protein, whereas the UV/Vis
spectrum suggests that it lacks the char-
acteristic covalent protonated Schiff
base linkage. This finding sheds light
on the unique interactions of biomole-
cules with solid surfaces and may be

was used as a control and by weak

bands observed at around 1610 cm™! in

Introduction

The interfacing of functional proteins with solid supports is
a promising application for the development of devices for
bioelectronics, biosensors, and biooptics.[” Bacteriorhodop-
sin (bR) is a transmembrane retinal protein that serves as a
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significant for the design of protein-
containing device structures.

photochemical proton pump. It is found in the cell mem-
brane of Halobacterium salinarum, where it forms natural
two-dimensional crystalline arrays in the purple membrane
(PM).”! The purple membrane is usually called the bacterio-
rhodopsin membrane, or the bR membrane in short. Herein
we shall refer to the bR membrane as bR. Long-term stabil-
ity against thermal, chemical, and photochemical degrada-
tion, together with desirable photoelectric and photochromic
properties, has made bR a promising candidate for biologi-
cal device applications. Recently, a few studies were report-
ed that aimed at integrating a bR monolayer into semicon-
ductor nanobioelectronic devices® and current-carrying
junction devices.

To achieve the aim of device application, the preparation
of high-quality PM monolayers on solid supports is of cru-
cial importance. Attempts so far at immobilizing and pro-
cessing PM fragments onto solid supports were mostly
based on physical/chemical (noncovalent) attachment, in-
cluding the conventional Langmuir-Blodgett (LB)
method,®! electrical sedimentation,’ chemisorption,”! and
layer-by-layer electrostatic deposition.®*'”! Physical charac-
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terization and photoelectric measurements have indicated
that PM films formed by many of the above methods are
oriented to some degree, that is, the orientation of the sheet-
like PM fragments, in terms of which of its sides faces the
support, is nonrandom.®*! Additionally, a few attempts
toward the preparation of oriented PM monolayers through
covalent attachment by, for example, immunochemical mo-
lecular-recognition methods!"'"'? or the Au—S bonding of ge-
netic bR mutants,® have been described in the literature.
For fundamental studies, simpler techniques for the efficient
preparation of oriented PM films (especially monolayers)
are needed.

The immobilization of proteins such as antibodies or en-
zymes and the conservation of their activity may yield func-
tional surfaces suitable for use in many fields, including bio-
technology and materials science. However, some proteins
may undergo (partial) denaturation upon immobilization
onto solid supports. Whereas the protein—surface interac-
tions that govern the behavior of immobilized protein mole-
cules are not well-established, surface chemistry has been
shown to play a fundamental role in protein adsorption and
conformational changes for many types of proteins.'"*" As
for bR, although it is an exceptionally stable protein, and
our physical characterization as well as photoelectric mea-
surements have indicated that dry bR monolayers formed
by electrostatic interaction retain their photoactivity,***!
relatively little is known about the stability/activity of bR
after it has bound covalently to solid surfaces. The structural
stability of bR depends on many factors,'® including intra-
molecular and intermolecular interactions, protein-lipid in-
teractions, protein-retinal interactions, and even protein—
surface interactions, upon immobilization on solid surfaces.

Recent work by our group led to the preparation and
characterization of high-quality bR monolayers suitable for
solid-state devices and current transport.”** In the present
study, we report a new way of preparing PM monolayers on
bromo (Br)-terminated solid supports through covalent
binding. Bonding occurs upon chemical reaction of the ex-
posed free amine groups of bR with the pendant Br groups
of the chemically modified solid surface. The involvement of
an amine group in the binding process is supported by ex-
periments with modified bR, the amine groups of which
were acetylated to prevent covalent protein—surface bond-
ing. Unexpectedly, these bR monolayers lost (most of) their
photoactivity. To our knowledge, this is the first report that
clearly shows that bR, which is considered to be an excep-
tionally stable protein, can lose its photoactivity upon chem-
ical immobilization on a solid support. Several characteriza-
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tion methods—atomic force microscopy (AFM), contact po-
tential difference (CPD) measurements, and UV/Vis and
Fourier transform infrared (FTIR) spectroscopy—indicate
conformational alterations of the bR in the monolayer upon
reaction with the brominated surface. We suggest that these
changes led to the observed changes in optical absorption
and loss of photoactivity. Interestingly, current-voltage (/-
V) measurements indicate that the retinal chromophore
probably still occupies the binding site, but lacks the charac-
teristic protonated Schiff base linkage. This finding is signifi-
cant for the further understanding of protein-surface inter-
actions and their remarkable effect on bioactivity, an issue
that has considerable relevance for potential device applica-
tions of proteins, especially those that require integration
with existing or future (opto)electronics.

Results and Discussion
Binding and Orientation

Bromo (Br)-terminated solid supports were chosen for the
present studies because they provide groups that can react
with exposed protein amine groups. The bR protein has six
lysine residues located close to the protein surface, five of
which are on the cytoplasmic side. We used primarily a
short-chain Br-propyl trichlorosilane (C3-Br) molecule to
prepare self-assembled monolayers (SAMs) on solid sup-
ports, which are expected to bind the bR protein covalently
(Scheme 1). Figure 1a shows a representative atomic force

Br Br Br Br Br Br Br Br (NH,),-bR (in PM)

Bromo-terminated
solid support

PM monolayer on
solid support

(~HBr)

Scheme 1. Schematic representation of covalent attachment of a bR mon-
olayer on a bromo-terminated solid support by reaction of the exposed
free amine groups of bR with the pendant Br group of the monolayers.

microscopy (AFM) image of the resultant bR monolayer,
prepared with 20 mm Tris buffer (pH~9.2) on the Br-termi-
nated silicon surface. The roughly circular features, 0.5-1 um
in diameter and 5 nm thick, are the PM fragments. Typical
surface coverage was 20-30 %, similar to what was reported
for thiolated PMs on Au.”! The coverage did not change
after further thorough washing with 1M aqueous NaCl,
which would have washed off the physically adsorbed pro-
teins (e.g., proteins strongly attached to the surface by elec-
trostatic interaction). This observation strongly supports the
idea that the attached bR fragments are chemically bound.

To confirm the formation of a protein—surface covalent
bond, we washed the samples with ethanol. Figure 1b shows
a representative AFM image of the structured nanoporous
bR patches after washing with ethanol, a treatment that
would have removed physically adsorbed bR completely. A
relatively clean AFM picture was obtained, which we inter-
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Figure 1. a) Typical AFM topographical image of a PM monolayer on the C3-Br- terminated silicon surface, prepared from a pH 9.2 suspension of PM
fragments. b) Typical AFM image and line scan of a PM monolayer on the C3-Br-terminated Si surface, prepared from a pH 9.2 suspension of PM frag-
ments, after thorough rinsing with pH 9.2 Tris buffer, 1 M aqueous NaCl, and ethanol. The line scan shows that the average height of the features is about
3.5 nm (between the two markers). ¢) Typical AFM image of the C3-Br-terminated Si surface after deposition of an acetylated PM and thorough rinsing
with pH 9.2 Tris buffer and 1M aqueous NaCl. d) Typical AFM image of PM multilayers on the C16-Br-terminated Si surface, prepared from a suspen-
sion of pH 9.2 PM fragments, after thorough rinsing with pH 9.2 Tris buffer and 1M aqueous NaCl. The result was similar when the sample was prepared
from a pH 6.8 PM suspension.

pret as arising only from (presumably covalently) attached
bR and some captured embedded lipids (light dots in the
figure) that remained bound. The nanopores inside the PM
patches resulted from the removal of physically adsorbed
bR fragments. It is known that ethanol treatment of bR
films causes bR denaturation, leading to a net angle be-
tween the seven helical segments of the bR polypeptide and
the normal to the membrane plane of around 54.7°, as com-
pared to 0° for a native bR film.l'”! The thickness that we

1148 www.chemasianj.org
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measured for our ethanol-treated monolayer by section
analysis of the AFM picture, 3-4 nm (compare section anal-
ysis of AFM in Figure 1b), agrees well with this angle.

In principle, FTIR spectroscopy should be able to provide
direct experimental evidence of chemical bonding upon im-
mobilization of bR monolayers onto a Br-terminated sur-
face. However, in practice, the signal is too small to be dis-
cerned from the much stronger signal that originates from
the bulk of the protein polypeptide chain. Strong experi-

Chem. Asian J. 2008, 3, 11461155





Bacteriorhodopsin on Solid Supports

mental support for covalent bonding between the surface Br
group and bR amine residues was obtained by carrying out
a control experiment with acetylated instead of native bR.
Lysine residues with amine groups that are exposed on the
bR surface can be protected by acetylation." In such acety-
lated bR samples, there would be no free amine groups
available at the protein surface; therefore, there should not
be covalent bonds formed with the Br surface. Indeed, we
found that such samples could be washed off almost com-
pletely from the Br-terminated Si surface with pH 9 Tris
buffer or 1M aqueous NaCl (Figure 1c¢) after overnight incu-
bation.

As five of the six free lysine residues are located on the
cytoplasmic (CP) side, with the remaining one on the extra-
cellular (EC) side,”'" it is possible that these resultant bR
monolayers, prepared on Br-terminated surfaces, are at least
partially oriented, because the CP side of bR is the one that
is more liable to react with the Br-terminated support sur-
face. This possibility is supported by our AFM observations.
Previously, we found that a monolayer of PM fragments
(0.5-1 um diameter, in a suspension of pH~9) with approxi-
mately 70 % coverage can be prepared by electrostatic inter-
action.®®! Higher yields were not obtained probably due to
steric hindrance and interfragmental electrostatic repulsion.
In the present case of non-electrostatic immobilization, it is
reasonable to assume that about half of the bR fragments
settle from the aqueous suspension onto the surface with
their cytoplasmic side towards the surface, and about half
do the opposite, that is, settle with the extracellular face to-
wards the substrate surface. Furthermore, we can assume
that a major fraction of the extracellularly oriented frag-
ments would not bind to the surface (i.e., this fraction
would be washed off), as most of the lysine residues are lo-
cated on the cytoplasmic side. Therefore, the surface-cover-
age yield would be slightly over 25-30% (~50% of
~70% ), which agrees with the AFM observations. A similar
AFM observation was reported (and a similar explanation
was given) for Au-S bound bR mutants.'” Although com-
plete (100%) orientation is difficult to achieve, and we
cannot provide direct microscopic evidence for the degree
of orientation, macroscopic contact potential difference
(CPD) measurements (see below) confirm that these mono-
layers have an overall net orientation.

In contrast to the above results, preparations of monolay-
ers of bR on Br-terminated solid supports, modified with
much longer molecules such as 1-bromo-16-trichlorosilyl
(hexadecane) (C16-Br), gave much poorer coverage at both
pH 9.2 and 6.8, as can be seen from the AFM images (Fig-
ure 1d). In this case, there was a tendency for PM multilay-
ers and overlayers to form. A possible explanation is that
the pendent Br group may react with additional reactive
groups within the protein. After washing of these samples
with ethanol to remove bR that was not bound covalently,
the surface coverage of the resultant monolayer decreased
significantly (to <20%). This is in contrast to the case with
the shorter chains (C3-Br) at pH 6.8, as described below.
Therefore, we suggest that the observed PM multilayers and
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overlayers formed because they were caught between/on
surface-bound PM patches upon sample drying.

Surface Coverage

The coverage of bR monolayers is important not only for
maximizing protein signals at the monolayer level, but also
for more practical applications, such as protein-based sen-
sors and, as in the present case, the ability to prepare struc-
tures that are suitable for current-transport measurements.
We found that the coverage of bR monolayers increased sig-
nificantly from 25-30 to 80-90% by lowering the pH of the
incubated PM suspension to around 6.8 (with deionized
water) instead of using a suspension of pH~9.2 with 20 mm
Tris buffer. Figure 2 shows a representative AFM image of a
much denser, continuous bR monolayer on the C3-Br-termi-
nated Si surface. Line scan analysis indicates that the thick-
ness of the membrane is 5-6 nm, which is characteristic of
monolayer formation. Because of the improved coverage,
we used these monolayers for further characterization in
this study, unless otherwise stated.

This result is chemically counterintuitive because the
amine group is expected to react more efficiently with the
Br group at pH 9.2 than at pH 6.8, because at pH 6.8, the
amine group would be mainly protonated, which would pre-
vent nucleophilic attack on the alkyl bromide.”” However,
we can explain this behavior tentatively by realizing that
coulombic interactions between molecules, and between
molecules and the surface, compete with the desired cova-
lent-binding process. At high pH (9.2), if the negative
charge density of the PM is large enough, the electrostatic
interaction becomes the dominant driving force. This phe-
nomenon, along with steric hindrance due to the lateral size
of the PM fragments (0.5-1 um) at this pH value, makes it
difficult to obtain a good PM monolayer with a surface cov-
erage higher than around 70% by electrostatic deposi-
tion.®™ In a neutral medium (pH~6.8), the charge density
of the bR is too low for efficient electrostatic coverage,
which is driven by the coulombic attraction between the
fragments and the oppositely charged supporting surface.
Thus, for the same reason that neutral pH is not so effective
for electrostatic deposition,'” it may still be good enough
for chemical bonding, because there is less competition from
electrostatic deposition and less repulsion between PM frag-
ments than in a more basic medium. Furthermore, the PM
fragments in a neutral medium are smaller (as shown in the
AFM images in Figure 2), thus decreasing the steric-hin-
drance effect and further improving PM monolayer forma-
tion. Also, one should take into account that the pK, of the
amine group can be modified significantly if the group is
near the solid support in the vicinity of the Br group, which
may thus allow reaction even at pH 6.8.

Photoactivity of Surface-Bound bR

BR, in spite of its high stability, is known to denature (to
some extent) if spread over an air/water interface.'’l Al-
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Figure 2. Typical AFM images and line scans of a PM monolayer on the C3-Br-terminated Si surface, prepared from a suspension of pH 6.8 PM frag-
ments, after thorough rinsing with pH 9.2 Tris buffer. a) Scan range =1 um. b) Scan range =5 pm.

though it was previously confirmed that a dry bR monolay-
er, formed by electrostatic interaction, retains its photoactiv-
ity,*** the stability/activity of bR, if covalently bound to
Br-terminated solid surfaces, is not known. We used several
characterization methods, including AFM, CPD measure-
ments, and UV/Vis and FTIR spectroscopy, and verified
that these bR monolayers have different absorption maxima
to native bR and that they have lost their protein photoac-
tivity.

CPD Measurements

CPD measurements, in the dark and under illumination,
were used to evaluate the photoresponse of the as-prepared
oriented bR monolayers, because we found that this method
can probe the net orientation of bR in solid-state monolayer
preparations.®™ The changes in CPD between an Au refer-
ence and a sample surface, prepared on a degenerate n-Si
wafer, before and after illumination are shown in Figure 3a.
After protein attachment, the CPD values in the dark for Si/
C3-Br and Si/C3-BR monolayer samples were measured to
be (—0.35+0.05) and (—0.50+0.10) V, respectively, with the
variation due to the coverage. These results show that bR
attachment increases the work function, a finding that is
consistent with the PM layer adding an additional negative
surface dipole (dipole with its negative pole pointing to-
wards and its positive pole pointing away from the surface).
This fits with what is expected if the cytoplasmic side faces
the substrate.®?!! However, illumination with a green light
(28 mWem™?) caused no detectable change in the sample
surface photovoltage (SPV; the change in CPD upon illumi-
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Figure 3. Surface photovoltage (SPV) responses of monolayers of PM
and control silane on a) C3-Br-terminated and b) APTMS-modified de-
generate Si/SiO, substrate, after illumination (after 3 min in the dark)
with green light for 2 min. The light intensity was increased gradually
from 1 to 28 mW cm 2 between 3 (3.5 min for b)) and 5 min.
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nation), compared with the response of a control Br-termi-
nated surface without bR (there would be a small SPV due
to the Si substrate in both cases). In contrast, we previously
found that the response magnitude of the SPV of a native
bR monolayer, prepared by electrostatic deposition, in-
creased gradually and saturated at around 6 mV upon con-
tinuous illumination with green light (28 mW cm™2).")

As the bR monolayers have a net orientation with the cy-
toplasmic side facing the substrate, on the basis of the CPD
values in the dark, the lack of CPD photoresponse can be
ascribed to the effects of covalent binding and/or the sub-
strate on the photoactivity of bR. To clarify this possibility,
PM fragment monolayers were prepared by electrostatic
deposition onto (3-aminopropyl)trimethoxysilane (APTMS)
monolayer-modified” degenerate n-Si substrates, and CPD
measurements were performed on these samples. As shown
in Figure 3b, wupon illumination with green light
(28 mWcm™2), the SPV increased gradually with light inten-
sity and saturated at 4-5 mV (28 mW cm ?; after subtraction
of the control response). This effect is similar to that of PM
monolayers prepared by electrostatic deposition on AI/AIO,
substrates.’) Therefore, we conclude that a bR monolayer,
prepared by electrostatic deposition on Si, retains its photo-
activity, and the substrate effect on bR photoactivity can be
ruled out.

UV/Vis Spectroscopy

Our earlier work also showed that the UV/Vis spectra con-
firm that bR absorption and photoactivity are maintained in
monolayers prepared by electrostatic deposition.[! We sum-
marize those results as follows: upon green light (>495 nm)
illumination, the characteristic absorption of ground-state
bR, with a maximum at around 560 nm, disappears, and a
maximum at around 420 nm appears, thus indicating the for-
mation of a photochemically induced intermediate. The
system decays thermally to the original ground state over a
few minutes, as shown by the reappearance of the 560-nm
band and the disappearance of the 420-nm band.?

Figure 4 shows a representative UV/Vis spectrum of a
sample with two bR monolayers, one on each side of a C3-
Br-terminated quartz substrate (80-90% monolayer cover-
age on each side). The characteristic absorption of native
bR at around 560 nm was not observed, and the spectrum
did not change regardless of whether it was recorded in the
dark or upon illumination with green light. However, even
though the spectrum is noisy, a feature can be seen at short
wavelengths, including the 280-nm region, which originates
from the protein polypeptide backbone and is suggestive of
the presence of bR. After smoothing (Figure 4, inset), a
band centered around 380 nm was noted. This band can be
assigned to the formation of free retinal,” although its as-
signment to the retinal Schiff base cannot be completely ex-
cluded. These spectra, especially if compared with the spec-
trum of a noncovalently attached bR monolayer with similar
OD (optical density),*! are consistent with the idea that the
bR experienced a major conformational change or even de-
naturation.
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Figure 4. Raw UV/Vis spectrum of two PM monolayers on both sides of
the C3-Br-terminated quartz. Inset: spectrum after data smoothing. No

detectable change was observed upon illumination with green light or in
the dark.

To shed further light on the cause for such conformational
change after the reaction with the pendant Br group of the
chemically modified solid surface, we treated bR with alkyl
bromide in solution. This reaction did not affect the bR ab-
sorption maximum (568 nm in the light-adapted form).
Thus, we conclude that the reaction with the Br group itself
did not affect the protein conformation and stability; rather,
it is the covalent attachment to the solid support that affects
the protein conformation and stability.

AFM Measurements

AFM section analysis was performed to check for a possible
thickness difference that might be induced by bR conforma-
tional changes or partial denaturation. PM fragment mono-
layers with low coverage on C3-Br-terminated Si were se-
lected for characterization because the remaining bare areas
of the substrate can provide clear contrast. As a control,
electrostatically deposited PM fragment monolayers on
APTMS (C3-NH,)-modified Si, at low coverage, were
checked as well. Both types of samples were cleaned by rins-
ing with pH 9.2 Tris buffer and deionized water (without
rinsing with ethanol). AFM section analysis (Figure 5)
shows that the typical thickness of single PM patches is
around (5.0+0.5) and (5.5+0.5) nm for electrostatically de-
posited (photoactive) and covalently bound (photoinactive)
samples, respectively. Although the roughly 0.5-nm increase
in thickness of the PM patches is within the experimental
error, it may indicate that the protein conformation was al-
tered, which would fit the idea of some kind of conforma-
tional change in bR due to covalent bR binding to the Br-
terminated surface.

FTIR Spectroscopy

FTIR spectroscopy was previously used to characterize the
thermal stability and conformational changes of bR.>2
Here, we used attenuated total reflectance (ATR) FTIR
spectroscopy to analyze the adsorbed protein conformation.
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served at lower wavenumbers
(~1610 cm™") are often consid-
ered to arise from intermolecu-
lar bonding."** These spectra,
therefore, provide further evi-
dence for conformational alter-
ations of bR upon binding to
the Br-modified substrate.

Figure 5. Typical AFM images and line scans of PM patches deposited on a) the APTMS (C3-NH,)-terminated

and b) the C3-Br-terminated silicon surface.

The protein IR spectra show peaks arising mainly from
amide I/II bond vibrations. The amide I band (centered at
1700-1600 cm™') and the amide II band (centered at 1500
1600 cm™') are known to be sensitive to the conformation
adopted by the protein backbone and can, thus, be very
useful for determining the protein secondary structure.!'**"]
Previous FTIR spectroscopic results of electrostatically de-
posited (photoactive) bR monolayers on Si showed the
amide I (1659 cm™) and amide II (1546 cm™') signatures of
bR, which indicates that the PM monolayers comprise a
large fraction of the a-helix structure, and that the secon-
dary structure of bR is preserved at the interface. A similar
FTIR spectrum was reported for monolayers prepared by
the Langmuir-Blodgett method.”

Upon covalent attachment of bR monolayers onto a Br-
terminated Si surface, the amide I and II bands of the pro-
tein were centered at around 1650 and 1538 cm™!, respec-
tively (Figure 6). The frequencies of the amidel and II
bands underwent a blue shift by approximately 9 and
8 cm™!, respectively, relative to those of the PM monolayers,
prepared by electrostatic deposition. The observed blue shift
of the amidel and II bands indicates conformational
changes of the protein. Previous studies assigned the
(amide I) bands with maxima at 1655-1650 cm™' to a-heli-
ces, those at 1648-1644 cm™' to random chains, the features
at 1639-1635 cm™' to extended chains, and those at 1632—
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1 Current-Voltage (I-V)
Measurements

Previously, we found™ that cur-
rent transport through a bR
monolayer is affected consider-
ably by the presence of the ret-
inal chromophore. Only if retinal or an analogue was pres-
ent in the protein could we measure current (a few nA with
a nominal contact area of ~0.002 cm?), and only noise (pA
level) was measured if retinal was not present in the protein.
Therefore, -V measurements provide an indication for the
presence of retinal (or an analogue) in the protein.

0.06

1538 1650
0.04 ]

Absorbance / a.u.

0.02

T T T T 1
1500 1600 1700 1800 1900
v/cm™

Figure 6. FTIR spectrum of a PM monolayer on the bromo-terminated
silicon surface.
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I-V measurements were carried out with the high-cover-
age samples (80-90%; Figure 2) sandwiched between the
C3-Br-terminated substrate and an Au top electrode. On
each sample, several 0.5-mm diameter Au pads were depos-
ited by the soft “LOFO” (lift-off float-on) technique.” Fig-
ure 7a shows a typical I-V curve for the control C3-Br mon-

a)

204
15
< 104
p=1
=
04
54
40 05 00 05 10
VIV
b)
304
f
|
20 //
< 101 /
<= v

40 05 00 05 10
VIV

Figure 7. Typical room-temperature /-V curves of a) a degenerate Si/SiO,
(~2 nm)/C3-Br monolayer/Au planar junction and b)a degenerate Si/
Si0, (~2 nm)/C3-Br monolayer/PM monolayer/Au planar junction.

olayer measured at 293 K. A current of around —3 pA at
—1.0 V applied bias was observed, which is similar to the
current flowing through a monolayer of molecules with simi-
lar  chain  length, 3-mercaptopropyltrimethoxysilane
(MPTMS).BY The I-V curves are asymmetric, which is prob-
ably due to the asymmetric contacts with the molecules.
Typical currents through the covalently bound PM mono-
layer were 10-30 nA at —1.0 V, and the current asymmetry
with respect to the voltage became less pronounced than
that obtained without the bR monolayers (Figure 7b). The
junctions were less stable with respect to successive poten-
tial cycling than the previously reported bR monolayer junc-
tions! that were prepared by vesicle fusion. One plausible
cause is coverage, as the present samples have only 80-90 %
coverage, compared to >90% for those prepared by vesicle
fusion. However, the current magnitudes are comparable to
those measured for bR monolayer junctions, in which retinal
or retinal analogues are present in the protein.ll Therefore,
on the basis of our previous results,**? which showed that
retinal or an analogue has to be present in the protein to
obtain such a current magnitude, we conclude that retinal is
still present in the protein. This result, in combination with
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the structural information obtained from UV/Vis and FTIR
spectroscopy, indicates that, upon covalent attachment of
bR to the Br-terminated solid supports, the retinal-protein
linkage is altered due to protein conformational alterations
to some extent. These changes are sufficient for the proton-
ated Schiff base connection between retinal and the protein
to hydrolyze, although mere Schiff base deprotonation
cannot be completely excluded. In both cases, the protein
loses its photoactivity, but the retinal still remains within the
protein.

The exact reasons for the loss of protein photoactivity are
not yet clear. Notably, chemical attachment of the bR ly-
sines leads to the generation of HBr, which may be trapped
under or in the PM patch. The cytoplasmic half-channel is
wide enough to allow HBr to diffuse into. Due to its high re-
activity, the retinylidene Schiff base, as well as other func-
tionally important amino acids, may react and be irreversi-
bly modified, thus resulting in loss of protein photoactivity.
However, this mechanism is unlikely because it is
known®**! that in solution, bR retains its photoactivity even
at very low pH (pH <1). Furthermore, the concentration of
HBr would be very low under the reaction conditions. Some
other possibilities are that the bR in the present monolayers
is (partially) denatured, or that it is trapped in one confor-
mation. Such situations can lead to loss of protein photoac-
tivity if several Br groups that are bound to the surface
react with several lysine residues of one protein, because
these covalent bonds may distort the protein conformation
sufficiently to break the protein-retinal bond. If this explan-
ation is correct, decreasing the surface density of C3-Br
should have an effect. More studies, which include lowering
the C3-Br surface density, are needed to test these hypothe-
ses.

Conclusions

BR monolayers can be prepared on Br-terminated solid sup-
ports through covalent attachment by reaction of the ex-
posed free amine groups of bR with the pendant Br group
of the chemically modified solid surface. The bonding is con-
sistent with the results of AFM studies on surfaces obtained
with either native or acetylated bR, as well as with the re-
sults of FTIR spectroscopy. The coverage of the resultant
bR (sub)monolayers depends on the pH of the PM suspen-
sion, increasing as the pH changes from 9.2 to 6.8.

These as-prepared resultant bR monolayers lose their
photoactivity, as confirmed by several characterization
methods, including AFM, CPD measurements, and UV/Vis
and FTIR spectroscopy. Current-voltage measurements in-
dicated, however, that the retinal moiety is still present in
the protein but lacks its regular protonated Schiff base link-
age to the protein.

Similar reactions of bR in solution with alkyl bromide do
not lead to loss of photoactivity and, thus, do not appear to
affect the bR conformation and structure significantly. At
present, it is difficult to pinpoint the exact cause for the dif-
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ference in behavior in solution and on the solid surface. In
any case, the fact that the loss of protein photoactivity is in-
duced by the surface-confined chemical attachment of bR
on Br-terminated surfaces is clear. Because of this, it is also
tempting to suggest that several Br groups bound to the sur-
face in a condensed manner react with more than one lysine
residue located in one protein molecule. These covalent
bonds impose severe restrictions on the protein conforma-
tion, thus resulting in significant conformational alterations.
If this suggestion is confirmed by further studies, then it has
implications for the incorporation of proteins in semicon-
ductor-based technology, because it can provide guidelines
as to how to incorporate proteins in electronic devices
through tailored chemical bonding while maintaining their
biological functions completely or to a large extent.

Experimental Section

Preparation of Br-Terminated Self-Assembling Monolayers on Solid
Supports

Bromopropyl trichlorosilane (C3-Br) was purchased from Aldrich and
was distilled before use by kugelrohr distillation. 1-Bromo-16-trichlorosi-
lyl(hexadecane) (C16-Br) was prepared as reported in the literature.™
The material obtained herein was identical to the known material, as de-
termined by "H NMR spectroscopy.

For the preparation of self-assembling monolayers (SAMs) of trichlorosi-
lanes, different substrates were used: quartz slides (QSIL Quarzschmelze
Ilmenau GmbH, microscope slides made of synthetic QUARZGLASS,
class A acc. to DIN 58297, both sides polished) for characterization by
UV/Vis spectroscopy, n-Si wafers (both sides polished) for ATR FTIR
spectroscopy (Wafer World, Inc., prime grade, <100>, 2-10 Qcm resis-
tivity), n-Si wafers (one side polished) for ellipsometry and wettability
studies,; and degenerate n-Si wafers (one side polished, ~107° Qcm resis-
tivity) for electrical measurements.

Quartz slides and Si wafers were cut, rinsed in hexane, acetone, and etha-
nol for 30 s each, and dried in a filtered nitrogen stream. Samples were
pretreated in ozone (UVOCS apparatus) for 20 min. They were subse-
quently immersed in piranha solution (concentrated H,SO,/H,0,="70:30
(30% v/v)) at 80°C for 20 min. The samples were then washed three
times with deionized water and dried in a filtered nitrogen stream. Pira-
nha treatment yielded an oxide layer, which was measured by ellipsome-
try to be (1.740.3) nm thick, and a surface that was totally wetted by
water. All the substrates were used within 0.5 h.

Cleaned Si wafers (or quartz slides) were coated in a nitrogen-purged
glove box, in which ambient humidity was 24-28%, with a solution
(0.022 mm) of trichlorosilane (100 pL) in DCH (dicyclohexylphosphine)
(10 mL). Samples were withdrawn from the silane solutions after the in-
dicated deposition time (1 h), cleaned by sonication for 15 min in hexane,
mechanically wiped and washed with ethanol to remove physisorbed ma-
terial, and dried under a filtered nitrogen stream.

Preparation of PM Monolayer on Br-Terminated Solid Supports

A bulk suspension of PM fragments containing wild-type bR was pre-
pared as described elsewhere.” Two types of suspensions of PM frag-
ments (0.5 OD) with different pH values were used for monolayer prepa-
ration: one with Tris buffer (20 mm, pH=9.2), the other with only deion-
ized water (pH~6.8). A suspension of PM fragments with acetylated
bR (pH=~9.2) was used as a control to check the role of the free amine
groups of bR in chemical bonding. The solid supports, modified with Br-
terminated SAMs, were, after being cleaned with deionized water and
dried in a flow of nitrogen, immersed in a suspension of PM fragments
for >3 h at room temperature. The solid supports were then thoroughly
rinsed with pH 9.2 Tris buffer and Milli-Q water, after which they were
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ready for characterization. Samples used for checking chemical bonding
were further rinsed thoroughly with 1M aqueous NaCl and ethanol.

Monolayers of the PM fragments were prepared on the following solid
supports for detailed characterization: quartz slides for UV/Vis spectros-
copy, double-sided polished Si wafers for ATR FTIR spectroscopy, and
degenerate n-Si wafers (resistivity~10~> Qcm) for AFM and CPD and
I-V measurements.

For comparison and to check if there were any substrate effects on bR
bioactivity, PM fragment monolayers were also prepared by electrostatic
deposition onto a Si substrate modified by a monolayer of APTMS.*!

Reaction of bR with Alkyl Bromide in Solution

bR (1.6x107°M) was dissolved in phosphate buffer (1 mL, 20 mm, pH 7),
and a solution of ethyl bromide (40 equiv) in ethanol (20 uL) was added.
The reaction was allowed to proceed for 12 h, after which the solution
was centrifuged, and the resulting pellet was washed three times with
water and dissolved in phosphate buffer.

Instruments

The thickness of the monolayers was measured by using a variable-angle
spectroscopic ellipsometer Model M44 (J. A. Woollam Co.) with an Xe
source and a spot diameter of 1 mm. Ellipsometric measurements were
made after the equipment was calibrated against a 25.0-nm SiO, layer on
Si. Data were collected at take-off angles of 68-70° and at 44 wave-
lengths between 624 and 1109 nm. The thickness, deduced from the el-
lipsometry measurements, was compared to a theoretical thickness esti-
mated from the length of the fully extended chain of the SAM-forming
molecule, calculated by using PCMODEL (Serena Software). The thick-
ness used for comparison was from the Si atom of the silane to the most
remote atom on the chain.

AFM topographic images were acquired in tapping mode under ambient
conditions (Nanoscope IIla; Digital Instruments, Inc.) with a standard sil-
icon nitride cantilever. The UV/Vis spectra of bR monolayer membrane
on quartz glass were recorded in the dark or under green-light illumina-
tion with an 8540 diode-array spectrophotometer (Hewlett Packard Co.,
USA). CPD measurements were performed in the dark and under green-
light illumination by using a commercial (Besocke) Kelvin probe, as part
of a home-built setup, inside an N,-filled glove box (relative humidity
<20%). In this work, the green light was obtained with a tungsten halo-
gen light source and the combination of a cut-off filter (A>550 nm) and
a heat filter.

ATR FTIR spectra were recorded on a Bruker Vector 22 spectrometer
equipped with an MCT detector. Spectra of the as-deposited films were
collected with a 60x10x0.45 mm® Si parallelogram prism prepared in-
house by polishing the two short edges of a freshly cut double-sided pol-
ished Si wafer to a 45° angle. The background spectrum was collected
after piranha treatment of the cleaned ATR prism, and sample collection
was done after monolayer film deposition. The background spectrum of
the clean ATR prism was subtracted from each sample spectrum. Typical-

ly, we collected 1000 scans at a nominal spectral resolution of 4 cm™.

Current-Voltage Measurements

I-V measurements were carried out in a class 10000 clean room at 293 K
and 40 % relative humidity. /-V characteristics were measured by using a
W needle, connected to a micromanipulator to contact the Au pad (an
InGa drop on the Au minimizes mechanical (pressure) damage to the
film), and an HP 4155 semiconductor parameter analyzer, in the voltage
scan mode; these measurements were made under ambient conditions.
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Polymorphs and Polymorphic Cocrystals of Temozolomide
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Abstract: Crystal polymorphism in the
antitumor drug temozolomide (TMZ),
cocrystals of TMZ with 4,4"-bipyridine-
N,N'-dioxide (BPNO), and solid-state
stability were studied. Apart from a
known X-ray crystal structure of TMZ
(form 1), two new crystalline modifica-
tions, forms2 and 3, were obtained

conformer A is present in forms 1 and
2, whereas both conformers crystallized
in form 3. Preparation of polymorphic
cocrystals I and II (TMZ-BPNO 1:0.5
and 2:1) were optimized by using solu-
tion crystallization and grinding meth-
ods. The metastable nature of poly-
morph 2 and cocrystal II is ascribed to

unused hydrogen-bond donors/accept-
ors in the crystal structure. The intra-
molecularly bonded amide N-H donor
in the less stable structure makes addi-
tional intermolecular bonds with the
tetrazine C=0 group and the imidazole
N atom in stable polymorph 1 and coc-
rystal I, respectively. All available hy-

during attempted cocrystallization with
carbamazepine and 3-hydroxypyridine-
N-oxide. Conformers A and B of the
drug molecule are stabilized by intra-
molecular amide N—H-Njiguz0e and
N—H-" N eirazine interactions. The stable

crystal
bonds

Introduction

Polymorphs!"! and cocrystals™ are solid-state forms of com-
pounds used in pharmaceutical formulation, drug-life-cycle
management, and patenting.®’l The design and synthesis of
cocrystals™ by supramolecular-synthon strategies® is an im-
portant activity in crystal engineering. Temozolomide (8-car-
bamoyl-3-methylimidazo([5,1-d]-1,2,3,5-tetrazin-4(3 H)-one,

TMZ) is an antitumor prodrug against malignant melanoma
that acts by water-assisted tetrazinone ring opening and
DNA alkylation of the incipient cytotoxic form. Only one
crystal structure of TMZ has been reported;® it belongs in
the space group P2,/c with unit-cell parameters a=
17.332(3), b=7.351(2), c=13.247(1) A, f=109.56(1)°. Nine
unsolvated TMZ polymorphs were disclosed in a recent US
patent.’! However, the structural origins of polymorphism in
TMZ are not known because the various polymorphic forms
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drogen-bond donors and acceptors are
used to make intermolecular hydrogen
bonds in the stable crystalline form.
Synthon polymorphism and crystal sta-
bility are discussed in terms of hydro-
gen-bond reorganization.

hydrogen
supra-

were characterized and differentiated by powder X-ray dif-
fraction (PXRD) and IR spectroscopy. Accurate informa-
tion about hydrogen bonding and molecular packing in crys-
tal structures is only available by single-crystal X-ray diffrac-
tion.

Temozolomide has a more complex molecular structure
than pyrazinamide and isonicotinamide (Scheme 1). The
presence of carboxamide and N-heterocycle functional

H,NOC N

~N
ArNQN Ni_CONH, |
N \ | ¥
N\N.__N_ NG
s CONH,
o)

Isonicotinamide
Two polymorphs
CSD refcode EHOWIH

Temozolomide, TMZ
One crystal structure
CSD refcode DIPGIS

7~ N =\,
|

CONH,

Pyrazinamide
Four polymorphs
CSD refcode PYRZIN

Carbamazepine, CBZ 4,4'-Bipyridine-N,N'-dioxide, BPNO
Scheme 1. Comparison of the molecular structure of temozolomide with
those of pyrazinamide and isonicotinamide. There are more heterocycle
N acceptor atoms for the amide group in TMZ. CBZ and BPNO are the
cocrystal formers used in this study.
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groups in the same molecule is believed to be a favorable
structural feature for polymorphism and cocrystal formation
because of the possibility for N—H--N hydrogen bonding as
well as the usual N—H--O hydrogen bonds of the amide
group. For example, dimorphs of isonicotinamide and tetra-
morphs of pyrazinamide display differences in N—H--O and
N—H:-N hydrogen-bond synthons.®! The Cambridge Struc-
tural Database (CSD)® refcode identifiers of these com-
pounds are given in Scheme 1. Cocrystals of both pyrazina-
mide and isonicotinamide have been prepared with suitable
cocrystal formers (CCFs).'l The presence of tetrazine, imi-
dazole, and amide groups in temozolomide suggests that
crystallization experiments should yield polymorphs and
cocrystals of this important drug mediated through N—H--O
and several potential N—H--N hydrogen bonds. Herein, X-
ray crystal structures of two new polymorphs of temozolo-
mide and polymorphic cocrystals with 4,4’-bipyridine-N,N'-
dioxide (BPNO) are analyzed as hydrogen-bonded or syn-
thon polymorphs.
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Results and Discussion
TMZ Polymorphs

Crystallization of TMZ from common solvents such as
EtOH, iPrOH, acetone, and CH;CN by slow evaporation
gave single crystals that matched with the unit cell of form 1
reported at room temperature (CSD refcode DIPGIS10).1!
Reflections were collected at 100 K for better comparison
with structural data in this study. TMZ polymorphs 2 and 3
were obtained during attempted cocrystallization with car-
bamazepine (CBZ) and pyridine-N-oxide partners (see Ex-
perimental Section).

Form 1

This form crystallizes in the space group P2,/c (Table 1) with
two symmetry-independent molecules (Z'=2). Both mole-
cules adopt conformation A, which has an intramolecular
Numige H**Nimigazore bond to form a five-membered ring
(Scheme 2). The crystallographic definition of Z' is the
number of formula units in the unit cell (Z) divided by the
number of independent general positions for that space
group.'! Chemically speaking, Z' is the number of crystallo-
graphically unique molecules or conformers that tessellate
in space to build the crystal structure. TMZ molecules un-
dergo hydrogen bonding in the crystal structure through the
amide dimer synthon (N1-H1A--O3: 2.03 and 3.024(2) A,
167.7°; N7-H7A--O1: 1.84 and 2.855(2) A, 177.3°; D-H-A
measurements are given as H-A and D--A distances (A)
and D—H--A hydrogen-bond angle (°)) and extend as heli-
ces down the [010] direction through N7-H7B--04 (2.02
and 2.997(2) A, 160.7°) and C6-H6B--O1 (228 and
3.279(2) A, 151.5°) H bonds (Figure 1). Weak C—H--O, N—
H-N, and C—H-N interactions (Table 2) complete the crys-
tal packing.

Form 2

Cocrystallization of TMZ with CBZ or 3-hydroxypyridine-
N-oxide, with the intent of obtaining a 1:1 cocrystal, gave a
second polymorph of TMZ of the space group P2,/n with
conformation A (Z'=1). The amide dimer between inver-
sion-related TMZ molecules (N1-H1A--O1: 1.84 and
2.848(1) A, 170.1°) extends via C4-H4-02 (2.14 and
3.208(1) A, 165.0°) dimers as a one-dimensional tape paral-
lel to the [120] direction (Figure 2). There are helices of
C6—H6A-O1 (242 and 3.442(1) A, 1553°) and C6—
H6B-+N2 (2.61 and 3.276(1) A, 118.8°) interactions. Surpris-
ingly, the amide anti N—H moiety is not involved in conven-
tional intermolecular hydrogen bonds in this crystal struc-
ture.

Form 3

Cocrystallization of TMZ and CBZ gave blocklike crystals
that matched with the above two monoclinic crystal struc-
tures (same unit-cell parameters) and a few crystals with ir-
regular morphology. This latter crystal was found to be a
third polymorph of TMZ. There are now two conformers, A
and B (Z'=2; Scheme 2), in the space group P1. The amide
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Table 1. X-ray crystal-structure data of TMZ polymorphs and cocrystals.

A. Nangia et al.

T™Z T™Z T™Z TMZ-BPNO cocrystal I TMZ-BPNO cocrystal I1 TMZ-BPNO cocrystal I1I
form 1 form 2 form 3 (1:0.5) (2:1) (1:1)
Empirical formu- CHNO, CHNO, CHNO, (CHN:O;)-0.5(CiHgN,0,)  2(CHgNOg)-1 (CioHN,0,)  (CaHgNGOg)-(CoHN,0,)
la
M, 194.17 194.17 194.17 576.52 576.52 382.35
Crystal system monoclinic  monoclinic  triclinic triclinic monoclinic orthorhombic
Space group P2,/c P2/n P1 P1 P2,/c P2,2:2,
T [K] 100(2) 100(2) 293(2) 100(2) 100(2) 100(2)
alA] 172127(11)  6.8218(5)  8.500(2) 7.7599(8) 6.6957(5) 6.6838(15)
b[A] 72061(5)  7.4881(6)  10.004(3)  8.7874(9) 9.6801(7) 10.035(2)
c[A] 13.1651(8)  15.6303(12) 11.309(3)  9.8737(11) 37.654(3) 24.051(6)
al? 90 90 99.270(4)  68.754(2) 90 90
BI°] 108.868(1)  96.5340(10) 108.857(5)  74.454(2) 95.510(2) 90
v [ 90 90 109.192(5)  89.719(2) 90 90
Z 8 4 4 1 4 4
VAT 154521(17)  79325(11)  820.1(4)  601.37(11) 2429.3(3) 1613.1(6)
Oeatea [gem™] 1.669 1.626 1.573 1.592 1.576 1.574
w [mm™'] 0.132 0.129 0.125 0.122 0.121 0.119
Reflns. collected 15132 4173 8304 4532 24686 16058
Unique reflns. 2977 1560 3129 2115 4799 1816
Observed reflns. 2451 1428 1530 1892 4172 1542
R1 (I>20(1)) 0.0407 0.0366 0.0617 0.0435 0.0399 0.0719
wR2 (all) 0.0916 0.0903 0.0948 0.1129 0.1012 0.1329
GOF 1.020 1.050 0.948 1.042 1.043 1.126
1 H .. . Lo
H o \NLH H\ ; 01 clinic forms 1 and 2 are helical structures whereas, triclinic
N L (. 6 o= 'N C 6 form 3 is layered. The serendipitous discovery of new poly-
H . 2 N\\;ﬂ N2 = N\\wj H N2 = N\\'?' morphs during attempted cocrystallization is not totally sur-
zN\\/N Neen 2\ N Nech 2 XN Nech prising."¥! We did not isolate any cocrystals in the above-
\ﬂ/ B \g : \cl)r : mentioned experiments.

Conformer C
7T=-908"°

Conformer B
T=-1783"°

Conformer A
T=33°

Scheme 2. Conformers A, B, and C of TMZ. Conformer A (N—
H-*Njpigazoe bond in a five-membered ring) was taken from the X-ray
structure of form 1, and conformer B (N—H:*N . a,ine boOnd in a six-mem-
bered ring) was extracted from form 3. The putative conformer C (per-
pendicular amide group) was generated computationally. Conformer en-
ergies are listed in Table 3.

group flips over to make an intramolecular N, 4
H-*Nieirazine bONd in conformer B (six-membered ring). Al-
though Z’'=2 in both crystal forms 1 and 3, the two crystal-
lographically unique molecules have the same conformation
in the former case (7=-0.5, —3.5°) but different conforma-
tions in this latter crystal structure (z=5.1, 178.3°). The
presence of different conformers of the same molecule in
crystal structures, or conformational isomorphism due to
Z'>1, is an interesting chemical occurrence that is as such
not so common among polymorphic sets.'y The amide
dimer between conformers A and B (N1-H1A--O3: 2.11
and 3.114(4) A, 169.3°; N7-H7A--O1: 1.86 and 2.863(5) A,
171.7°) extends as 1D tapes through the C6—H6A--O4 inter-
action (2.44 and 2.989(5) A, 109.4°), as shown in Figure 3.
Such parallel tapes are connected by the N1-H1B---N8 (1.98
and 2.986(5) A, 174.0°) and C4—H4--O2 dimers (2.27 and
3.327(5) A, 164.6°) to form a 2D layer. Hydrogen-bonding
differences in the polymorphs will be discussed later. Mono-
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Powder X-ray Diffraction

The known form 1 (P2,/c) was found to be identical with a
patented form II1.7) PXRD of form 2 (P2,/n) compares well
with form IX of the same patent. That study provided an X-
ray crystal structure of TMZ form IX for which only PXRD
lines were reported.” Form 3, however (P1), was not report-
ed in that study (see Supporting Information, Figures S1 and
S2 for PXRD plots). We refer to these polymorphs as
forms 1-3.

Energy Relationships

It is difficult to measure the melting points of forms 1 and 2
(as an indicator of solid-form stability) because these com-
pounds decompose upon heating. The crystal density (0cycq)
follows the order form 1>form2>form3 (1.669, 1.626,
1.573 gcm™®). The original form 1 is the most stable poly-
morph according to the density rule.™ Lattice-energy calcu-
lations (Cerius?, COMPASS) are consistent with form 1 as
the stable polymorph (—33.19 kcalmol™'), followed by
form 2 (—32.04 kcalmol '). The metastable nature of form 2
is ascribed to hydrogen-bonding differences in the two crys-
tal structures. The amide syn NH moiety forms N—H--O hy-
drogen bonds in both structures. The anti NH moiety forms
N—H--N hydrogen bonds in form 1, whereas the donor is
not intermolecularly H-bonded in form 2 (Table 2 and Fig-
ures 1 and 2). Form 3 crystals of TMZ obtained in an earlier
experiment could not be reproduced in subsequent batches.

Chem. Asian J. 2008, 3, 1122-1133
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Figure 1. a) The carboxamide dimer of crystallographically unique mole-
cules (shaded differently) in TMZ form 1. The anti NH moieties are in-
volved in the N7—-H7B--O4 and N1-H1B--N11 bonds. b) Helices mediat-
ed by N-H--O and C—H-+O hydrogen bonds along the b axis are con-
nected by the amide dimer of symmetry-independent molecules.
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Table 2. Hydrogen-bond distances and angle parameters with neutron-
normalized N-H, O-H, and C-H distances.

Crystal Interaction H-A D-A D— Symmetry
structure Al [A] H--A code
[]
TMZ form 1 syn N1-H1A--O3 2.03  3.024(2) 167.7 —1+ux,y,
(amide C=0) —1+z
anti N1-H1B-~N2 244  2.804(2) 1002 -
(imidazole N)t#!
anti N1— 247  3393(2) 1507 1-—x, -1/
H1B--N11 (tetra- 24y, 32—z
zine N)
syn N7-H7A--O1 1.84 2.855(2) 1773 -1+x,y,
(amide C=0) —1+z
anti N7-H7B--N8  2.35  2.746(2) 101.6 -
(imidazole N)t!
anti N7—-H7B--04 2.02 2.997(2) 160.7 2—x, -1/
(tetrazine C=0) 24y,32—z
C4—H4--N5 246  3.519(2) 1634 x, 12—y, 1/
24z
C4—H4--N6 232 3.327(2) 1526 «x, 12—y, 1/
2+z
C6—H6A~N2 278 3.523(3) 1259 1-x1-yl-z
C6—H6B--0O1 228 3279(2) 1515 1-—x, -1/
24y, 12—z
C6—H6C--04 270 3.402(2) 1221 x,—-1+y,z
C10—H10--03 248  3.104(2) 1152 x, 32—y, -1/
2+z
C10—H10--N12 245  3487(2) 159.0 x, 32—y, —1/
2+z
C12—H12B-N2 246  3288(2) 131.8 1-—x, 124y,
32—z
TMZ form2 syn NI-HIA--O1 184 2.848(1) 1701 —x,2-y, —z
(amide C=0)
anti N1-H1B--N2 225 2.804(1) 107.1 -
(imidazole N)®!
C4-H4-02 214 3208(1) 1650 2—x,1-y,
-z
C6—HO6A--O1 242 3.442(1) 1553 3/2—x, -1/
24y, 124y
C6-H6A-N6 276  3524(2) 1268 1l+x,y,z
C6—H6B--02 2.69 3.302(1) 1153 52-x,1/
24y, 12—z
C6—H6B--N2 2.61 3276(1) 118.8 1/2+4x,1/
2—y, 124z
C6—H6C--0O1 2,65 3375(1) 1241 14x,y,z
TMZ form3 syn NI-HIA--O3 211 3.114(4) 1693 —x,1-y, —z
(amide C=0)
anti N1-H1B-~-N2 271 2.861(5) 879 -
(imidazole N)t!
anti NI-H1B--N8 198 2.986(5) 1740 x,y —1+z
(imidazole N)
syn NT-H7A--O1 186 2.863(5) 1717 —x,1-y, —z
(amide C=0)
anti N7— 229 3.036(5) 1292 -
H7B-N12 (tetra-
zine N)#
anti N7— 2.58  3.398(4) 1370 -x,1-y, —z
H7B-N11 (tetra-
zine N)
C4—H4--02 227  3327(5) 1646 1-x,—y, —z
C6-H6A 04 244 2989(5) 1094 1-x, -y,
1-z
C6—H6C-03 249  3476(5) 1514 1+4x,y,z
CI2-H12B--O1 244 3.136(4) 1206 x, 14y, z
www.chemasianj.org 1125
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Table 2. (Continued)

Crystal Interaction H-A DA D—  Symmetry
structure [A] [A] H-A code

TMZ-BPNO syn N1-H1A--O2 2.10

cocrystal I (tetrazine C=0)

(1:0.5) anti N1—H1B--N2 2.4
(imidazole N)L!
anti N1-H1B-~N2  2.10
(imidazole N)
C4—-H4--02 233

3.085(2) 1644 x,y 1+z
2.812(2) 1008 -
2.996(2) 1458 1-x,—y, —z

3398(2) 1664 1—x, —y,
1-z

C6-H6B--03 231 3.077(2) 1262 x,y,z
C6—H6C--02 2.80 3.710(2) 140.7 1—x, 1y,
1-z
C7-H7--03 2.03  3.092(2) 165.6 —x,2—y,
1-z
C8—HS8--N5 274 3.830(2) 1785 x,y, —1+z
C10-H10--N5 253 3.591(2) 1662 x,y, —l+z
C10-H10--N6 247 3344(2) 1369 x,y,—1+z
C11-H11--01 218 3.230(2) 1604 x,y, —1+z

TMZ-BPNO syn N1-H1A--O6 1.81
cocrystal Il (pyridine-N-oxide)
(2:1) anti N1—-H1B--N2 2.42
(imidazole N)®!
syn N7-H7A--O5 1.84 2.851(2) 1719 2—x, —y,
(pyridine-N-oxide) 2—z
anti N7-H7B--N8 238  2.789(2) 1029 -
(imidazole N)!
anti N1-H1B--06  2.47
(pyridine-N-oxide)
C4—H4--04 2.18
C6—H6C---05 2.49

2.826(1) 177.0 1-x, -1/
24y,3/2—z
2.790(2) 100.5 -

3375(1) 1477 —14x, .z

3.199(1) 1554 x,y,z
3.4638(2) 1484 2-x,1-y,
2—-z

C10—H10--02 214 3.156(1) 1540 x,y,z

C13-H13--N6 250  3.458(2) 1460 1+x, —1+y,
V4
Cl14-H14--01 206 3.129(1) 1685 1+x,—1+y,
V4
Cl16-H16-03 202 3126(1) 1665 x, 14y, z
C17-H17--05 229 3275(2) 1497 2-x, 1-y,

2—-z
3396(1) 173.8 1+4x, —14y,
z
3387(1) 1647 x,1+y,z
3.543(2) 1624 x,1+y,z
3.345(2) 1345 x,1+4y.z
2.857(6) 1672 12+x, -1/
2—-y, -z

C19-H19--01 231

C21-H21--03 2.33

C22—-H22--N11 2.49

C22—-H22--N12 2.49
TMZ-BPNO syn N1-H1A--03 1.86
cocrystal III  (pyridine-N-oxide)

(1:1) anti NI-HIB-~N2 235 2.764(7) 1031 -
(imidazole N)!
C4—H4--04 2.00 3.086(6) 173.6 1—x, -1/
24y, 12—z
C6-H6A-03 242 3.500(7) 1705 1+x, 14,z
C7-H7--04 211 3195(7) 1735 x, —14y.z
C8—H8--02 221 3256(6) 1614 1-x, 124y,
12—z
C11-H11--N5 242 3.362(7) 1440 —12+x,1/
2—y, —z2
C12-H12--03 217  3.240(7) 167.8 x, —1+y,z
C13—-H13--01 212 3.116(6) 150.5 —12+x,1/

2-y, -z

[a] Intramolecular hydrogen bond.

The disappearing nature!™ of crystal form 3 is due to desta-
bilization from strained conformer B, which is 1.44 kcal
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Figure 2. a) N-H--O and C—H--O dimers assemble in a tape motif in
form 2. The anti NH moiety of CONH, makes only intramolecular hydro-
gen bonds in this crystal structure. b) Helical arrangement of TMZ
through C6—H6A--O1 interaction along the b axis.

mol™" higher in energy than conformer A, as calculated with
Gaussian 03 (DFT, B3LYP/6-31G(d,p); Table 3). Conformer
energies were calculated by fixing the main torsion angles to
the experimental values while allowing bond distances to
relax at the nearest local minima. The difference in the
energy of the A and B conformers is due to electrostatics.
The electron densities at the imidazole and tetrazine N
atoms (N2 and N6) flanking the amide group are quite dif-
ferent. Electrostatic surface potential (ESP) charges at the
electronegative N atoms were computed in the putative per-
pendicular amide conformation C (Scheme 2) because intra-
molecular H bonding lowers the negative potential at the ac-
ceptor N atoms by about 20 kcalmol™' (compare the ESP
charge at the same N atom in conformers A and B vs. C;
Table 3). The electrostatic potential at the imidazole N2
atom is greater than the tetrazine N6 atom in conformer C

Chem. Asian J. 2008, 3, 1122-1133
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Figure 3. a) Amide N—H--O dimer of conformers A and B (capped-stick
and ball-and-stick models). b) N-H-+-O and C—H:-O dimers extend the
1D tapes into 2D sheets in form 3.

Table 3. Conformer energies and ESP charges."!

Conformer E ¢ N2—-C2— ESP charge
C1-N1
[kecalmol™] (7) [°] N2 (imidazole) N6 (tetrazine)
[kcalmol™] [kcalmol ']
A 0.00 33 —22.83 vl
B 1.44 —178.3 vl —10.01
C 7.38 -90.8 —40.41 —32.46

[a] Conformer energies were computed with Gaussian 03 (DFT, B3LYP/
6-31G(d,p)). ESP charges at the imidazole N2 and tetrazine N6 atoms
were calculated with Spartan 04 (RHF/6-31G**). [b] Overlap with the
electron density of the amide O atom that lies adjacent to the ring N
atom gave an unrealistically high value of —65.16 (N2) and —59.14 kcal
mol " (N6).

(—40.41 vs. —32.46 kcalmol™'; see Supporting Information,
Figure S3 for ESP maps). Hence, the intramolecular N—
H-*Ninidazole interaction (in a five-membered ring) of confor-
mer A should be stronger than the N—H-*N ,;..in. Interaction
(in a six-membered ring) of conformer B. Secondly, O,q—
Ninidgazole T€pUlsion in conformer B (N8&--O3: 2.82 A) would
be marginally more severe than O, ;qc—Niciazine T€PUISION in
conformer A (N6--O1: 2.96 A). The marginally greater re-
pulsion in conformer B could also be due to better overlap
of the lone-pair orbitals of the heterocycle N and amide O
atoms. Although the crystal lattice energy of form 3 is lower
than that of forms 1 and 2 (Table 4), the strained confor-
mer B destabilizes the total crystal energy of form 3. This
situation, namely, a strained conformer stabilized in a lower-
energy crystal environment, was found to be a general phe-
nomenon in sets of conformational polymorphs analyzed re-
cently.
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Table 4. Crystal-lattice energies® (U,,,) of TMZ polymorphs and cocrys-
tals computed with Cerius> (COMPASS force field).

Crystal structure T K] Conformer Uy [kecalmol ™)
Form 2 100 A —32.04
Form 1 100 A —33.19
Form 1 298 A —33.84
Form 3! 298 A+B —34.17
Cocrystal I (1:0.5) 100 A —33.27
Cocrystal IT (2:1) 100 A —30.32

[a] Per molecule. [b] The crystal structure of metastable form 3 could not
be redetermined at 100 K because it is a disappearing polymorph.

As there are occasional exceptions to the density rule in
polymorphs,['”! we verified the stability of polymorphs 1, 2,
and 3 through energy computations as well as packing frac-
tions (form 1: 74.9%; form 2: 72.7 %; form 3: 70.5%).

Temozolomide-4,4’-Bipyridine-V,N -dioxide Cocrystals

Carboxylic acid and carboxamide dimer homosynthons are
well-studied in crystal engineering.”) Acid-pyridine and
acid—amide heterosynthons (Scheme 3) have been profitably

£ H=0, o HN
L L
0—H O N—H -0
/
acid-acid amide-amide
/
0 -H—N O~ H /N
L A g
/ = 4 N=
0—H--0 O—H-N, Nt -G
acid-amide acid—pyridine amide-pyridine-N-oxide

Scheme 3. Some common homo- and heterosynthons in crystal engineer-
ing.

exploited for the preparation of pharmaceutical cocrystals.!'*!

We showed that cocrystallization of amide-type drugs with
pyridine-N-oxide partners (CCFs) gave crystal structures
sustained by the amide—pyridine-N-oxide heterosynthon
and/or amide dimer homosynthon." The scope of this
chemistry is extended through polymorphic TMZ-BPNO
cocrystals of 1:0.5 and 2:1 composition (cocrystals I and II)
and a 1:1 TMZ-BPNO cocrystal III.

TMZ-BPNO Cocrystal 1

Cocrystallization of a 2:1 molar ratio of TMZ and BPNO
from CH;CN/EtOH afforded a 1:0.5 TMZ-BPNO crystalline
adduct (cocrystal I, space group P1). TMZ has conforma-
tion A, and BPNO resides on the inversion center. The
amide syn N-H moiety interacts with the carbonyl acceptor
of tetrazine through N1-H1A--O2 (2.10 and 3.085(2) A,
164.4°), and the anti N-H moiety is bonded to the imidazole
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N acceptor (NI-H1B-+N2: 2.10 and 2.996(2) A, 145.8°).
With assistance from C4—H4--O2 interactions (2.33 and
3.398(2) A, 166.4°), a 1D tape of TMZ dimers runs along
the [001] direction. These TMZ tapes are sandwiched be-
tween ribbons of BPNO molecules to make a 2D sheet in
the (210) plane (Figure 4). Surprisingly, neither the amide

Figure 4. N-H--O and N—H--N hydrogen bonds between TMZ mole-
cules and C—H:---O interaction with BPNO in cocrystal I (1:0.5).

N—H:-O homodimer nor the amide—pyridine-N-oxide heter-
osynthon (Scheme 3) is present in this crystal structure. The
absence of these commonly observed synthons!" suggests
that there should be another polymorph.

TMZ-BPNO Cocrystal 11

Cocrystallization in dimethyl sulfoxide (DMSO) by slow
evaporation gave a 2:1 TMZ-BPNO cocrystal II in the space
group P2,/c. The chemical composition is the same as for
cocrystal I except that the structure now contains two mole-
cules of TMZ (conformer A) and one molecule of BPNO in-
stead of one and half a molecule, respectively. Cocrystals I
and II have the same molecular composition but different
crystal-packing arrangements, that is, they are polymorphs
of cocrystals.””) There are 33 cocrystal-polymorph sets up to
the January 2008 release of the CSDP! (see Supporting In-
formation, Table S1 for the refcodes), of which 24 structure
sets have strongly hydrogen-bonding functional groups, and
the remaining nine sets are sustained by weak C—H--O in-
teractions or m—m stacking. In cocrystal II, the amide syn
NH donors of crystallographically different TMZ molecules
(shown as capped-stick and ball-and-stick models in
Figure 5) undergo hydrogen bonding to the pyridine-N-
oxide O acceptors of BPNO through N—H--O bonds (N1—
H1A--06: 1.81 and 2.826(1) A, 177°; N7-H7A--O5: 1.84
and 2.851(2) A, 172°). However, the anti NH moiety of one
TMZ molecule makes no intermolecular contact, whereas
the contact is long for the second molecule (N1-H1B--O6:
2.47 and 3.375(1) A, 147.7°). Other weak interactions (C14—
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Long N-H--O

No intermolecular contact

Figure 5. a) Amide—pyridine-N-oxide H bonds in cocrystal IT (2:1). Sym-
metry-independent TMZ molecules are shown as capped-stick and ball-
and-stick models. b) Packing in cocrystal II. One anti N—H--O bond is
long (2.47 A), whereas the other anti NH donor has intramolecular N—
H:N interaction only.

H14--01: 2.06 and 3.129(1) A, 168.5°; C19—H19--O1: 2.31
and 3.396(1) A, 173.8°) are listed in Table 2.

TMZ-BPNO Cocrystal 111

Besides polymorphic cocrystal structuresI and II, a 1:1
TMZ-BPNO cocrystal III was obtained from N,N-dimethyl-
formamide (DMF) in the chiral space group P2,2,2,. BPNO
forms a linear 1D ribbon of C—H:--O dimers (C12—
H12--03: 2.17 and 3.240(7) A, 167.8°; C7-H7--04: 2.11 and
3.195(7) A, 173.5°). A TMZ molecule is bonded to one of
the N-oxides from the amide syn NH bond (N1-H1A--O3:
1.86 and 2.857(6) A, 167.2°). The crystal structure has alter-
nating tapes of TMZ and BPNO molecules in a 2D sheet
(Figure 6). Here, too, the amide anti NH moiety has no in-
termolecular contact. Cocrystal III is a layered structure
(similar to cocrystal I) and contains alternate tapes of TMZ
and BPNO linked by the amide—pyridine-N-oxide H bond.

LI Py A XX XSy
o "%Qﬁ &% =

Figure 6. Amide—pyridine-N-oxide H bonds in cocrystal IIT (1:1). There
are alternate tapes of TMZ and BPNO molecules in the 2D sheet struc-
ture. The anti NH donor makes an intramolecular N—H--N interaction.
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In comparison, cocrystal I has linear tapes of TMZ dimers
sandwiched between ribbons of BPNOs in a 2D sheet. The
amide anti NH moiety was often found not to make inter-
molecular contacts because it is a weaker hydrogen-bond
donor than the syn NH moiety of primary amides."!

A likely reason for cocrystallization in multiple composi-
tions of 1:0.5, 2:1, and 1:1 is the presence of different N/O
acceptor groups in temozolomide. The amide syn NH
moiety bonds to the temozolomide C=O group or the pyri-
dine-N-oxide O atom, and there are differences in anti NH
bonding (Figures 4-6). An issue that remains to be ad-
dressed in cocrystals I-III is that they are not classified as
pharmaceutical cocrystals??*! because of the BPNO compo-
nent. Cocrystallization of TMZ with GRAS (generally re-
garded as safe) molecules and excipients that contain car-
boxylic acid or carboxamide functional groups is a potential
pharmaceutical solution.??

Grinding Experiments

There has been renewed interest in mechanochemistry.”!

When cocrystal II was ground in a ball mill for 1 h, it was
completely converted into cocrystal I, according to compari-
son of the PXRD data. Further grinding of cocrystal I did
not indicate any phase change, which suggests that cocrys-
tal I is more stable than II (Figures 7 and 8). The metastable
nature of cocrystal I may be traced to the unused NH
donor in intermolecular hydrogen bonding.

The density of cocrystal I is higher than that of II (1.592,
1.576 gcm ™3, respectively; packing fraction: 74.1, 73.2%, re-
spectively). Lattice-energy (Table 4) calculations place co-
crystal I (—33.27 kcalmol™!) as substantially more stable
than II (—30.32 kcalmol ™), given that energy differences be-
tween polymorphs are generally small. It is difficult to infer
cocrystal stability from melting points because of compound
decomposition. Attempts to determine the stability of the
cocrystal forms as a function of temperature were frustrated
by the decomposition of the BPNO component. Solution-
mediated transformations and a study into the effect of ul-
trasound on phase transitions are under way.

Synthon Polymorphism

Supramolecular-synthon-based polymorphism, or synthon
polymorphism, has been reported in the literature.”*52%1 A
few common examples of synthon polymorphs are sulfathia-
zole,! isonicotinamide,®™ and tetrolic acid.”®! Differences
arise due to different hydrogen-bond synthons.*”! Poly-
morphic crystal structures of hydrogen-bonding functional
groups may be analyzed at two levels: the primary level of
the cyclic synthon or strong Hbonds and the secondary
level of single H bonds or weak interactions. Crystal struc-
tures I-1II have different primary synthons. Cocrystal I has
tapes of amide N—H-+-O bonds and N—H--N dimers, where-
as cocrystal II has amide—pyridine-N-oxide synthons. The
anti NH moiety engages in N—H--N bonds in I, whereas it
makes long N—H---O contacts and no intermolecular H bond
in the two symmetry-independent molecules of cocrystal II.
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Figure 7. Powder X-ray diffraction patterns. a) Freshly prepared cocrystal
II (100% purity). b) Pure cocrystal II ground in a mechanical ball mill
for 1 h, showing a quantitative transformation into cocrystal I. ¢) Further
grinding for 1 h showed no change (cocrystal I recovered). These phase
transitions indicate that cocrystal I is the thermodynamic phase and coc-
rystal IT is a metastable polymorph. The black trace is the experimental
PXRD, and the gray lines were simulated from the X-ray crystal struc-
ture. The observed and calculated peaks match well. The small shift in 26
values between the observed and calculated lines is because the powder
diffraction was recorded at 300 K but the X-ray crystal structures were
determined at 100 K.

The weaker TMZ C—H--O dimer and BPNO C-H--O
dimer are present in both crystal structures; they are similar
at the secondary-synthon level. Cocrystal III (1:1) is exclud-
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Figure 8. Hydrogen-bond reorganization in TMZ-BPNO cocrystal II (2:1; a) to cocrystal I (1:0.5; b). Cocrystal II has a strong amide-pyridine-N-oxide
N—H--O bond. The unused amide anti N-H donors in cocrystal II (a); see thin double arrows) move close to the imidazole N acceptors in cocrystal I (b)
by 45° rotation and a translation of about half a molecular length. One strong N—H--O bond is broken and replaced by N—H--O and N—H-N bonds.

Molecular rotation and translation in a) are indicated by thick arrows.

ed as it is not polymorphic to I and II. Polymorphs 1, 2, and
3 have the same amide dimer of the R?,(8) graph set,”® but
the anti NH moieties make different intermolecular interac-
tions: N—H---O and N—H--N in form 1, no short contact in
form 2, and N—H--N in form 3. To summarize, the primary
N—H--O dimer synthon is the same in TMZ polymorphs,
but the secondary N—H--N/N—H:-O hydrogen bonds are
different. In contrast, the primary synthon is different in the
cocrystals, but the secondary C-H:-O synthons are the
same. Synthon comparisons for Figures 1-5 are summarized
in Scheme 4 (see also Supporting Information, Figure S4).

The identification of unused hydrogen-bond donors/ac-
ceptors in crystal structures has attracted special mention.*’)
Etter® proposed hydrogen-bonding rules in molecular crys-
tals. The first rule states that “all good proton donors and
acceptors are used in hydrogen bonding.” Thus, molecules
with strong donors, such as O-H, N-H, and C=0O acceptor
are expected to form conventional hydrogen bonds. Alloxan
is the archetypal amide with strong NH donors and C=0 ac-
ceptors, but these groups hardly engage in conventional hy-
drogen bonds.”**¢! When such strong hydrogen bonds are
absent, the acceptor may seek out C-H donors to form
weak hydrogen bonds.”! Carbamazepine polymorphs are
sustained by the persistent amide dimer, but the anti NH
donor is not involved in intermolecular H bonding owing to
the geometric constraint of the dibenzapine ring®!! and the
absence of other heteroatom acceptors in the molecule.

The analysis of crystal structures as synthon polymorphs
is helpful in explaining polymorph stabilities. The facile
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Scheme 4. Synthon polymorphism in temozolomide polymorphs 1-3 and
cocrystals I and II. Molecular fragments are truncated. See Supporting
Information, Figure S4 for secondary synthons in TMZ forms 1-3.

phase transition of TMZ-BPNO cocrystal II to I upon grind-
ing may be understood by stabilization owing to the greater
number of hydrogen bonds in the product. Although the
amide-pyridine-N-oxide N—H:-O bond in structure II (1.81
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and 1.84 A) is quite strong (more stable than amide N—
H-O by ~3kcalmol™), the unutilized anti NH donor
and heterocycle N acceptor make the crystal structure kinet-
ically metastable. The single strong N—H--O bond in struc-
ture IT is replaced by two H bonds in I: N—H--O with the
tetrazine C=0O group and N—H--N with the imidazole N
atom (Figure 8). Similarly, the unused anti NH donor in
metastable TMZ form 2 participates in an intermolecular
N—H--O bond in form1 after molecular reorganization
(Figure 9). The helical architecture persists before and after
reorganization (see Supporting Information, Figure S5).
Form 1 is more stable than 2 by 1.15 kcalmol !, and cocrys-
tal I is lower in energy than II by 2.95 kcalmol™" (Table 4).

a)

Figure 9. Hydrogen-bond reorganization of form 2 (a) to form 1 of TMZ
(b). The unused amide anti N-H moiety in form 2 (a); thin arrows) un-
dergoes a translation of half a molecular length to make an intermolecu-
lar N—H--O bond in form 1 (b). This pathway accounts for the major and
minor composition of forms 1 and 2 in concomitant crystallization. See
also Supporting Information, Figure S5.

Dimorphs of the pigment 2,9-dichloro-5,12-dihydroquino-
(2,3-b)acridine-7,14-dionet? typify a similar situation. Two
unused NH donors and C=0O acceptors in the black poly-
morph (—50.26 kcalmol™, Cerius?) make N—H--O bonds in
the red form (—59.93 kcalmol™). All these cases character-
ize unused/partially used donors/acceptors in the metastable
structure and maximal intermolecular hydrogen bonding in
the stable modification. The potential of synthon classifica-
tion for polymorphs goes beyond structural analysis to the
understanding and control of crystallization. The dimer and
catemer synthons of tetrolic acid in the solid state are relat-
ed to the corresponding structural motifs in solution.”®!
Crystallization of metastable form I sulfathiazole is promot-
ed in the presence of N-acetylsulfathiazole because the addi-
tive inhibits the growth of forms II-IV (synthon mimi-
cry).[ZSb]
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Conclusions

X-ray crystal structures of three polymorphs and three coc-
rystals of temozolomide are reported. Only one crystal
structure of TMZ and no cocrystals were known prior to
this study. A new strained conformer B of temozolomide is
isolated as form 3, but the crystallization could not be repro-
duced because it is a disappearing polymorph. Crystal-struc-
ture analysis as synthon polymorphs at the primary and sec-
ondary level highlights similarities and differences in their
hydrogen bonding. The crystal-form stability determined in
experiments and computations is consistent with hydrogen-
bond-reorganization pathways that utilize unused donors/ac-
ceptors in the metastable form to make intermolecular hy-
drogen bonds in the stable polymorph. Our results show
that structural relationships in the growing subset of poly-
morphic cocrystals®™ are of similar origin to those of the
well-studied molecular polymorphs.

Experimental Section
Preparation of Polymorphs and Cocrystals

Temozolomide was supplied by Dabur Research Foundation, India. Crys-
tallization of TMZ from common solvents such as EtOH, /PrOH, ace-
tone, and CH;CN by slow evaporation resulted in single crystals of the
known monoclinic form 1. Attempted cocrystallization with CBZ in a
1:1 molar ratio (TMZ: 25 mg, 0.127 mmol; CBZ: 30 mg, 0.127 mmol) by
dissolving the components in EtOH (5 mL) followed by slow evaporation
of the solvent gave single crystals. The needle-shaped crystals had a mon-
oclinic unit cell, and a few irregularly shaped crystals were triclinic. The
observed cell parameters are different from the known crystal structure,
and we designated these polymorphs as forms2 and 3 (Table 1). At-
tempts to reproduce form 3 (disappearing polymorph)!"”! gave a concomi-
tant mixture of form 1 (plate or block morphology, dominant) and form 2
(needle-shaped, minor) but no form 3. Form 2 was also obtained by coc-
rystallization of TMZ and 3-hydroxypyridine-N-oxide in MeOH. No coc-
rystals were obtained in these experiments.

Cocrystals were prepared with the BPNO partner molecule."”! The stoi-
chiometry was determined by the functional-group ratio of the binary
system. Cocrystallization of a 2:1 molar mixture of TMZ (50 mg,
0.257 mmol) and BPNO dihydrate (27 mg, 0.128 mmol) in CH;CN/EtOH
(3:1) gave cocrystal I of TMZ-BPNO (1:0.5). A novel hydrate form of
TMZ appeared concomitantly (see Supporting Information, Figure S6).1**!
When the crystallization solvent was changed to DMSO, cocrystal II re-
sulted (2:1), with a different space group (Table 1). Larger batches of
cocrystal II were prepared by ultrasonication™ of a 2:1 molar mixture of
TMZ and BPNO in MeOH (5 mL) for 5 min. A third cocrystal (III) of
1:1 stoichiometry was obtained by cocrystallization of TMZ (50 mg,
0.24 mmol) and BPNO dihydrate (52 mg, 0.24 mmol) from DMF (5 mL).

X-ray Crystal Structures

Reflections on single crystals of TMZ polymorphs and cocrystals were
collected on a Bruker SMART-APEX CCD X-ray diffractometer (Mog,
radiation, 1=0.71073 /°\). SMART was used for collecting frames, index-
ing reflections, and determining lattice parameters. The integration of re-
flection intensity and scaling was carried out with SAINT. Absorption
correction was done with SADABS,* and SHELX-TLP" was used for
space-group determination, structure solution, and least-squares refine-
ment on F* to give a satisfactory R factor (Table 1). Structures were
solved by direct methods. Amide hydrogen atoms were located in differ-
ence electron density Fourier maps and refined isotropically. Non-hydro-
gen atoms were refined anisotropically. CH hydrogen atoms were gener-
ated geometrically and allowed to ride on the bound heavy atom. X-
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Seed®! was used to prepare the figures and packing diagrams. CCDC-
665056 (TMZ monohydrate), -665057 (TMZ BPNO cocrystal I), -665058
(TMZ BPNO cocrystal II), -665059 (TMZ BPNO cocrystal III), -665060
(TMZ form 1), -665061 (TMZ form 2), and -665062 (TMZ form 3) con-
tain 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.

Powder X-ray Diffraction

PXRD was performed on a PANalytical 1830 (Philips Analytical) diffrac-
tometer with Cuy, X-radiation (1=1.54056 A) at 35kV power and
25mA current over the 26 range 5-50° at a scan rate of 1°min~'. The
Powder Cell 2.3 program!®! was used for the least-squares refinement and
to generate calculated diffraction patterns from the X-ray crystal struc-
tures.

Solid-State Grinding

Cocrystal II (75 mg) was ground in a ball mill for 60 min. The sample was
shaken in a Wig-L-Bug-type mixer mill equipped with a 5-mL stainless-
steel grinding jar and balls 4 mm in diameter. Grinding was performed at
an oscillation rate of 20 Hz. PXRD showed that cocrystal II was com-
pletely converted into cocrystal I. When cocrystal I was ground in a ball
mill for 60 min, there was no visible change in the diffraction pattern.

Computations

Conformer energies were calculated with Gaussian 03 (DFT, B3LYP/6-
31G(d,p)).*! As the observed conformation in the crystal structure is
usually different from the gas-phase-minimized conformer and often
higher in energy, constrained optimization of the crystal conformer was
carried out by keeping the main torsion angles fixed but allowing the
bond lengths/distances and angles to relax at the nearest local minima
(E.on)" Lattice energies were computed in Cerius® with the COMPASS
force field."!! Crystal structures were minimized (U, by allowing small
variations in cell parameters but not gross differences between the calcu-
lated and experimental crystal lattice. The electrostatic potential map of
the conformers A and B as well as the perpendicular amide conforma-
tion C were computed with Spartan 042 (RHF/6-31G**; see Supporting
Information, Figure S3).

Cambridge Structural Database

The CSDY (version 5.29, November 2007, ConQuest 1.10, January 2008
update) was searched for cocrystal polymorphs. The parameters “all poly-
morphic structures with 3D coordinates determined”, “no errors”, “no
polymeric”, and “no ions” were searched to give 5167 hits. The crystal
structures were visualized with Mercury 2.0, and 33 sets of cocrystal poly-
morphs were manually retrieved (3D coordinates reported for all poly-
morph sets). Crystal structures with a high degree of disorder were ex-
cluded. Of the 33 sets, 24 have strongly hydrogen-bonding groups, where-
as nine do not contain such groups but instead have weak intermolecular
interactions and/or m stacking. Details of polymorphic cocrystal sets are
listed in the Supporting Information, Table S1.
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Nanoelectrocatalyst Based on High-Density Au/Pt Hybrid Nanoparticles
Supported on a Silica Nanosphere

Shaojun Guo, Junfeng Zhai, Youxing Fang, Shaojun Dong, and Erkang Wang*!"!

Abstract: A high-efficiency nanoelec-
trocatalyst based on high-density Au/Pt
hybrid nanoparticles supported on a
silica nanosphere (Au-Pt/SiO,) has
been prepared by a facile wet chemical
method. Scanning electron microscopy,
transmission  electron  microscopy,
energy-dispersive X-ray spectroscopy,
and X-ray photoelectron spectroscopy
are employed to characterize the ob-

Introduction

tained Au-Pt/SiO,. It was found that
each hybrid nanosphere is composed of
high-density small Au/Pt hybrid nano-
particles with rough surfaces. These
small Au/Pt hybrid nanoparticles inter-

Keywords: electrochemistry - fuel
cell - gold - nanostructures - X-ray
absorption spectroscopy

connect and form a porous nanostruc-
ture, which provides highly accessible
activity sites, as required for high elec-
trocatalytic activity. We suggest that
the particular morphology of the Au-
Pt/SiO, may be the reason for the high
catalytic activity. Thus, this hybrid
nanomaterial may find a potential ap-
plication in fuel cells.

ent. 121 A significant amount of literature has reported

Electrocatalytic reactions are of vital importance in electro-
chemistry and play a key role in emerging technologies re-
lated to environmental and energy-related applications, such
as fuel cells." Considering the importance of the activity
of the electrocatalysts used as cathodes and/or anodes for
fuel cells, it is not surprising that intensive work has been
done during the past decades to design new and improved
electrocatalysts.*'? A high-efficiency electrocatalyst, which
can complete not only the high-potential oxygen electroca-
talytic reduction, but also the low-potential methanol elec-
trocatalytic oxidation with high current density, is of great
necessity. The development of nanotechnology provides new
opportunities for searching or designing an effective nano-
material that can accomplish the direct four-electron reduc-
tion of oxygen to water or electrocatalytic oxidation of
methanol. Pt and Pt-based nanomaterials are still indispen-
sable and are shown to be the most effective at pres-
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the design of unsupported or supported Pt or alloy cata-
lysts.681213200 For example, Pt or Au/Pt alloy nanospheres
have been designed by several groups as high-efficiency
electrocatalysts.” ! Pt nanoparticles supported on carbon
nanotubes (CNTs),[>? TiO,, and carbon®?! can also be
employed as high-efficiency electrocatalysts for electrocata-
Iytic oxidation of methanol. However, low Pt loading on
supported materials greatly limits electrocatalytic perfor-
mance. Considering the cost of materials, and also realizing
a high-performance electrocatalyst, it is necessary to devel-
op a cheaper and more effective hybrid nanomaterial, which
is able not only to complete the direct four-electron reduc-
tion of oxygen, but also be useful for the methanol electro-
catalytic oxidation with high efficiency.

In this paper, we have explored a facile, efficient, and eco-
nomical route to obtain Au/Pt hybrid nanoparticles support-
ed on silica nanospheres (Au-Pt/SiO,). It is expected that
this hybrid nanostructure will greatly increase the efficient
surface-to-volume ratios of Pt. The rapid development of
the fuel cell has inspired us to investigate the electrocatalyt-
ic properties of this novel hybrid nanomaterial for oxygen
and methanol. It was found that the Au-Pt/SiO, mentioned
here exhibited much higher electrocatalytic activity for
oxygen reduction and methanol oxidation than approxi-
mately 6 nm Pt nanoparticles, suggesting that silica nano-
spheres as supporting materials can provide a high surface-
to-volume ratio, and greatly increase the electrocatalytic ac-
tivity of Pt. Several advantages associated with this hybrid

Chem. Asian J. 2008, 3, 1156 -1162
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nanoelectrocatalyst should be noted. First, the immobiliza-
tion of hybrid nanoparticles (Au/Pt) on the surface of silica
for heterogeneous catalysis may avoid small nanoparticles
aggregation, movement, and leaching in the electrocatalytic
process.”! Second, high-density small Au/Pt hybrid nanopar-
ticles interconnect and form a porous nanostructure, which
provides highly accessible activity sites. Third, the size of
Au/Pt nanoparticles is less than 10 nm, which was reported
to be of vital importance to a high electrocatalytic perfor-
mance for oxygen reduction and methanol oxidation.

Results and Discussion

The whole preparation strategy is shown in Scheme 1. A
three-step process was employed to synthesize the Au-Pt/
SiO,. First, silica nanospheres were synthesized by the
method described by Stober et al.?*! and functionalized with
an NH, group. Second, amino-functionalized silica nanopar-
ticles were mixed with gold nanoparticles to obtain a SiO,/
Au nanocomposite. Third, the Au-Pt/SiO, was obtained by
heating the SiO,/Au nanocomposite and a solution of
H,PtCl; in the presence of a reductant (vitamin C, VC). A
detailed preparation process of Au-Pt/SiO, is shown in the
Experimental Section.

The structure and morphology of the resulting product
were characterized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
Figure 1 shows the typical SEM image of the as-prepared
silica nanosphere. Monodisperse nanospheres with a size of
about 80 nm are observed in the resulting product. After the

Abstract in Chinese:

—PHRHI A T 8 T B A S
HKFL T H AT S ILAED K IR L1 F 5K A 7 Au-
PUSIO,). &HF1HHE FREME. FHE 7R Ea
THHT X FEEHTRLLRE X 26 1 FRE 1S R F AT
2RI Au-Pt/SiO,. L5 RFHEEMH #FRe 22 TTHIFAE 0K
TR 7 B SE R D 2 S AL KA PR Y o A% 24
I8 BIFAE L ARKFL T B T AETE S 7L AR T K 45 1
R HELE TR P BT 0 et i . Xt
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Scheme 1. Procedure to design Au/Pt hybrid nanoparticles supported on
a silica nanosphere.
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Figure 1. SEM image of silica nanospheres.

silica nanoparticles were modified by gold nanoparticles, a
monodisperse silica/Au nanocomposite with a rough surface
was obtained. The structural details are revealed in Figure 2.
The inset of Figure 2 shows the TEM image of the silica/Au
nanocomposite. It is observed that a great number of gold
nanoparticles with a diameter of 3-6 nm are located on the

Figure 2. TEM image of the silica/Au nanocomposite.
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Figure 3. EDX images of the silica/Au nanocomposite (a) and the Au-Pt/SiO, (b).

surface of silica nanospheres. In order to prove the presence
of gold, Figure 3a shows the energy-dispersive X-ray spec-
troscopy (EDX) spectrum of the SiO,/Au nanocomposite.
One main peak (Au) was observed (the other peaks origi-
nate from the Al glass substrate and silica), indicating that
the SiO,/Au nanocomposites were made up of metallic gold
and silica. Figure 4a shows a typical SEM image of the Au-
Pt/SiO,, where numerous hybrid nanospheres are observed.
In order to reveal the detailed structure of the Au-Pt/SiO,,
typical TEM images of the Au-Pt/SiO, at different magnifi-
cations are shown in Figure 4b and Figure 4c. From the
magnified image (Figure 4c¢), it is observed that each hybrid

Figure 4. SEM (a) and TEM (b, c¢) images of the Au-Pt/SiO,.
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nanosphere is composed of a high-density of small Au/Pt
hybrid nanoparticles with a rough surface. These small Au/
Pt hybrid nanoparticles with a diameter of 8-10 nm inter-
connect and form a porous nanostructure, which provides
highly accessible activity sites necessary for high electrocata-
Iytic activity. Furthermore, the chemical composition of Au-
Pt/SiO, was determined by EDX (Figure 3b). The EDX
spectrum with two main peaks (Au and Pt) was observed
(other peaks originate from the ITO glass substrate and
silica), indicating that the Au-Pt/SiO, was made up of metal-
lic gold, platinum, and silica. To further confirm the exis-
tence of Au, Pt, and silica in the resulting hybrid nano-
spheres, X-ray photoelectron spectroscopy (XPS) was em-
ployed to analyze the surface of the sample. XPS patterns of
the resulting Au-Pt/SiO, show a significant Pt4f signal cor-
responding to the binding energy of metallic Pt (Figure 5a),
a weak Audf signal characteristic of metallic Au (Fig-
ure 5b), a weak Nls signal characteristic of NH, (Fig-
ure 5c), and a weak Si2p signal characteristic of silica (Fig-
ure 5D). The weak Au4f, N1s, and Si2p signals are proba-
bly a result of the fact that the thickness of most Pt shells
on the surface of gold nanoparticles located on the top of
the silica nanospheres exceeds the detection depth of the X-
ray (ca. 10 nm).

The oxygen reduction reaction (ORR) is of indispensable
importance in metal-air batteries, fuel cells, as well as in
oxygen sensors.””#! It is also noted that the electroreduction
of oxygen usually requires high current density, low overpo-
tential, and nearly synchronous delivery of four electrons. In
this study, we have obtained and characterized the Au/Pt
hybrid nanoparticles supported on silica nanospheres. This
hybrid nanostructure is expected to have a highly-efficient
electrocatalytic performance. Therefore, the electrocatalytic
activity of the hybrid nanostructure was first investigated for
oxygen reduction. Figures 6¢ and 6d show the typical cyclic
voltammograms (CVs) of oxygen reduction at the Au-Pt/
Si0,-modified gold electrode in a solution of H,SO, (0.5m)

Chem. Asian J. 2008, 3, 11561162
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b) electrode in a solution of
H,SO, (0.5M) in the presence
of air. The Au-Pt/SiO,-modified
gold electrode (Figure 7a) ex-
hibits a more positive potential
and higher current for oxygen
reduction than that obtained
from the 6 nm Pt nanoparticles
(Figure 7b). Furthermore, the

Au4fs/2

T T T T
64 68 72 76 80 81
Binding Energy /eV

Nis c)

200 200

Intensity
Intensity

84 87 90
Binding Energy /eV

reduction potential (0.52 V) ob-
served at the Au-Pt/SiO,-modi-
fied electrode is significantly
d more positive than the other
Pt-based electrode.®™% For in-
stance, our group studied the
electrocatalytic reduction of
oxygen at a Pt-coated Au parti-
cle, and observed the reduction
of oxygen at about 0.1V (Ag/
AgCl).BY Crooks and co-work-
ers reported that the dendri-

Si2p

1 1] 1 T
400 405 410 98 100

Binding Energy /eV
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Figure 5. XPS spectra of the as-prepared Au-Pt/SiO,: a) Pt4f, b) Au4f, c) N1s, and d) Si2p.
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Figure 6. CVs of O, reduction at the bare gold electrode- (line a), silica/
Au nanocomposite- (linesb and c), and Au-Pt/SiO,- (line d) modified
gold electrode in air-saturated (lines a, b, ¢) and O,-saturated (line d) sol-
utions of H,SO, (0.5M) at a scan rate of S0 mVs.™

in the presence of air and saturated oxygen, respectively. In
the presence of air, a remarkable catalytic reduction current
occurs at 0.6 V (Figure 6¢) at a scan rate of 50mVs.™' A
higher catalytic current for oxygen reduction is observed at
0.52V in the presence of saturated oxygen (Figure 6d),
whereas no catalytic reduction current can be observed at
the bare ITO (Figure 6a), and the silica/Au nanocomposite-
modified (Figure 6b) electrode in the potential range em-
ployed. To further reveal the high electrocatalytic perfor-
mance of the obtained Au-Pt/SiO,, the ORR of approxi-
mately 6 nm Pt nanoparticles was also investigated. Figure 7
shows the typical CVs of oxygen reduction at the Au-Pt/
SiO,- (a) and the 6 nm Pt nanoparticles- (b) modified gold
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mer-encapsulated Pt nanoparti-
cle-modified electrode shows
the reduction peak at about
0.25 V. Comparing the results
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Figure 7. CVs of O, reduction at the Au-Pt/SiO,- (line a) and approxi-
mately 6 nm Pt nanoparticle- (line b) modified gold electrode in an air-
saturated solution of H,SO, (0.5M) at a scan rate of 50 mVs. ™

obtained at our electrode with those already reported re-
veals the present electrode to show a higher electrocatalytic
activity. Furthermore, the Au-Pt/SiO, (Figure 8a) possesses
a higher electroactive surface area than that of the 6 nm Pt
nanoparticles (Figure 8b), as evidenced by the current asso-
ciated with the hydrogen adsorption and desorption events.
This is probably caused by the fact that the silica particle, as
a 3D support, can supply high surface areas for the Au/Pt
hybrid nanoparticles, thus leading to more accessible sites
for molecular species.

In this study, we have shown that Au-Pt/SiO, exhibits a
high catalytic current and low overpotential for the reduc-
tion of oxygen. The additional important index is the four-
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Figure 8. CVs of the Au-Pt/SiO,-modified gold electrode in a N,-purged
solution of H,SO, (0.5m) at a scan rate of 50 mVs.™!

electron electroreduction of oxygen to water, which is great-
ly pursued by scientists around the world in view of the im-
portant application in fuel cells. Thus, the ORR was also
probed by RRDE experiments to demonstrate the ORR
process of the Au-Pt/SiO,, and to see which of the following
two reactions [Eq. (1)] and [Eq. (2)] the Au-Pt/SiO, would
catalyze:

O, +2H" +2¢~ — H,0, (1)
O, +4H" +4e” — 2H,0 (2)

It is known that the 4e™ reduction of oxygen to H,O is
preferred for fuel cells since reduction to H,O, has a lower
potential and causes cell degradation. Herein, a rotating GC
disk—platinum ring electrode was employed to determine
the electron-transfer number (n) of oxygen reduction.
Figure 9 shows the voltammetric curves for oxygen reduc-
tion recorded at the RRDE with the Au-Pt/SiO, films im-
mobilized on the GC disk electrode. The disk potential was
scanned from 0.75 to 0.15 V, whereas the ring potential was
held at 1.0 V to oxidize the H,O, generated by the O, reduc-

disk current

60 4 100 rpm

40 4

Current / uA

20 1

ring current

T
0.2 0.4 06 0.8
Potential / V

Figure 9. Current-potential curves for the reduction of air-saturated O, at
a rotating platinum ring-GC electrode with Au-Pt/SiO, adsorbed on the
disk electrode. The potential of the ring electrode was maintained at
1.0 V with a rotation rate of 100 rpm and a scan rate of 50 mVs.”' The
supporting electrolyte was H,SO, (0.5m).
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tion at the disk electrode. A large disk current was obtained
whereas almost no ring current was observed, suggesting
that the as-prepared hybrid electrocatalysts reduce O, pre-
dominantly by four electrons to H,O. The collection effi-
ciency (N) of the ring electrode obtained by reducing ferri-
cyanide at the disk electrode was 0.139. From the ratio of
the ring-disk current, the electron-transfer number (n) is cal-
culated to be about 4 (3.92) according to the equation n=4-
2(I/IpN).P)

Recently, direct methanol fuel cells (DMFCs) have been
intensely pursued because of their numerous advantages in-
cluding high energy density, the ease of handling a liquid,
low operating temperatures, and their possible applications
to micro fuel cells.”* The performance of fuel cells, such
as DMFCs, is known to be strongly dependent on the elec-
trocatalytic materials used. Accordingly, for the best DMFC
performance, it is essential to develop a good electrocatalyt-
ic nanomaterial for exploring the performance of the metha-
nol electrocatalytic oxidation. The electrocatalytic proper-
ties of the Au-Pt/SiO, hybrid nanostructure toward the
methanol oxidation reaction were tested and compared with
approximately 6 nm Pt nanoparticles and a bare Pt electrode
in a solution of H,SO,. A gold plate electrode with a diame-
ter of 2 mm was used. From the CV in Figure 10d, the Au-

6
8 44
5 d
<
=
L]
Cc
e
0 Em— a, b
T 1 1 1
0.0 0.3 0.6 0.9
EIV

Figure 10. CVs of methanol oxidation at the silica/Au nanocomposite-
modified gold electrode (line a), bare gold electrode (line b), approxi-
mately 6nm Pt nanoparticles- (line ¢), Au-Pt/SiO,- (line d)-modified gold
electrode, and bare Pt electrode (line e) in a solution of H,SO, (0.5m)
containing methanol (1wm). Scan rate is 50 mVs. ™!

Pt/Si0,- modified gold electrode shows a catalytic behavior
for the electrooxidation of methanol by the appearance of
an oxidation current in the positive potential region. The
onset potentials are around 0.3V (vs. Ag/AgCl). The peak
current at about 0.69 V (vs. Ag/AgCl) in the forward scan is
attributed to methanol electrooxidation on the hybrid elec-
trocatalysts.’” This peak current (with the same Pt loadings
for two samples tested) is about 3 times higher than that ob-
tained from the 6 nm Pt nanoparticles (Figure 10c) and
much higher than that obtained from the bare Pt electrode
(Figure 10¢e). This significant improvement in the catalytic
performance can probably be attributed to a particular mor-
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phology of the Au-Pt/SiO, designed here. In the reverse
scan, an oxidation peak is observed at around 0.50 V, which
is probably associated with the removal of the residual
carbon species formed in the forward scan. In comparison,
methanol electrocatalytic oxidation was also investigated on
silica/Au nanocomposite-modified gold electrode (Fig-
ure 10b) and bare gold electrode (Figure 10a). No oxidation
peaks of methanol are observed, indicating that the electro-
catalytic current observed in Figure 10d can most likely be
ascribed to the high electrocatalytic activity of the Au-Pt/
SiO, with a high surface-to-volume ratio.

Considering the particular structure of the Au-Pt/SiO,,
three important factors could be responsible for the high
electrocatalytic activity mentioned above. First, the Au/Pt
hybrid nanostructure was supported on 3D silica nanoparti-
cles. Silica particles, as a 3D support, can supply high surface
areas for Au/Pt hybrid nanoparticles, leading to more acces-
sible sites for molecular species. Second, the Au-Pt/SiO,
itself provides a higher efficient active surface than the Au/
Pt bimetallic nanosphere obtained by Zhang and co-work-
ersP because of its particular structure (that is, a porous
nanostructure with spacings between the Pt nanoparticles on
the Au-Pt/SiO,-modified electrode). Third, the size of Au/Pt
nanoparticles is less than 10 nm, which was reported to be
of vital importance to a high electrocatalytic performance
for oxygen reduction and methanol oxidation.

Conclusions

In summary, by taking advantage of the recent advances in
nanotechnology, we demonstrate a novel and highly-efficient
nanoelectrocatalyst based on Au/Pt hybrid nanoparticles
supported on a silica nanosphere. It is found that the hybrid
nanomaterial exhibits higher electrocatalytic activity than
the approximately 6 nm Pt nanoparticle, and the bare Pt
electrode. The potential for oxygen reduction reaches 0.6 V,
which is about 160 mV higher than that obtained on the Pt
nanoparticle-modified gold electrode. RRDE voltammetry
demonstrates that the Au-Pt/SiO, can catalyze an almost
four-electron reduction of O, to H,O in an air-saturated so-
lution of H,SO, (0.5m). Furthermore, the current for metha-
nol oxidation obtained in the Au-Pt/SiO,-modified gold
electrode is about 3 times higher than that obtained on the
Pt nanoparticle-modified electrode. It is expected that this
hybrid nanomaterial with high-efficiency electrocatalytic
performance will be useful for application in fuel cells.

Experimental Section

Chemicals

Tetraethoxysilane (TEOS), ammonium hydroxide (NH,OH), trisodium
citrate, vitamin C (VC), HAuCl,4H,O, H,PtCl,-6H,0, H,SO,, methanol,
and ethanol were purchased from Beijing Chemical Factory (Beijing,
China) and used as received without further purification. (3-Aminopro-
pyDtrimethoxysilane (APTMS) and nafion (perfluorinated ion-exchange
resin, 5 wt % solution in a mixture of lower aliphatic alcohols, and water)
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was purchased from Aldrich and used as received. Water used through-
out the experiments was purified with the millipore system.

Apparatus

An XL30 ESEM scanning electron microscope equipped with an energy-
dispersive X-ray analyzer was used to determine the morphology and
composition of products. Transmission electron microscope (TEM) meas-
urements were made on a HITACHI H-8100 EM with an accelerating
voltage of 200 kV. The sample for TEM characterization was prepared by
placing a drop of prepared solution on a carbon-coated copper grid and
dried at room temperature. X-ray photoelectron spectroscopy (XPS)
measurements were performed on an ESCALAB-MKII spectrometer
(VG Co., United Kingdom) with Al Ko X-ray radiation as the X-ray
source for excitation. The XPS sample was dropped on an Al substrate.
Cyclic voltammetric experiments were performed with a CHI 832 elec-
trochemical analyzer (CH Instruments, Chenhua Co., Shanghai, China).
A conventional three-electrode cell was used, including a Ag/AgCl (satu-
rated KCI) electrode as a reference electrode (applying to all electro-
chemical experiments), a platinum wire as a counterelectrode, and a bare
or modified gold electrode as a working electrode. The working electrode
was a gold disk with a diameter of about 2 mm, polished with Al,O,
paste, and washed ultrasonically in millipore water. An EG&G PARC
Model 366 bi-potentiostat was used for rotating ring-disk electrode
(RRDE) experiments. A rotating glassy carbon (GC, 5 mm) disk-plati-
num ring electrode was also used as a working electrode. The collection
efficiency (N) of the ring electrode obtained by reducing ferricyanide at
a disk electrode was 0.139.

Preparation of Silica/Au Nanocomposite

All glassware used in the following procedures was cleaned in a bath of
freshly prepared 3:1 HCI/HNO; (aqua regia) and rinsed thoroughly in
milli-Q grade water prior to use. Silica nanoparticles with a diameter of
about 80 nm were prepared as described by Stober et al.?*! Briefly, am-
monium hydroxide (1.7 mL; 25-28 %) was added to dry ethanol (50 mL)
with TEOS (1.5mL) and water (1 mL) then added to the ethanol solu-
tion under vigorous magnetic stirring. After 3 h, additional TEOS (1 mL)
was added. Silica nanospheres were obtained after stirring for 12 h. Final-
ly, APTMS (0.4 mL) was added for 6 h. The APTMS-functionalized silica
nanoparticles were purified by centrifugation and redispersion in water
(40 mL). Colloidal gold nanoparticles were prepared according to the re-
ported literature. SiO,/Au nanocomposites were synthesized by the fol-
lowing approach. Mainly, the APTMS-functionalized silica nanoparticles
(2 mL) dispersed in water were placed in a flask (100 mL), and the pre-
pared gold colloid (40 mL) was added. After stirring for several minutes,
the red-colored SiO,/Au nanocomposites were obtained. The purified
SiO,/Au nanocomposites (6.98 mm, calculated by using the silicon atom)
were redispersed and sonicated in water (80 mL) until required.

Preparation of Au/Pt Hybrid Nanomaterial Supported on a Silica
Nanosphere

The prepared SiO,/Au nanocomposites (80 mL) were heated to boil.
Then, H,PtCly (2mL, 1%) and citrate (3 mL, 1% ) were added to the so-
lution, followed by the addition of VC (2 mL, 0.1m). After heating for
30 min, the Au-Pt/SiO, (2.41 mm, calculated by using the Pt atom) was
obtained. The resulting solution was centrifuged four times and redis-
persed in water (16 mL). The Au-Pt/SiO, was stable in the aqueous solu-
tion after storing for one day.

Synthesis of Pt Nanoparticles (ca. 6 nm)

The Pt nanoparticles were synthesized according to the literature.
Briefly, an aqueous solution of H,PtCl; (1 mL, 1%) was added to water
(100 mL), and heated to boiling. Aging of the solution of H,PtCls was
not necessary in this synthetic procedure. Then, an aqueous solution of
sodium citrate (3 mL, 1% ) was added rapidly, and the mixture was kept
at a boiling temperature for ca. 30 min. The diameter of the Pt nanoparti-
cles was about 6 nm (data not shown) as characterized by using TEM.
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Electrocatalytic Experiment

The electrode was loaded with hybrid nanomaterials or Pt nanoparticles
(5 pL, the same Pt loadings for two samples tested, 2.35 pg). Electrocata-
lytic oxygen reduction measurements were carried out in a solution of
H,SO, (0.5m) in the presence of air or saturated oxygen at the scan rate
of 50 mV's.”! Methanol electrocatalytic oxidation measurements were car-
ried out in a solution of H,SO, (0.5M) containing methanol (1M) at the
scan rate of 50 mVs.”! For the RRDE voltammetry experiment, a solu-
tion of Au-Pt/SiO, (10 uL) was dropped on the GC electrode (5 mm) and
allowed to dry at room temperature. Then, nafion (5puL , 02%) was
placed on the surface of the Au-Pt/SiO,-modified GC electrode.
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Affinity-Labeling-Based Introduction of a Reactive Handle for Natural

Protein Modification

Haruto Wakabayashi, Masayoshi Miyagawa, Yoichiro Koshi, Yousuke Takaoka,
Shinya Tsukiji, and Itaru Hamachi*!*!

Abstract: A new chemical method to
site-specifically modify natural proteins
without the need for genetic manipula-
tion is described. Our strategy involves
the affinity-labeling-based attachment
of a unique reactive handle at the sur-
face of the target protein, and the sub-
sequent selective transformation of the
reactive handle by a bioorthogonal re-
action to introduce a variety of func-
tional probes into the protein. To dem-
onstrate this approach, we synthesized
labeling reagents that contain: 1)a
benzenesulfonamide ligand that directs

drase II (bCA), 2) an electrophilic ep-
oxide group for protein labeling, 3) an
exchangeable hydrazone bond linking
the ligand and the epoxide group, and
4) an iodophenyl or acetylene handle.
By incubating the labeling reagent with
bCA, the reactive handle was covalent-
ly attached at the surface of bCA
through epoxide ring opening. Either

Keywords: affinity labeling - bioor-
thogonal reactions - protein engi-
neering - protein modifications -
target-specific labeling

after or before removing the ligand by
a hydrazone/oxime-exhange reaction,
which restores the enzymatic activity,
the reactive handle incorporated could
be derivatized by Suzuki coupling or
Huisgen cycloaddition reactions. This
method is also applicable to the target-
specific multiple modification in a pro-
tein mixture. The availability of various
(photo)affinity-labeling reagents and
bioorthogonal reactions should extend
the flexibility of this strategy for the
site-selective incorporation of many
functional molecules into proteins.

specifically to bovine carbonic anhy-

Introduction

Incorporation of functional molecules other than naturally
encoded amino acids, such as fluorescent probes, affinity
tags, artificial receptors, and synthetic polymers, into pro-
teins represents a powerful approach for protein engineer-
ing.!! Consequently, there is an ever-increasing need for new
protein-modification methods. While significant advances
have been made in molecular-biology-based techniques for
unnatural amino acid mutagenesis,” there is considerable
interest in exploring and developing new chemistry-based
methods that can be used for the specific modification of
premade proteins under mild aqueous conditions.”! To com-
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plement traditional bioconjugation reactions that most com-
monly target lysine or cysteine residues in proteins,” several
new entries such as transition metal-catalyzed reactions®
and a Mannich-type reaction!® have been recently devel-
oped that can functionalize rarely occurring aromatic amino
acids that are exposed on the surface of proteins. Although
these sophisticated reactions expand the flexibility of pro-
tein bioconjugation, they are only residue-specific, and thus
the modification sites and numbers cannot be sufficiently
controlled. Therefore, selective chemical reactions that are
orthogonal to the functionalities present in natural proteins
have been designed as an alternative strategy. Recently, the
Staudinger ligation!”! and the Huisgen [3+2] cycloaddition
reaction (click chemistry)® have proven to be useful for
modifying proteins under physiological conditions. However,
these methods inevitably require pre-incorporation of an
azide or an acetylene moiety as a reactive handle within the
framework of the target protein by genetic engineering.
More simple and straightforward chemical methods without
genetic operation should be desired. Herein, we describe a
new chemical strategy for introducing unique reactive han-
dles into natural proteins without the need for genetic ma-
nipulation. This method enables the active-site-directed at-
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tachment of a reactive handle to natural protein surfaces,
which is valuable for applying a variety of bioorthogonal re-
actions” as tools to the manipulation of protein structure
and function.

Results and Discussion

Our strategy is depicted in Scheme 1. For introducing a re-
active handle to the surface of natural proteins, we applied
the post-affinity-labeling modification (P-ALM) method
that was recently developed by our group.!'”! A key advant-
age of this strategy is that the ligand-directed labeling
occurs specifically in the vicinity of ligand-binding (catalytic)
pocket of the target protein. As a bioorthogonal chemical

Labeling
Reagent
w w
a) Exchangeable
Linkage Step 1
HN-N Bioorthogonal Proximity-| Induoed
LC} Reactive Handle Chemical Labeling
° % ““g“
Eleclruphlllc 3“
:?’n Labeling Group e
Ligand 1 BCA-1
Step 2
Hydrazone/Oxime Step 4
%{gﬁ'ﬁ’\_ Exchange Reaction Suzuki Coupling
b o using CM
Step 3
: I Suzukl Couplmg : I : I
bCA-CM-2 bCA-CM bCA-1-R

Scheme 1. Chemical structure of the labeling reagent 1 (a) and schematic
illustration of the present strategy (b). See also Scheme 2 for the molecu-
lar structure of the reagents.
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reaction, Suzuki coupling,'" a representative organometallic
reaction that creates a carbon—carbon bond, and the well-es-
tablished Huisgen reaction!® were employed in this study. In
particular, the applicability of palladium-catalyzed cross-
coupling reactions for protein and peptide modification has
been recently demonstrated by our" and other™ groups.
As a model enzyme, we chose bovine carbonic anhydrase II
(bCA) and thus designed a labeling reagent 1 shown in
Scheme 1a. The labeling reagent 1 contains four key func-
tionalities: 1) a benezenesulfonamide ligand that directs spe-
cifically to bCA, 2) an electrophilic epoxide group for pro-
tein labeling, 3) an exchangeable hydrazone bond that links
the ligand and the epoxide group, and 4) an iodophenyl
group as a reactive handle for Suzuki coupling. In the case
of a Huisgen cycloaddition reaction, we used a labeling re-
agent 5 that bears an acetylene handle and the correspond-
ing azide-tethered reactant 6 (Scheme 2c). By incubation of

b) c—\
HN-N
=\
H/\" © 0 /—/_\«O L@
uo)l\’° NH D\—<‘|’
CcM 5
HO “OH [+] [N
NNJLNH R H;N\S ° e
o{/\ ,)—\,ﬂ o 5) z:j""/\/\n’n\/\n)k/"wn; rN\CIOI‘;D
s o Ji H
23 N
3 - BOA 6 1
s Ho"B0H . \j\ \)°
HO™""OH 3 u/\/ﬂ

Scheme 2. Molecules used in this study. a) Phenylboronic acid derivatives
for the Suzuki coupling reaction. b) Aminooxy derivatives for hydrazone/
oxime-exchange reaction. c) Labeling reagent and its reactant for the
protein modification based on the Huisgen reaction.

the labeling reagent with bCA, the iodophenyl group can be
covalently attached at the surface of bCA by the epoxide
ring opening. Either after or before removing the ligand by
means of a hydrazone/oxime exchange reaction for restoring
the enzymatic activity, the iodophenyl handle thus incorpo-
rated can be derivatized by a Suzuki coupling reaction with
a variety of phenylboronic acid-appended functional mole-
cules.

MALDI-TOF mass analysis revealed that the labeling of
native bCA by using 1 was completed after 12h (step 1),
yielding the modified bCA-1 containing a single iodophenyl
group (Figure 1a). No labeling was observed in the presence
of the strong inhibitor 6-ethoxy-2-benzothiazolesulfonamide
(ET), which indicates that the labeling occurred by an affini-
ty-driven reaction. After purification of bCA-1 by size-ex-
clusion gel chromatography followed by dialysis, bCA-1 was
subsequently subjected to a hydrazone/oxime-exchange re-
action to replace the benzenesulfonamide ligand with car-
boxymethyloxyamine (CM) to produce bCA-CM (step 2) as
previously reported (Figure 1a)."” We next performed a
Suzuki coupling reaction of bCA-CM with a phenylboronic
acid derivative of diethylaminocoumarin (DEAC) 2 by
using palladium acetate (Pd(OAc),) as a water-soluble cata-
lyst (step 3). The yield of reaction for the Suzuki coupling
varied depending on the reaction conditions including the
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Figure 1. Affinity labeling, hydrazone/oxime-exchange reaction, and
Suzuki coupling reaction on the surface of bCA. a) MALDI-TOF MS
analyses of bCA before labeling (native bCA, top), after labeling with 1
(bCA-1, middle), and after subsequent treatment with CM (bCA-CM,
bottom). (@) calcd 28986, obs 28969; (m) calcd 29572, obs 29564; (a)
caled 29363, obs 29292. Reaction conditions: affinity labeling, 100 pum
bCA, 250 um 1, 50 mm HEPES buffer solution pH 8.0, 12 h; exchange re-
action, 100 um bCA-1, 3 mm CM, 50 mm acetate, pH 5.5, 48 h. b) Absorp-
tion spectrum of bCA-CM-2 after purification. Reaction condition: 1 mm
2, 1 mm Pd(OAc),, 10% glycerol, 10% DMSO, 50 mm HEPES buffer so-
lution, pH 8.0, 7 h. ¢) One-pot affinity labeling and Suzuki coupling reac-
tion of bCA monitored by SDS-PAGE. Top, coomassie brilliant blue
(CBB)-staining image; bottom, fluorescence image. Reaction conditions:
affinity labeling, 100 um bCA, 250 um 1, 50 mm HEPES buffer solution,
pH 8.0, 12 h in the presence or absence of 1 mm ET, then 1 mm 2, 1 mm
Pd(OAc),, 10% glycerol, 10% DMSO. HEPES = N-(2-hydroxyethyl)-pi-
perazine-N'-2-ethane sulfonic acid.

concentrations of Pd(OAc), and 2, the types of phosphine li-
gands, the pH value, the temperature, and the incubation
time (Table 1). After the optimization of the reaction condi-
tions, DEAC-coupled bCA-CM-2 was obtained in approxi-
mately 80% yield (Figure 1b). As shown in Figure 1c, in
which bCA-1 was used, in the absence of either the palladi-
um catalyst (lane 5) or phenylboronic acid 2 (lane 6), the
DEAC modification did not take place. Also, native bCA,
which lacks the iodophenyl group, showed no reactivity
toward Suzuki coupling (lane 7). The expected cross-cou-
pling product was further characterized by conventional
peptide mapping experiments by using lysyl endopeptidase
digestion followed by HPLC and MALDI-TOF MS (see
Figure S1 in the Supporting Information). It was revealed
that the L1 fragment corresponding to Ser2-Lys9 was selec-
tively modified to be consistent with our previous reports,!'”)
which suggests the labeling site to be His3 or His4. The en-
zymatic activity of bCA-1 was almost completely suppressed
because the active site was efficiently masked by the modi-
fied benzenesulfonamide ligand. On the other hand, bCA-
CM obtained after the ligand-exchange reaction (step 2)

1136 www.chemasianj.org

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

1. Hamachi et al.

Table 1. Post-affinity-labeling modification of bCA by bioorthogonal re-
actions.”!

Entry bCA Reactant® Other reagents Time [h] Yield [%]
1 bCA-1 2 1 mm Pd(OAc), 6 75k
2 bCA-1 2 1 mm Pd(OAc), 12 80t
3 bCA-1 2 0.5 mm Pd(OAc), 12 61
4 bCA-1 2 1 mm Pd(OAc),, 12 320
1 mm TPPTS
5 bCA-1 2 1 mm Na,PdCl, 12 58t
6 bCA-1 2 1 mm Na,PdCl,, 12 41t
1 mm TPPTS
7 bCA-CM 2 1 mm Pd(OAc), 7 80
8 bCA-1 3 1 mm Pd(OAc), 12 4019
9 bCA-1 4 1 mm Pd(OAc), 7 el
10 bCA-5 6 1 mm ascorbic acid, 6 87

1 mm CuSO,, and
1 mM tris-triazole
ligand

[a] Conditions: 50 mm HEPES buffer solution, pH 8.0, 10% DMSO,
10% glycerol (entry 1-9), at 37°C, 50-100 um modified bCA. [b] 1 mm 2—
4 or 0.5mm 6. [c] Yields were determined by SDS-PAGE/fluorescence
imaging by using purified bCA-CM-2 (entry 7) as a standard sample.
[d] Yield was estimated by MALDI-TOF MS. [e] Not determined.
TPPTS = triphenylphosphane trisulfonate.

showed a restored activity with a V,, value (159+
1.3ms™"), which is approximately 33% that of native bCA,
and is comparable with that of bCA-CM-2 (15.9+1.2ms7).
Therefore, it was concluded that the post-affinity-labeling
modification such as the Suzuki coupling reaction did not
have detrimental effects on the catalytic activity of bCA.

At step 3 or 4, various functional molecules may also be
incorporated into native bCA. For example, a polyethylene-
glycol (PEG) was successfully attached to bCA-1, so-called
PEGylation, by using the phenylboronic acid derivative 3 in
moderate yields of approximately 40% (data not shown).
Interestingly, a fluorescent stilbene dye could be newly con-
structed on the bCA surface upon the cross-coupling reac-
tion with styrene boronic acid 4 (Figure 2a). Furthermore,

a) ) e 1 2 3 4 5
37
25 * v
37
-
5 + - + o+ -
= ET - - - + -
200 300 400 500 600 6 + + T S
A4 Catalyst + + - + -

Figure 2. Chemical modification of bCA with various synthetic molecules.
a) Stilbene formation on bCA monitored by fluorescence spectroscopy.
Excitation spectrum of bCA-1-4 (—); emission spectrum of bCA-1-4
(-----); emission spectrum of bCA-1 (-+-++); excitation spectrum of bCA-1
(=+=+). Aen=458 nm, A,=300 nm. b) One-pot affinity labeling and the
Huisgen reaction of bCA monitored by SDS-PAGE. Top, CBB-staining
image; bottom, fluorescence image. Reaction conditions: affinity label-
ing, 100 um bCA, 250 um 5, 50 mm HEPES buffer solution, pH 8.0, in the
presence or absence of 1 mm ET, then 500 um 6, 1 mm each catalyst/®>4
(ascorbic acid, CuSO,, and tris-triazole ligand), 10% DMSO.
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the present strategy can in principle be generally applicable
for using other bioorthogonal chemistry such as the azide—
alkyne cycloaddition reaction. When we used the labeling
reagent 5 and DEAC 6 (Scheme 2c¢), it was confirmed that §
reacts with bCA in a quantitative yield and the acetylene-
tagged bCA obtained was modified with 6 in the presence
of copper(I) ions and organic tetrazole catalysts (see Fig-
ure S2 in the Supporting Information)®™ ' to afford the flu-
orescently labeled bCA-5-6 in 87 % yield. All these results
clearly demonstrated that the general strategy proposed in
Scheme 1 was carried out as a proof of principle.

By taking advantage of the selectivity of this strategy im-
posed by the affinity labeling, Suzuki coupling, and the hy-
drazone/oxime-exchange reaction, all of which are orthogo-
nal to each other, it was possible to perform dual labeling of
bCA (Figure 3). After the affinity labeling by using 1 and
the subsequent Suzuki coupling with 2 to yield bCA-1-2, the
hydrazone/oxime-exchange reaction was carried out by
treatment with oxyamine-appended biotin (BOA). As
shown in Figure 3a, only bCA-BOA-2 containing the
DEAC fluorophore and biotin tag, but not bCA-1-2, was ef-
ficiently captured on an avidin-immobilized resin and eluted
with biotin. In addition, this procedure was successfully ap-
plied for the selective dual labeling of bCA in a protein mix-
ture (Figure 3b). Incubation of an equimolar mixture of
four proteins (p-galactosidase ($-Gal), bovine serum albu-
min (BSA), bCA, glutathione S-transferase (GST), and he-

kDa i 2 3
A) b) W e poal
bCA-1 T o o
37
Step 4 25 - = = — bCA
Suzuki Coupling 20 - 68T
with 2 e

gdﬁxm ., g

m(_:_,‘: o";" Mf?jowg " =
@D -

bCA-1-2 bCA-BOA-2 !
A7 -
KDa 1 2 X 25
- -
25— —
37 ?
1 - + +
1 + + ET = = +
z o+ * 2 - o+ o+
BOA + . BOA - + +

Figure 3. Dual labeling of bCA in situ. a) Isolation of dual-labeled bCA-
BOA-2 by an avidin-immobilized column. After preparing bCA-1-2, the
hydrazone/oxime-exchange reaction was performed with BOA. The
bCA-BOA-2 obtained was captured on a SoftLink Soft Release Avidin
Resin, washed, and eluted with biotin. The eluted fraction was applied to
SDS-PAGE. Top, CBB-staining image; bottom, fluorescence image. Re-
action conditions: affinity labeling and Suzuki coupling conditions (iden-
tical with the conditions listed for Figure 1C); exchange reaction, 3 mm
BOA, 50 mm Acetate pH 5.5. b) Dual labeling in a protein mixture. Top,
CBB-staining image; middle, fluorescence image; bottom, diaminobenzi-
dine (DAB)-staining image. Reaction conditions: 1) affinity labeling,
150 ygmL " each protein (5 umM bCA), 12.5 um 1, 50 mm HEPES buffer
solution, pH 8.0, in the presence or absence of 100 pm ET; 2) Suzuki cou-
pling, 1 mm 2, 1 mm Pd(OAc),, 10% glycerol, 10% DMSO; 3) hydra-
zone/oxime exchange reaction, 3 mm BOA.
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moglobin (Hb)) in the presence of labeling reagent 1 and an
in situ Suzuki coupling reaction with 2 resulted in highly se-
lective labeling of bCA (lane 2 of fluorescence image). Sub-
sequent addition of BOA to the above mixture resulted in
the replacement of the sulfonamide ligand with biotin to
yield the bCA-BOA-2 (lane 2 of DAB staining image). Non-
specific labeling to other proteins was never observed in the
presence of ET (lane 3). It should be noted that all reaction
steps were carried out in one pot without any purification
step. These results indicate that target-specific multiple la-
beling is feasible even in protein mixtures by coupling the
P-ALM method™” and bioorthogonal chemistry.

Conclusions

We demonstrated that the affinity-labeling-based introduc-
tion of unique reactive handles into proteins is valuable as a
new method for chemically modifying natural proteins. The
availability of various (photo)affinity-labeling reagents!"
and bioorthogonal reactions” should extend the flexibility
of this strategy for the site-selective incorporation of many
functional molecules into proteins, which will provide pow-
erful tools for protein engineering. We are currently working
on this line of work.

Experimental Section

Synthesis

Detailed synthetic procedures and compound characterizations are de-
scribed in the Supporting Information.

General Methods for Biochemical Assays

MALDI-TOF MS was recorded on PE Voyager DE-RP (Applied Biosys-
tems). Sinapic acid (SA) or a-cyano-4-hydroxycinnamic acid (CHCA)
were used as a matrix. Reversed-phase HPLC (RP-HPLC) was carried
out on an ODS column (YMC-Pack ODS-A) by using a Hitachi L-7100
HPLC system. UV/Vis spectra were recorded on a Shimadzu UV-visible
2550 spectrometer. Fluorescence spectra were recorded on a Perkin—
Elmer LS55 spectrometer. Fluorescence gel images were acquired by
using a ChemiDoc XRS (BioRad) with a 480BP70 bandpass filter.

The bovine carbonic anhydrase II (bCA, Sigma) solution was prepared in
50 mm HEPES buffer solution (pH 8.0) and the concentration was deter-
mined by measuring the absorbance at 280 nm (£,5,=>53,070 M 'cm1).[!6]

Affinity labeling, ligand exchange, and the Suzuki coupling reaction on
bCA to yield bCA-CM-2 (Step 1—2—3, Figure 1 a and b)

The affinity-labeling reaction was performed under the following condi-
tion at 37°C for 12h to obtain bCA-1: 100 um bCA, 250 um 1, 50 mm
HEPES buffer solution (pH 8.0) containing 1% dimethyl sulfoxide
(DMSO). After the reaction solution was dialyzed against 50 mm acetate
buffer solution (pH 5.5), the ligand-exchange reaction was initiated by
adding CM (200 equiv to bCA) to the solution. After subsequent incuba-
tion at 37°C for 48 h to yield bCA-CM, the solution was again dialyzed
against 50 mm HEPES buffer solution (pH 8.0). The Suzuki coupling re-
action was carried out by adding the following reagents to the above so-
lution and incubating the mixture at 37°C for 7h: 1 mm 2, 1 mm Pd-
(OAc),, 10% glycerol, 10% DMSO. The bCA-CM-2 thus obtained was
purified by treating the solution with ethylenediamine (50 mm) at 37°C
for 15 h, which was followed by gel filtration chromatography (TOYO-
PEARL HW-40F, TOSOH Corp.; eluent: 50 mm HEPES buffer solution
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(pH 8.0)). It should be noted that the ethylenediamine treatment was es-
sential to remove the palladium ion efficiently.

The affinity-labeling reaction and ligand-exchange reaction were moni-
tored by MALDI-TOF MS. The yield of the Suzuki coupling reaction
was determined from the absorbance of bCA-CM-2 at 280 and 430 nm.

Peptide Mapping Experiments

The bCA-CM-2 solution (10 um) was diluted with 100 mmM ammonium
carbonate (pH 8.5) containing 2M urea. Lysyl endopeptidase (LEP,
Wako) was added so that the LEP/substrate ratio was 1:50 (w/w), and the
digestion was allowed to proceed at 37°C overnight. The digested pep-
tides were separated by RP-HPLC with a linear gradient of acetonitrile
containing 0.1 % TFA (solution A) and 0.1 % aqueous TFA (solution B).
RP-HPLC was monitored by UV absorbance at 220 nm and fluorescence
at 470 nm (A.,=430 nm). Each fraction was analyzed by MALDI-TOF
MS. HPLC traces of LEP-digested bCAs are shown in Figure S1 in the
Supporting Information.

Enzymatic-Activity Assay"”

The hydrolytic activity of bCAs was assayed in 50 mm HEPES buffer so-
lution (pH 7.2) by using p-nitrophenyl acetate as a substrate. Modified
bCAs were dialyzed against the same buffer solution before each assay.
Reaction conditions were as follows: 1 um bCA, 0.2-20 mm p-nitrophenyl
acetate. Initial rates of p-nitrophenyl acetate hydrolysis were determined
by measuring the increase of absorbance at 348nm (Agg=
5150m'em ™)' for the initial 30 sec. Kinetic parameters were obtained
by fitting a plot of the initial rates as a function of substrate concentra-
tion to the Michaelis-Menten Equation (Equation (1)) by using Kaleida-
Graph (Synergy Software).

Vo = ke - [Elo - [SI/([S] + Kn) 1)

V is the initial rate of hydrolysis, k., and K, are the first-order rate con-
stant from the catalyst-substrate complex and the Michaelis-Menten
constant, respectively. [E], and [S] are the initial concentrations of bCA
and substrate, respectively.

Affinity Labeling and Suzuki Coupling Reaction on bCA to Yield bCA-1-
R (Step 1—4, Figure 1c and Figure 2a)

Affinity-labeling reactions were performed as described above (100 pum
bCA, 250 um 1, 50 mm HEPES buffer (pH 8.0)). For inhibition experi-
ments, ET (1 mm) was included in the solution. The reaction solutions
were directly used for Suzuki coupling reaction by adding the following
reagents: 1 mm phenylboronic acid derivatives 2, 3, or 4, 1 mm Pd(OAc),,
10% glycerol, 10 % DMSO. For bCA-1-2, the reaction solution was incu-
bated at 37°C for 7 h and then analyzed by SDS-PAGE/fluorescence gel
imaging. For bCA-1-3, the reaction solution was incubated at 37°C for
12 h and then analyzed by MALDI-TOF MS. For bCA-1-4, the reaction
solution was incubated at 37°C for 7 h, purified by gel filtration chroma-
tography (TOYOPEARL HW-40F; eluent: 50 mm HEPES buffer solu-
tion (pH 8.0)), and then fluorescence and excitation spectra were mea-
sured.

Dual Labeling and Pull-Down of bCA (Figure 3a)

Affinity labeling and the Suzuki coupling reaction were performed in
one pot as described above to yield bCA-1-2. The reaction solution was
dialyzed against 50 mm acetate buffer solution (pH 5.5), and then the
ligand-exchange reaction was initiated by adding BOA (3 mm) to the so-
lution. After incubating for 45h at 37°C, the solution was dialyzed
against 50 mm HEPES buffer solution (pH 8.0) to remove excess BOA.
The biotinylated bCA, bCA-1-2, was captured on a SoftLink Soft Re-
lease Avidin Resin (Promega), washed, and eluted with a biotin solution
(25 mm) according to the manufacture’s protocol. The eluted fraction was
analyzed by SDS-PAGE/fluorescence gel imaging.

Dual Labeling of bCA in a Protein Mixture (Figure 3b)

Affinity labeling in a protein mixture was performed under the following
conditions: 150 pgmL™" each protein (5um bCA), 12.5um 1, 50 mm
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HEPES buffer solution (pH 8.0) containing 1% DMSO, in the presence
or absence of 100 um ET. Suzuki coupling was carried out as described
above by using 2. Subsequently, the ligand-exchange reaction was initiat-
ed by adding BOA (3 mm) to the solution, and the reaction was allowed
to proceed for 15h at 37°C. The protein samples were fractionated by
12.5% SDS-PAGE, analyzed by fluorescence gel imaging, and electro-
transfered onto a PVDF membrane. The biotinylated bCA, bCA-1-2, was
detected with avidin-peroxidase (Sigma) by using a diaminobenzidine
(DAB, Wako).

Affinity Labeling and the Huisgen Cycloaddition Reaction on bCA
(Figure 2b)

The affinity-labeling reaction was performed by using 5 under the follow-
ing condition at 37°C for 12 h to obtain bCA-5: 100 um bCA, 250 pum §,
50 mm HEPES buffer solution (pH 8.0) containing 1% DMSO, in the
presence or absence of 1 mm ET. The reaction solutions were directly
used for the Huisgen cycloaddition reaction by adding the following re-
agents: 500 um 6, 1 mMm ascorbic acid, 1 mm CuSO,, 1 mm tris-triazole
ligand (Figure S2 in the Supporting Information), 10 % DMSO. After in-
cubation at 37°C for 6 h, the samples were analyzed by SDS-PAGE/fluo-
rescence gel imaging.
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The Major/Minor Concept: Dependence of the Selectivity of Homogeneously
Catalyzed Reactions on Reactivity Ratio and Concentration Ratio of the

Intermediates
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Angelika Preetz, and Detlef Heller*!"!

Abstract: The homogeneously cata-
lyzed asymmetric hydrogenation of
prochiral olefins with cationic Rh! com-
plexes is one of the best-understood se-
lection processes. For some of the cata-
lyst/substrate complexes, experimental
proof points out the validation of the
major/minor principle; the concentra-
tion-deficient minor substrate complex,
which has very high reactivity, yields
the excess enantiomer. As exemplified
by the reaction system of [Rh(dipamp)-
(MeOH),]*/methyl  (Z)-o-acetamido-
cinnamate (dipamp =1,2-bis((0-me-
thoxyphenyl)phenylphosphino)ethane),
all six of the characteristic reaction
rate constants have been previously
identified. Recently, it was found that
the major substrate complex can also
yield the major enantiomer (lock-and-
key principle). The differential equa-

Dedicated to Jack Halpern

tion system that results from the reac-
tion sequence can be solved numerical-
ly for different hydrogen partial pres-
sures by including the known equilibri-
um constants. The result displays the
concentration-time dependence of all
species that exist in the catalytic cycle.
On the basis of the known constants as
well as further experimental evidence,
this work focuses on the examination
of all principal possibilities resulting
from the reaction sequence and leading
to different results for the stereochemi-
cal outcome. From the simulation, the
following conclusions can be drawn:

Keywords: asymmetric synthesis -
enantioselectivity homogeneous
catalysis - hydrogenation - reaction
mechanisms

1) When an intermediate has extreme
reactivity, its stationary concentration
can become so small that it can no
longer be the source of product selec-
tivity; 2) in principle, the major/minor
and lock-and-key principles can coexist
depending on the applied pressure;
3) thermodynamically determined in-
termediate ratios can be completely
converted under reaction conditions
for a selection process; and 4) the in-
crease in enantioselectivity with in-
creasing hydrogen partial pressure, a
phenomenon that is experimentally
proven but theoretically far from being
well-understood, can be explained by
applying both the lock-and-key as well
as the major/minor principle.

Introduction

Catalytic asymmetric hydrogenation with cationic Rh' com-
plexes is one of the best-understood selection processes. Ac-
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cording to Halpern and Landis!"! as well as Brown,”! asym-
metric hydrogenation proceeds by the reaction sequence
presented in Scheme 1. The diastereomeric substrate com-
plexes are formed in pre-equilibria from the solvate com-
plex as the active species by coordination of the prochiral
olefin. In a sequence of elementary steps, namely, oxidative
addition of hydrogen, insertion, and reductive elimination,
the substrate complexes react to give the enantiomeric prod-
ucts. Recent literature with regard to the so-called “hydride
route” can be found in Ref. [3], and a current review about
the mechanism of enantioselective hydrogenations is given
in Ref. [4].

The X-ray structure of the diastereomeric complex [Rh-
((S,S)-chiraphos)(eac)]CIO,  (chiraphos =2,3-bis(diphenyl-

Chem. Asian J. 2008, 3, 1170-1180
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phosphino)butane, eac=ethyl (Z)-a-acetamidocinnamate)
determined in 1980,!% already proved that oxidative addi-
tion of hydrogen should lead to the S enantiomer, according
to well-accepted mechanistic assumptions, but not to the ex-
perimentally observed excess of the R product. Arising from
the mechanistic findings and the exclusion of other explana-
tions, the result could only be explained by the exceedingly
low reactivity of the major complex relative to the minor
diastereomer.”! Further support for selectivity dictation by
the minor reaction channel was provided isochronically by
Brown and Chaloner.”® They not only detected a hydri-
doalkyl complex with the chiral ligand dipamp (1,2-bis((o-
methoxyphenyl)phenylphosphino)ethane) at low tempera-

Abstract in German: Die homogen katalysierte asymmetri-
sche Hydrierung prochiraler Olefine mit kationischen Rh'-
Komplexen ist einer der am besten verstandenen Selek-
tionsprozesse. In vorgelagerten Gleichgewichten entstehen
aus dem Solvenskomplex und dem prochiralen Olefin dia-
stereomere Substratkomplexe. Die geschwindigkeitsbestim-
mende oxidative Addition von Wasserstoff fiihrt zu den
enantiomeren Produkten. Experimentell konnte fiir einige
Katalysator/Substrat-Systeme das sogenannten Major/
Minor-Prinzip belegt werden; der im Unterschuss vorlie-
gende Minor-Substratkomplex fithrt durch seine hohe Reak-
tivitdit zum Uberschussenantiomer. Im Falle des [Rh-
(dipamp)(MeOH),]* (dipamp = 1,2-bis((0o-methoxyphenyl)-
phenylphosphino)ethan) sowie (Z)-(N)-Acetylaminozimt-
sduremethylester konnten Halpern etal. alle sechs die
Reaktionssequenz charakterisierenden Geschwindigkeits-
konstanten ermitteln. In jiingerer Zeit wurde gefunden, dass
auch der Major-Substratkomplex ebenfalls zum Hauptenan-
tiomer fithren kann (Schliissel/Schloss-Konzept). Das aus
der Reaktionssequenz resultierende Differentialgleichungs-
system lédsst sich mit den bekannten Geschwindigkeitskon-
stanten numerisch fiir verschiedene Wasserstoffpartial-
drucke 16sen. Im Ergebnis erhélt man die Konzentrations-
Zeit-Abhingigkeiten aller Spezies des Katalysezyklus. Auf
der Basis der bekannten Konstanten sowie weiterer experi-
menteller Befunde war es Ziel der Arbeit, alle prinzipiellen
Moglichkeiten der Reaktionssequenz zu untersuchen. Aus
den Simulationen lassen sich folgende Schlussfolgerungen
ziehen: 1) Die extreme Reaktivitit eines Intermediates
kann dazu fiihren, dass die stationidre Konzentration dessel-
ben so klein wird, dass es nicht mehr die Quelle der Pro-
duktselektivitdt ist. 2) Das Major/Minor- und das Schliissel/
Schloss-Prinzip konnen prinzipiell in Abhéingigkeit vom
Wasserstoffdruck nebeneinander vorliegen. 3) Thermodyna-
misch determinierte Intermediatverhéltnisse konnen fiir
einen Selektionsprozess unter Reaktionsbedingungen kom-
plett invertieren. 4) Die experimentell belegte, aber bisher
nicht schliissig verstandene Steigerung der Enantioselektivi-
tiat mit steigendem Wasserstoffpartialdruck ldsst sich sowohl
mit dem Schliissel/Schloss- als auch mit dem Major/Minor-
Konzept erklédren.
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tures with NMR spectroscopy, they also demonstrated that
the hydridoalkyl complex was obtained from the minor reac-
tion channel, therefore designated as the selectivity-deter-
mining pathway.

In their fundamental work, Landis and Halpern showed
that in the case of the asymmetric hydrogenation of methyl
(Z)-a-acetamidocinnamate (mac) with [Rh((R,R)-dipamp)-
(MeOH),|BF, at 25°C, the thermodynamically less stable
minor substrate complex is about 600 times as reactive as
the major diastereomer, which is present in solution in a
tenfold excess.'Yl Hence, the predominant source of selectiv-
ity is the ratio of the rate constants of the oxidative addition
of hydrogen (Kyuin/Komaj)-

The discovery that the less stable and therefore less con-
centrated intermediate in solution determines the stereo-
chemical course of the reaction and, thus, the overall selec-
tivity predominantly through its high reactivity came as a
big surprise at the time. It entered the literature as the so-
called major/minor concept, also known as the anti-lock-
and-key principle.””! So far, it has been proven experimental-
ly in the literature for five systems."**78] The major/minor
concept can be expressed by the following three inequations,
which have to be valid simultaneously [Eq. (1)]:

k2min > k2maj7 [Esmaj] > [Esmin]’ (kZmin/kZmaj) > [Esmaj]/[ESmin]
)

The initial idea of an extreme reactivity of one intermedi-
ate is a basic principle in homogeneous catalysis and is re-
flected, for instance, in the concept of ligand-accelerated
catalysis (LAC).”)

Besides the major/minor concept, it was recently recog-
nized that the major substrate complex can also lead to the
major enantiomer as the main hydrogenation product.l”]
That behavior is already known from enzyme catalysis
under the term lock-and-key principle, developed by Fisch-
er.!

The ratio of the reaction rates for product formation in
Scheme 1 leads to Equation (2), with the assumption that
the solution does not contain any product at the beginning
of the reaction:!'*'?

Kimaj
Kk 1maj+(Kamaj-[Ha])

K1 min
@ — [ESmin] X k2min _ K1 min+ (K2 min-[H2]) ) kZmin (2)
[R] [Esmaj] kZmaj kZmaj

The selectivity, defined as the ratio of the enantiomeric
products is, in principle, the result of two factors, namely the
intermediate ratio ([ES,,;,]/[ES,,,]) as the first, and the ratio
of the intermediate reactivities (Kppin/Komaj) as the second se-
lection level.

The overall selectivity is not only the result of the intrinsic
potential of the catalyst, determined by the ligand, but also
the result of external parameters, such as hydrogen pres-
sure™ and temperature. The general influence of pressure
and temperature on enantioselectivity was systematically
studied and interpreted by the Halpern group.['>¥
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Scheme 1. Selection model of the Rh'-catalyzed asymmetric hydrogenation of prochiral olefins to S amino acid
derivatives as the excess enantiomer, according to Halpern, Landis, and Brown. ES,,,; and ES,;, are the major

and the minor substrate complexes, respectively.

In their examination of the hydrogenation of geraniol
with [RuCl,((S)-tolyl-binap)],-NEt; (binap=2,2"-bis(diphe-
nylphosphino)-1,1"-binaphthyl), Blackmond and co-workers
impressively demonstrated the influence of external parame-
ters. At 5 kPa and 50°C, (S)-citronellol was obtained with a
selectivity of 93 % ee, whereas conditions of 800 kPa and
20°C led to (R)-citronellol with 93 % ee.[']

Notably, despite enormous success and the increasing per-
formance of theoretical methods such as the calculation of
energetic barriers for single reaction steps as well as transi-
tion states,1° the possible influence of the abovemen-
tioned external parameters on enantioselectivity cannot yet
be predicted adequately.

Although, in the case of mac hydrogenation with [Rh-
(dipamp)(MeOH),|BF,, the ratio of the diastereomeric sub-
strate complexes is not crucial for the overall selectivity, the
intermediate ratio is, as a matter of principle, important for
the experimentally observed selectivity. This can be illustrat-
ed by the following features:

e The known pressure dependence of enantioselectivity in
asymmetric hydrogenation®!! can be explained plausi-
bly by a change in the stationary intermediate ratio."”

@ The nonlinear dependence of logarithmic product ratios
as a function of the reciprocal temperature (isoinversion
principle)™ can be reduced to the corresponding nonlin-
ear change in the intermediate ratio (Scheme 1).1'")

The classical example for a disturbance of pre-equilibria

is the pressure dependence of the enantioselection in asym-
metric hydrogenation. By increasing the isobaric hydrogen
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pressure, the pseudo rate con-
stant k'y;=k,;:[H,] for oxidative
addition of hydrogen is raised
in such a way that this original-
Ko ly rate-determining step be-
comes approximately as fast as
the reverse reaction of the dia-
stereomers converting into the
starting materials. Disturbance
of the adjustment of one or
both pre-equilibria influences
R’ the intermediate ratio owing to
coupling of the ratio of the dia-
stereomeric intermediates
through the solvate complex.
This change in the intermedi-
ate ratio leads to a change in
the observed overall selectivity,
according to Equation (2). Fur-
ther increase in pressure re-
sults in a threshold at which
the product ratio is only a
function of the intermediate
formation and is therefore in-
dependent of the applied pres-
sure.

So far, on the basis of the major/minor concept, it was
considered that an increase in pressure always leads to a
drop in selectivity. Plausible reasons for the increase in the
experimentally known selectivity with rising pressure are
not yet known.?*1¢

In this work, on the basis of published rate constants for
asymmetric hydrogenation,! all imaginable reaction possi-
bilities for the reaction mechanism given in Scheme 1, which
is characterized by six rate constants, will be pointed out
and discussed. We will focus on conditions under which the
stereochemical result is determined either by the major/
minor concept or the lock-and-key concept as well as the in-
fluence of hydrogen pressure on enantioselectivity.

CO,R? —| +

. | “NH ES

maj

Results and Discussion

With the known rate constants for the asymmetric hydroge-
nation of mac with [Rh((R,R)-dipamp)(MeOH),|BF, at
25°C (Table 1, Ref. [1d]), the differential equation system
derived from Scheme 1 (see Supporting Information) can be
solved numerically for various pressures.”!! Thus, all relevant
concentration—time curves can be calculated.”

Major/Minor Principle: Results from the Literature

Figure 1 shows the results for the original data, taken from
Ref. [1d], for 1 and 100 bar pressures. For each pressure, the
time dependence of the concentration of the prochiral olefin
and the enantiomeric products are shown in Figures 1a and
b, whereas the concentrations of the catalytic species, that is,

Chem. Asian J. 2008, 3, 1170-1180
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Table 1. Rate constants for the asymmetric hydrogenation of mac with [Rh((R,R)-dipamp)(MeOH),|BF,.
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which is true for the whole

Kimin Kimg Komn  Komsg Koo Ko™ [ESuyl/[ESuwia]  Kami/kamy  gIVeN pressure range. However,
[Lmol's™] [Lmol's™] [Ls'] [Ls] [Ls'] [Ls'] (Pyp=0) the area in which the selectivi-
Ref. [1d] 10600 5300 32 0.15 2.3 0.004  91.5:8.5 575 ty is only a function of the in-
Example 1 5300 10600 32 0.15 23 0.004  97.7:22.3 575 termediate formation is not
Example 2" 10600 5300 32 0.15 0.004 23 91.5:8.5 1:575 . : :
reached in the simulation. For
Example 3 10600 5300 2.3 0.004 32 0.15 99.6:0.4 21.3

that, an enantiomeric ratio of 2

[a] The values of k', already contain the solubility of hydrogen in methanol at an overall pressure of 1.0 bar.”*!
[b] Examples 1-3 represent simulated cases in which the rate constants are exchanged.

the solvate complex or the diastereomeric substrate com-
plexes, respectively, are plotted in Figures 1c and d. As
shown experimentally by Landis and Halpern, the concen-
tration of the minor substrate complex decreases with in-
creasing pressure as the concentration of the major diaste-
reomer increases. The reason for this behavior is the disturb-
ance of the pre-equilibria followed by a change in the inter-
mediate ratio, resulting in a decreasing enantioselectivity
with increasing hydrogen pressure. In Figure 2, the ratio of
the intermediates, [ES,,,;]/[ES,;,] (highlighted in magenta),
as well as the ratio of the enantiomers, [S]/[R] (highlighted
in gray), are plotted as a function of pressure. According to
the major/minor concept, the S-configured main product
(red) originates not from the dominant intermediate (blue),

a)
2.5 1 bar H,
2.0
=
5 154
E = -
| [S]/[R]=97.0:3.0
8 104
o
o
0.5
0.0 ; . . -
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tl's
C

) 00104
0.008 - [ESual ‘

= i
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S .

U -
0.002 1 [ESnil |
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(K1min/ K1maj = 10600:5300;

green) would have resulted. At
pressures high enough to result
in such low enantiomeric ratios, the enantioselectivity be-
comes independent of the hydrogen pressure over a wide
pressure range.

Example 1: Influence of the Rate Constants on
Intermediate Formation

We showed by stopped-flow measurements that the rate
constant for the formation of different diolefin complexes
from the solvate complex and the corresponding diolefin
(COD =1,5-cyclooctadiene, NBD =norbornadiene) depends
on the bisphosphane ligand (Table 2).”) The formation of
the NBD complex proceeded quicker with the ligand Ph-f3-
glup-OH (Phenyl-2,3-bis-(O-diphenylphosphino)-f-D-glyco-

b)
2.5+ 100 bar H,
1 [S]/[R]=72.9:27.1
2.0
=
5 154
@
c
8 10
[=]
[&]
0.5
UD L T T T 1
0 50 100 150 200
t/s
0.010 =
ESn
—— [ESra]
0.006 -
99.53:0.47 = 212 |
|
0.004 -
|
il
0.002 - |
[ESmin] |
0.000 - ; : — )
0 50 100 150 200
t/s

Figure 1. Concentration—-time plots for all concentrations with the experimentally derived rate constants according to Table 1, Ref. [1d] for 0.01 mmol cat-
alyst and 2.5 mmol prochiral olefin (equilibrated mixture of substrate complexes at time t=02"). Black line: a) and b) substrate concentration, c) and
d) concentration of solvate complex; blue line: [R] or concentration of major diastereomer; red line: [S] or concentration of minor diastereomer.
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Figure 2. Dependence of intermediate ratio (highlighted in magenta, pre-

dominantly determined by major diastereomer, blue line) and enantio-

meric ratio (highlighted in gray, predominantly determined by S product,
red line) on the hydrogen pressure according to Table 1, Ref. [1d].

pyranoside), whereas in case of the diop ligand (2,3-isopro-
pylphosphino-2,3-dihydroxy-1,4-bis-(diphenylphosphino)-
butane) as well as dppb (1,4-bis-(diphenylphosphino)-
butane), the reaction with COD was faster. To investigate
the consequences of such behavior, the rate constants deter-
mined by Landis and Halpern for the formation of the sub-
strate complexes were interchanged (Table 1, example 1).
As a result, only the ratio of the stability constants is
changed slightly (Table 1). The results of the numerical solu-
tion of the differential equation system are again presented
for 1 and 100 bar pressures (Figure 3). The intermediate
ratio [ES,,,J/[ES,,] and the enantiomeric ratio, each as a
function of hydrogen pressure, are displayed in Figure 4. Al-
though at low pressure the expected results were obtained,
interesting changes were observed at 100 bar.

The intermediate ratio [ES,]/[ES,y] at 100 bar (Fig-
ure 3d) yielded a value of 832. This is significantly higher
than the ratio of the rate constants for oxidative hydrogen
addition (Kymin/Koms;=575), which is considered to be the key
source of overall selection. Surprisingly, the selectivity of
the overall process is now predominantly determined by the
intermediate ratio or, more exactly, the major intermediate.
The result is inversion of the product selectivity.

At about 35 bar, the influence of the intermediate ratio
and the ratio of reactivity are balanced, thus leading to a
racemic product mixture ([S]/[R]=1; Figure 4). A decrease
in enantioselectivity with increasing hydrogen pressure,
which finally leads to inversion of selectivity, is already
known in the asymmetric hydrogenation of prochiral ole-
fins!'***2 and could be caused by the behavior described
above .

Our results clearly demonstrate that the extremely high
reactivity of one species does not necessarily lead to the
major selection product. The influence of extremely high re-
activity, which is expressed in basic concepts such as the
major/minor principle or ligand-accelerated catalysis, is lim-
ited by the nature of the systems. In other words, the extra-
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Table 2. Rate constants for the formation of the corresponding diolefin
complexes from [Rh(bisphosphane)(MeOH),|BF, and the diolefins COD
and NBD.®!

Ligand kicop kingp
[Lmol™s™] [Lmol's™]
HO/\
Ho— N\
o OPh
/ Ph-p-glup-OH 25 85
PhyP 0

(R,R)-diop 145 59

Ph,P PPh,

dppb 232 136

ordinary reactivity of an intermediate does not lead to the
major product in cases whereby the concentration of the in-
termediate is too low. The rate of product formation is the
result of the intermediate concentration and the coupled,
pressure-dependent (pseudo) rate constant.

In this context, some important remarks should be made.
The small stationary concentration of the minor diastereo-
mer, especially at high pressure,”® is not caused by a dis-
turbance of the pre-equilibrium (kjp,=5300 L (mols)™,
k' >min=230s"! at 100 bar). Instead, after a catalytic cycle is
finished, the solvate complex is mainly transferred to the
less reactive major pathway where it accumulates because of
the relatively low reactivity of the major intermediate. Con-
sequently, the stationary concentration of the minor sub-
strate complex becomes extremely low during the hydroge-
nation process arising from the solvate complex coupled
system.

Figure 3 also points out another feature. Whereas at a
pressure of 1bar the main product is formed from the
minor diastereomer according to the major/minor principle,
at a pressure of 100 bar the main product comes from the
major intermediate. In other words, the major/minor princi-
ple and the lock-and-key principle can coexist in the same
system, depending on the hydrogen pressure.

In the simulated example (Figure 4), at pressures below
35 bar, the major/minor principle is valid, and the ratio of
the intermediates is smaller than the reactivity ratio of 575.
On the other hand, at pressures above 35 bar, the reaction
proceeds according to the lock-and-key principle, and the
ratio of the intermediates is larger than 575.

Example 2: Inversion of the Thermodynamically
Determined Intermediate Ratio under Reaction Conditions

For the hydrogenation of COD/NBD mixtures with cationic
rhodium complexes as a model reaction, we were the first to
prove qualitatively, by using UV/Vis and NMR spectroscopy

Chem. Asian J. 2008, 3, 1170-1180
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Figure 3. Simulated time dependence for all concentrations for Table 1, example 1: 0.01 mmol precatalyst and 2.5 mmol prochiral olefin (equilibrated
mixture of diastereomeric substrate complexes at time ¢=0?"). Black line: a) and b) substrate concentration, c) and d) concentration of solvate complex;
blue line: [R] or concentration of major diastereomer; red line: [S] or concentration of minor diastereomer.

for rather slow hydrogenations,” that the thermodynami-
cally determined ratio of intermediates can be interchanged

10

lock-and-key

o [ESmaj] / [ESmin]
major/minor

Enantiomeric ratio [S] / [R]

T
T i T T 0
: 40 60 80 100

35 bar Pressure / bar

Figure 4. Dependence of intermediate ratio (highlighted in magenta, pre-
dominantly determined by major diastereomer, blue) and enantiomeric
ratio (highlighted in gray, predominantly determined by S product until
35 bar, red line, then determined by R product, blue line) on the hydro-
gen pressure for Table 1, example 1.
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under reaction conditions. Whereas under argon the NBD
complexes were clearly more stable, under hydrogenation
conditions, the COD complexes were the dominant species.
In other words, the thermodynamic and kinetic major inter-
mediates are different. Such an interchange of intermediate
ratios by switching from inert to reaction conditions was not
taken into account for the possible reaction sequences in the
selection processes in any of the published discussions so
far.

To investigate whether such behavior is a general possibil-
ity for asymmetric hydrogenations, the original reactivities
of the intermediates according to Ref. [1d] were inter-
changed (Table 1, example 2).

The interchange of the reactivity ratio did not influence
the principal reactivity difference between the substrate
complexes. However, the major substrate complex now do-
minated the selectivity owing to its higher reactivity. The
thermodynamic ratio of the diastereomers did not differ
from the original result of Landis and Halpern (Table 1).

Figure 5 shows the results of the numerical solution of the
differential equation system for 0.25 and 4 bar pressures. In
Figure 6, the intermediate ratio as well as the enantiomeric
ratio are plotted against hydrogen pressure.
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Figure 5. Simulated concentration-time graphs for all concentrations for Table 1, example 2: 0.01 mmol precatalyst and 2.5 mmol prochiral olefin (equili-
brated mixture of diastereomeric substrate complexes at time ¢=0?"), Black line: a) and b) substrate concentration, c) and d) concentration of solvate
complex; blue line: [R] or concentration of former major diastereomer; red line: [S] or concentration of former minor diastereomer.

At a pressure of 0.25 bar, the stationary concentration of
the major substrate complex (68.8 %) was remarkably lower
and the concentration of the minor diastereomer (31.2%)
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Figure 6. Dependence of intermediate ratio (highlighted in magenta, pre-
dominantly determined by major diastereomer until 0.65 bar, blue line,
then determined by minor enantiomer, red line) and enantiomeric ratio
(highlighted in gray, predominantly determined by R product, blue line)
on the hydrogen pressure for Table 1, example 2.
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tremendously higher than expected under thermodynamic
conditions (91.5%:8.5%). The main reason is the small
Kk _imajlkomaj Tatio, which leads to a disturbance of the pre-
equilibrium that is already at a very low partial hydrogen
pressure.”” The simulation demonstrates that at 4 bar hy-
drogen pressure, the former minor complex is now dominant
in solution. In other words, the thermodynamically more
stable complex is no longer the dominating species during
the hydrogenation. At a hydrogen pressure of about
0.65 bar, the intermediate ratio is 1, that is, both intermedi-
ates have equal concentrations in solution.

Hence, it is possible under the abovementioned circum-
stances, that an increase in pressure leads to a switch from
the lock-and-key to the major/minor principle. Despite the
dramatic change in the intermediate ratio, the macroscopic
change in enantioselectivity would be rather small. This ex-
ample illustrates that an extensive understanding of the se-
lectivity of such catalytic reactions must not be solely de-
rived from the macroscopic selectivity being dependent on
different influences such as hydrogen pressure. Further in-
formation is necessary for a deeper understanding; the ratio
of the intermediates under catalytic conditions, and not
under the thermodynamic conditions (under argon) usually
chosen, should at least be known.

Chem. Asian J. 2008, 3, 1170-1180
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Example 3: Disturbance of the Pre-equilibria

In the results discussed above, the pre-equilibrium of the
more reactive intermediate always experienced a stronger
disturbance with rising pressure than that of the less reactive
diastereomer. That is, however, not an essential require-
ment. If the equilibrium of the less reactive intermediate is
disturbed more with increasing pressure, the enantioselectiv-
ity should improve when the pressure is raised. To simulate
such behavior, the values of k_; and k, were interchanged
(Table 1, example 3). This switch of the rate constants en-
hanced the dominance of the major intermediate even more
under thermodynamic conditions, but the reactivity differ-
ence between the diastereomers was significantly lower than
in the other examples. This behavior has no influence what-
soever on the actual discussion and has already been proven
experimentally.['!

Figure 7 shows the results of the numerical solution of the
differential equation system for example 3 (Table 1) for 0.3
and 10 bar pressures. In Figure 8, the enantiomeric and in-
termediate ratios are plotted against hydrogen pressure.

At 0.3 bar, the lock-and-key principle was valid, although
the minor substrate complex was the more reactive one.
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This was caused by the dominance of the intermediate ratio
over the reactivity ratio. At a pressure of about 0.7 bar, both
influences compensated each other. The outcome was then

o [ESmaj] / [ESmin]

Enantiomeric ratio [S] / [R]

ge-t-—=—=—=====---3

}
0
0:Fbar Pressure / bar

Figure 8. Dependence of intermediate ratio (highlighted in magenta, pre-
dominatly determined by major diastereomer, blue line) and enantiomer
ratio (highlighted in gray, predominantly determined by R product until
0.7 bar, blue line, then determined by S product, red line) on the hydro-
gen pressure for Table 1, example 3.
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Figure 7. Simulated concentration-time graphs for all concentrations for Table 1, example 3: 0.01 mmol precatalyst and 2.5 mmol prochiral olefin (equili-
brated mixture of diastereomeric substrate complexes at time t=0?"). Black line: a) and b) substrate concentration, c) and d) concentration of solvate
complex; blue line: [R] or concentration of major diastereomer; red line: [S] or concentration of minor diastereomer.
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a racemate. Further increase in pressure led to the classical
major/minor principle. If the pressure were increased from
1 bar, the observation would be a macroscopic increase in
enantioselectivity with rising pressure, even though the
major/minor concept would be valid. This possibility had
not been taken into account either.

Selectivity enhancement with rising hydrogen pressure is
described in the literature!'**>**! and may have its origin in
the behavior described above. Furthermore, the example il-
lustrates that the major/minor principle, as a matter of prin-
ciple, cannot be ruled out even in the case of increased se-
lectivity with increasing hydrogen pressure. Instead, the
comparison with Figure 4 (for pressures above 35 bar)
proves the possibility for both the major/minor and lock-
and-key principles in such cases.

Principal Possibilities: A Compilation

In the following section, all possible variations of the ratios
of the resulting rate constants for the reaction sequence of
Scheme 1 will be briefly derived and discussed. With respect
to the dependence of the major/minor indexing on the cata-
lytic system, the ligand chirality, as well as the experimental
conditions (e.g., solvent and temperature), the following dis-
cussion refers only to the general model presented in
Scheme 2.

As pointed out in the Introduction, the major/minor con-
cept can be expressed unambiguously by the three inequa-

D. Heller et al.

ka1

ki ES, — > P
A

E+S

\X\m
k1o kan L ®

ES; ——> P

+ (B

Scheme 2. General selectivity model for the asymmetric hydrogenation
with a C,-symmetrical and selectivity-inducing chelate ligand. E =solvate
complex, S=prochiral olefin, ES;=diastereomeric substrate complexes, P
and P* =enantiomeric products.

tions in Equation (1). To formulate all principle possibilities,
one has to consider not just the reactivity ratio and the sta-
tionary intermediate ratio, but also the ratio of these two
variables [Eq. (2)].

Eight different possibilities result for the corresponding
ratios, which are summarized in Scheme 3. With careful in-
spection, it is possible to refine four of the eight possible
cases owing to inversion of ligand chirality, which will not
be considered in the following discussion.

Assuming that both intermediates have different reactivi-
ties, there are two possibilities for the intermediate ratio.
The more reactive intermediate has either the higher
(cases1 and 2) or the lower stationary concentration
(cases 3 and 4) in solution relative to the other diastereo-
mer. Again, for each of these cases, two possibilities exist.
In the first, the reactivity ratio dominates over the inter-
mediate ratio (cases 2 and 4). In the second, the diastereo-

Reactivity ratio Intermediate ratio Product ratio Principle Case
4 ™\
Koy > ks ES, > ES, kyilhyy < ES,/ES, P> P lock-and-key 1
Ky; > Kpp ES, > ES, kaylhay > ES/ES, P> P* lock-and-key 2
increasing equilibrium disturbance §| increasing equilibrium disturbance reversion of the
towards ES, with rising pressure towards ES, with rising pressure intermediate ratio
gy > kg ES; < ES, Kaylhyy < ES,/ES, Pr> P lock-and-key 3
k3> Ky ES, <ES, kytky > ES,/ES, P> P* major/minor 4
\

mummmmn mirror plane due to the interchange of chirality in the selection inducing ligand

T e

-

Kz > Ky ES; <ES;

Ky > Ky ES, <ES,

Koalkyy > ES/ES,

kyolky, < ES/ES,

towards ES, with rising pressure

increasing equilibrium disturbance §L increasing equilibrium disturbance
towards ES, with rising pressure

k22> Ky ES, > ES,

Ky > kyy ES, > ES,

kpalksy > ES,/ES,

Koslhyy < ESy/ES,

pPr>P major/minor 4!
P> Pp= lock-and-key 3
reversion of the

intermediate ratio
PP lock-and-key 2
Pe>Pp lock-and-key 1!

o

Scheme 3. General possible reaction sequences for the selectivity model presented in Scheme 2.

1178 www.chemasianj.org

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

Chem. Asian J. 2008, 3, 1170-1180





Selectivity in Homogeneous Catalysis

mer ratio dominates over the reactivity ratio and thus deter-
mines the absolute configuration of the hydrogenation prod-
uct (cases 1 and 3).

If there is one intermediate that is both more reactive as
well as the dominant component in solution, the lock-and-
key principle results, regardless of whether the reactivity
ratio (case 2) or the intermediate ratio (case 1) prevails. If,
in contrast, the dominant intermediate is the less reactive,
there are basically two options. When the reactivity ratio is
smaller than the intermediate ratio, the selectivity is again
determined by the major intermediate, and thus the lock-
and-key principle is valid (case 3). A different behavior
occurs when the reactivity ratio is higher than the intermedi-
ate ratio. Only then does the often-discussed major/minor
concept result (case 4).

To summarize the outcome of Scheme 3, the statistical
probability for the validity of the major/minor principle is as
low as 25% and therefore much less probable than the oc-
currence of the lock-and-key principle (75 %).

A further important feature should be noted in the fol-
lowing. As demonstrated in our extensive discussion of ex-
amples 1, 2, and 3 in Table 1, it is clearly possible to switch
between the different alternatives, for example, by changing
the partial hydrogen pressure. For such a changeover be-
tween the reaction possibilities, there are, in principle, two
optional cases: either the changeover is accompanied by an
inversion of the stationary intermediate ratio or no inversion
can be observed.

With example 1 in Table 1, the changeover from case 4 to
case 3 in Scheme 3 is realized without a changeover between
the diastereomers, that is, the dominant intermediate does
not change while it is independent of the hydrogen pressure.
However, the contribution of each selectivity level to the
overall selectivity changes. At low pressures, the selectivity
is dominated by the reactivity ratio (major/minor principle),
whereas at high pressures, the selectivity is dominated by
the intermediate ratio (lock-and-key principle).

For example 2 in Table 1, raising the hydrogen pressure
leads from case 1 to case 4 in Scheme 3. The macroscopically
attainable selectivity does not change, but the ratio of the
intermediates inverts with increasing pressure. That leads to
a switch from the lock-and-key to the major/minor principle.

Example 3 in Table 1 represents the changeover from
case 3 to case 4 (Scheme 3). As for example 2, an increase in
hydrogen pressure leads from the lock-and-key principle to
the major/minor principle, but here the same intermediate is
dominant in solution over the whole pressure range.

Conclusions
From our simulations based on experimentally determined
rate constants as well as the experimental results of a model

reaction, the following conclusions can be drawn:

1. The high reactivity of one intermediate as the origin of
high product selectivity, which is reflected in the major/
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minor principle by Halpern/Landis and Brown, as well as
the concept of ligand-accelerated catalysis by Sharpless,
is limited. With increasing reactivity, the stationary con-
centration of the intermediate that causes this reactivity
may be lowered. The consequence is decreasing selectivi-
ty owing to the nature of the rate being the product of
concentration and rate constant.

2. The major/minor and the lock-and-key principles can in
principle coexist within one system.

3. Thermodynamically determined intermediate ratios may
invert completely under reaction conditions. The ratio of
intermediates has an essential influence on the enantiose-
lectivity and should therefore be determined under reac-
tion conditions to obtain reliable data. The common way
of determining the intermediate ratio under argon may
lead to false conclusions.

4. The known but not thoroughly understood increase in
enantioselectivity with increasing hydrogen partial pres-
sure can be explained both with the lock-and-key princi-
ple and the major/minor principle. The pressure depend-
ence of the enantioselectivity alone cannot be used to
conclude the underlying model.

Selectivity as a kinetic phenomenon is the result of differ-
entiation between the reaction channels. Hence, selectivity
should be understood as a relativizing value between the re-
action channels. From this statement, it follows that one has
to compare all reaction channels as a whole to explain selec-
tivity. Thus, it is not possible to determine for certain the
source of selectivity by comparing calculated activation pa-
rameters of single reaction sequences.

The reaction channels as a whole are not only determined
by the chirality of a selectivity-inducing ligand as an intrinsic
potential of a catalytic system, but also by external parame-
ters. In particular, the often-neglected or underestimated in-
termediate ratio under catalytic conditions has central rele-
vance because it co-determines the overall selectivity as the
first selection level and is highly influenced by external pa-
rameters.
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Synthesis and Characterization of Silica@Copper Core-Shell Nanoparticles:
Application for Conjugate Addition Reactions
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Abstract:  Silica@copper (SiO,@Cu)  turated compounds in water to obtain = Furthermore, the catalyst works well

core-shell nanoparticles were synthe-
sized and well characterized by XRD,
TEM, AFM, XPS, UV/Vis, TGA-MS,
and ICP-AES techniques. The synthe-
sized SiO,@Cu core—shell nanoparticles
were employed as catalysts for the con-
jugate addition of amines to a,fB-unsa-

Introduction

In recent years, research has been directed towards the syn-
thesis and application of metal nanoparticles owing to their
unique properties compared to bulk metals."! Among the
different metal particles, copper nanoparticles have received
considerable attention because of their unusual properties
and potential applications in diverse fields.”! The various
synthetic procedures for their synthesis include microemul-
sion,”] reverse micelles,”! reduction of aqueous copper
salts,”! UV-light irradiation,” vapor deposition,”! and im-
pregnation methods.® In recent years, particular interest has
been focused on surface modification of the nanostructures
to form core-shell structures, conventionally denoted as
core@shell. The surface characteristics of the colloidal parti-
cles can be tailored with suitable shell materials, and the
properties of core—shell structures can be modified by con-
trol over the radius ratio of the core and shell.”! Core-shell
particles are of great interest owing to their potential appli-
cations in diverse fields including drug delivery, photonics,

B-amino carbonyl compounds in excel-
lent yields in shorter reaction times.

for hetero-Michael addition reactions
of heteroatom nucleophiles such as

thiols to a,f-unsaturated compounds.
As the reaction is performed in water,
it allows for easy recycling of the cata-
lyst with consistent activity.

Keywords: copper - Michael addi-
tion - nanostructures - reusability -
water

sensors, catalysis, etc. Dominguez-Quintero et al. synthe-
sized nanostructured palladium materials supported on silica
for the catalytic hydrogenation of benzene, 2-hexanone, and
cyclohexanone."® Hori et al. reported the catalytic perfor-
mance of silica-coated Pt metal particles for the competitive
oxidation of methane and other higher hydrocarbons with
gaseous oxygen.'" Corma et al. reported Pd nanoparticles
embedded in a porous sponge-like silica as a suitable cata-
lyst for the Suzuki-Miyaura coupling of electron-rich aryl
bromides."" Silica nanoparticles as a core are well studied
because of their easy synthesis and the accurate control over
their size and size distribution.

Conjugate addition or Michael addition of a wide range
of heteroatom nucleophiles to a,p-unsaturated compounds
is an important new bond-forming strategy and has attracted
special attention in synthetic organic chemistry. The versatil-
ity of the conjugate additions is due to the usage of a large
variety of Michael donors and acceptors. In particular, the
conjugate addition of nitrogen nucleophiles to a,B-enones
(aza-Michael reaction) is the most common method for
carbon—nitrogen bond formation. Heterocyclic compounds
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containing the (-amino carbonyl functionality are essential
intermediates in the fine chemicals and pharmaceutical in-
dustry." The classical Mannich-type reactions are certainly
very powerful but need quite severe reaction conditions and
are rather sluggish, thereby causing limitations in their use
in practice.'"”. However, these reactions require basic"® or
acidic catalysts,"¥ which seem to be detrimental to the de-
sired synthesis. To overcome some of the disadvantages, sev-
eral Lewis acid catalysts have been reported over the past
few years."") Accordingly, several heterogeneous catalysts
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such as clays,'¥ hydrotalcites,'”! KF/AL,O;,*® CeCl;-7H,0/
Nal supported on silica and alumina,'” ionic liquids,®*” and
copper nanoparticles??!! have been developed. Furthermore,
solvent-free® and catalyst-free®! conjugate addition reac-
tions have also been reported.

As part of our ongoing research on the synthesis, charac-
terization, and applications of silica@metal core—shell nano-
particles,”**! we herein report the synthesis of SiO,@Cu
core—shell nanoparticles (Scheme 1) and the catalytic appli-

HN - NH,
HaNo S NH»
APS HzN NH'_) CU(NO:,\)Z
80 °C H,N NH, N,H,4-H,0,
- RT
H;N NHENH’

Scheme 1. Synthesis of SiO,@Cu core-shell nanoparticles

cation for conjugate addition reactions. The synthesized
core-shell nanoparticles are well characterized by various
techniques and are employed as a recyclable catalyst for the
conjugate addition of amines, diamines, and thiols with o,f3-
unsaturated compounds in water at room temperature to
produce the corresponding Michael adducts in excellent
yields in shorter reaction times (Scheme 2).

Results and Discussion
Characterization of SiQ,@Cu Core-Shell Nanoparticles

SiO,@Cu core-shell nanoparticles were well characterized
by various techniques. The X-ray powder diffraction pattern
of the fresh and used catalyst show a signature for Cu’ and
silica as shown in Figure 1. The broad peak at around 23° is
due to amorphous silica, which is used as the core. The

Abstract in Telugu:
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Scheme 2. Conjugate addition of amines and thiophenol to a,f3-unsaturat-
ed compounds

b)

T T T T
20 30 40 50
201°

Figure 1. XRD pattern of fresh (a) and used (b) SiO,@Cu core-shell
nanoparticles

peaks at 43.2° and 50.6° confirm the presence of Cu” in the
sample. The XRD pattern of used catalyst also showed char-
acteristic peaks as that of the fresh catalyst, thus suggesting
the stability of the catalyst.

TEM studies of both fresh and used SiO,@Cu core-shell
nanoparticles were carried out to understand the shape and
size of the particles. Figure 2 shows the transmission elec-
tron micrographs for SiO,@Cu core-shell nanoparticles of
diameter 50-60 nm. In the fresh catalyst, the distinction of
core and shell was not possible, and they look similar to the
core particles with slightly different contrast, as shown in
Figure 2 a. This may be due to the very thin shell, which was
beyond the scope of the used electron microscope. It can
also be seen that the fresh as well as the used SiO,@Cu
core—shell nanoparticles do not show any signs of agglomer-
ation. However, the selected area diffraction depicted in the

Figure 2. Transmission electron micrographs of fresh (a) and used (b)
SiO,@Cu core-shell nanoparticles.
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inset of Figure 2b shows the diffraction rings for core—shell
particles, unlike that of the pure silica particles. This con-
firms the presence of a thin shell of copper on the silica
core particles. Interestingly it is observed that the shape and
size of the particles remain unchanged and support the pro-
posal that the morphology of the catalyst remains the same
even in the used catalyst. The particle size distribution of
Si0,@Cu core-shell nanoparticles is given in Figure 3 and
shows that the highest distribution of the particles is in the
range 50-60 nm.

N
o
)

Number of particles
ON A RONRD®

1 []

40-45 4550 50-55 55-60 60-65 65-70 70-75

Size/nm

Figure 3. A histogram plot of particle size distribution of SiO,@Cu core—
shell nanoparticles (mean diameter: 57 nm) based on TEM.

AFM analysis (Figure 4) provides three-dimensional
structural information of the SiO,@Cu core-shell nanoparti-
cles. The particle size measurements obtained from the
AFM images were the same as those observed from TEM.
Figure 4a shows an overview of SiO,@Cu nanoparticles at a
scan size of 1x1 um? with an average size of about 50 nm,
and the majority of the particles are separated from each
other, suggesting that the nanoparticles are stabilized
against agglomeration. Line scan size analysis further dem-

o hm Section Analysis

84
< [53.80 nm 50.86 nm

LV A

Yoy = L/—'\\

—-4.00
P

200 400 600
nm

Figure 4. AFM images of fresh catalyst (a) with line scan size analysis (b)
of SiO,@Cu core-shell nanoparticles.
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onstrated that the nanoparticles exhibited a good aspect
ratio between height and diameter (Figure 4b).

XPS is an important surface-sensitive analytical technique
useful for the identification of elements present in SiO,@Cu
core-shell nanoparticles. It also gives stoichiometric infor-
mation on the constituent elements present in the nanoparti-
cles and the chemical environment around the elements.
XPS survey scan of the surfaces of SiO,@Cu core—shell
nanoparticles showed the presence of oxygen (535 eV), sili-
con (103 eV), and copper (935 eV). High-resolution narrow
scans for Cu2p in the catalyst showed binding energy peaks
at 932.4 and 952.3 eV corresponding to Cu2p;, and Cu2p,;,
photoelectron transitions, respectively, which is characteris-
tic of Cu in the zero-oxidation state (Figure 5a). The used

b)

[

o

= : . ; ,

[

@

E | /\‘

960 952 944 936 928

Binding Energy / eV

Figure 5. XPS high-resolution narrow scans of fresh (a) and used (b)
SiO,@Cu core-shell nanoparticles. CPS = counts per second

catalyst (Figure 5b), on the other hand, showed two broad
peaks at 934 and 952 eV, which are deconvoluted into two
peaks each for Cu2p;, at 932.6 and 934.3 eV and Cu2p,,, at
952.6 and 954.9 eV. The peaks for Cu2p;, at 934.3 eV and
Cu2p,, at 954.9 eV are characteristic of Cu in the +2 oxida-
tion state, from CuO formed during recycling.” However,
it is interesting to note that partial oxidation of the catalyst
does not influence the efficiency of the catalyst, and the cat-
alyst was reused for five cycles with consistent activity.
UV/Vis absorption spectrum of SiO,@Cu core—shell nano-
particles dispersed in cyclohexane shows a band around
588 nm, which is within the range 550-600 nm reported as
the surface plasmon band characteristic of copper nanoparti-
cles (Figure 6). The shifts in the plasmon band depend on
the size and shape of the nanoparticles.”*! Copper nano-
particles with 30-50 nm diameter show a plasmon band at
579 nm, whereas nanorods with 50-70 nm size show a plas-
mon band at 586 nm.””! The observed plasmon band for
SiO,@Cu core-shell nanoparticles is due to the copper
nanoparticles deposited over the Si core, which suggests that
the effective particle size of the SiO,@Cu core-shell nano-
particles is within the range 50-60 nm, which is in accord
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Figure 6. UV/Vis absorption spectrum of SiO,@Cu core—shell nanoparti-
cles in cyclohexane.

with the mean diameter of 57 nm observed from the TEM
studies.

The synthesized SiO,@Cu core-shell nanoparticles were
subjected to TGA-MS to detect the evolved gas fragments,
which confirms the presence of the spacer 3-aminopropylsi-
lane on the synthesized catalyst. The thermogravimetric pro-
file of the catalyst in Figure 7 shows a two-step degradation
process. As can be seen from the figure, the 3-aminopropyl-
silane spacer used to anchor copper nitrate on the monodis-
persed silica nanoparticles degrades in the second degrada-
tion step in the temperature range 250-400°C. The observed
TGA-MS evolved gas fragments in this temperature range
having m/z values of 16, 30, 44, and 58, corresponding to
NH,, CH,NH,, (CH,),NH,, and (CH,);NH, fragments, re-
spectively, confirm the presence of the spacer 3-aminopropyl
group in the catalyst.

—» miz 44

—»miz 16
0.00

3-0.02
1-0.04
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j-0.12
§-0.14
-0.16
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Figure 7. TGA-DTG-MS thermogram profile for SiO,@Cu core-shell
nanoparticles
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Catalytic Activity of Silica—Copper SiO,@Cu Core-Shell
Nanoparticles

The synthesized SiO,@Cu core—shell nanoparticles were em-
ployed as catalysts for aza-Michael additions of amines to
o,pB-unsaturated compounds (Scheme 3). A variety of a,f-

Rl\ R’ Si0,@Cu core-shell nanoparticles R X
NH © /= II\T
R’ R X

water, 5-30 min, room temp. R2 R

X =CN, COOR", COCH,

Scheme 3. Aza-Michael addition of amines to a,B-unsaturated com-
pounds.

unsaturated compounds such as methyl acrylate, acryloni-
trile, methyl vinyl ketone, cyclohexenone were subjected to
reaction with different aliphatic amines in the presence of
1mol% of SiO,@Cu core-shell nanoparticles in water at
room temperature to give the corresponding (-amino car-
bonyl compounds in high yields, and the results are summar-
ized in Table 1.

To confirm the critical role of the SiO,@Cu core-shell
nanoparticles, control reactions were conducted under iden-
tical conditions using morpholine and acrylonitrile as model
substrates. The reaction using monodispersed silica nanopar-
ticles and amino-functionalized silica particles gave the
product in low yields (ca.30% ) whereas the reaction using
SiO,@Cu core-shell nanoparticles as catalyst gave the prod-
uct in excellent yields in very short reaction times. The pres-
ence of copper enhanced the yield of the product and also
reduced the reaction time, suggesting the superior activity of
SiO,@Cu core-shell nanoparticles. Further, to study the
scope and practical applicability of the catalyst, the reaction
was carried out on a larger scale (20 mmol) and the reaction
was complete in 15 min to afford the desired product in
95% vyield (Table 1, entry 1). After completion of the reac-
tion, the catalyst was quantitatively recovered by centrifuga-
tion and reused for five consecutive cycles with consistent
activity (Table 1, entry 1). The copper content in the catalyst
after the fifth cycle, as determined by ICP-AES analysis.
was found to be 2.07 %.

Simple and long-chain acrylates were equally reactive
with morpholine. Branched acrylates such as isobutyl and
tert-butyl acrylate required slightly longer reaction times
than n-butyl acrylate (Table 1, entries 3-5). The reaction of
morpholine with a,f-substituted Michael acceptors like
methyl methacrylate and cyclic o,f3-unsaturated ketones
such as cyclohexenone afforded the corresponding 1,4-ad-
ducts in moderate yield, which may be due to the steric ef-
fects of the side chain of the acceptors (Table 1, entries 6-8).
Different amines such as piperidine and sterically hindered
amines like dibenzyl amine, diisopropyl amine, and dibutyl
amine as substrates of this reaction gave the desired prod-
ucts in high yields in shorter reaction times (Table 1, en-
tries 9-14). When primary amines and piperazine were al-
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Table 1. Aza-Michael reaction of amines with a,B-unsaturated compounds using SiO,@Cu core-shell nanoparticles.!!

Entr Amine Acceptor t [min Product Yield [% ]!
Yy P
{ ) { NN o
1 o NH =-CN 4 g N 951l
95ldl
/N Vo COOM:
2 9 NH =x-COOMe 5 d n/ © 90
/N COOnB
3 g NH S%-COOnBu 5 d W~ u 90
Ve /N COooB
4 g NH ==-COO0iBu 15 d N 90
/N /7 N\ —COO0B
5 o NH =-COO!Bu 15 g N ! 88
/N
/ \ o] N
6 d  NH _ )=o 30 _/ 70
[¢]
{ N COOM />*
7 g NH ﬁ/ o 20 O\/—\/N COOMe %
S\ S\ -COM
8 9 NH ==-COMe 15 g N OV 80
CN
9 (W S_CN 1 N 95
~—~COOM
10 < NH *=-COOMe 5 € /N’J ¢ 90
Ph—\ - Ph—. CN
11 Ph _NH ==-CN 5 Ph—/Nj 90
Ph—\ Ph COOMe
1 oy NH S-COOMe 6 Pthf 88
nC4Hg., nCyHg—\ _/‘CN
NH =
13 nCHE N 5 N 90
iC3Hp iCsH—  /CN
NH =-CN N
14 e 5 oH— 90
15 Ph™NH, =-CN 5 Ph/\u/\/CN 90
PN pr N CN
16 Ph™ "NH, ==-CN 10 kVCN 95l
17 Ph™"NH, -COOMe 10 P CO0Me 90l
K/COOMe
A~y —~CN
18 nC4Hg—NH, =-CN 9 nCaHg™ N 90!
CN
Phe o~~~ ON
19 pr > NH: SCN 9 N 90t
/N /N /7CN
20 HN - NH =-CN 7 NCIN N gglel
/N 7\ CN
21 —N NH “==-CN 20 —N NJ 88
/ \ - / N\ _/_CN
22 ﬁN NH ==-CN 25 /_N N 38
- - —CN
23 Ny NH =-CN 30 N/;\NJ 90

[a] Reaction conditions as exemplified in the Experimental Section. [b] Yield of isolated product. [c] Yield of isolated product after fifth cycle. [d] Reac-

tion on 20-mmol scale. [e] Two equivalents of acceptor used.

lowed to react with an excess of Michael acceptor, bis-addi-
tion products were observed (Table 1, entries 16-20). Substi-
tuted piperazines on reaction with acrylonitrile gave the
products in high yields (Table 1, entries 21 and 22). Similar-
ly, imidazole on reaction with acrylonitrile afforded the cor-
responding N-substituted imidazole in excellent yield
(Table 1, entry 23).

To explore the feasibility of the catalyst for aza-Michael
addition of diamines, we studied the tandem bis-aza-Michael

Chem. Asian J. 2008, 3, 1163 -1169
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addition of ethylene diamine and acrylonitrile by varying
their relative molar ratios (Scheme 4). One equivalent of di-
amine with two equivalents of acrylonitrile gave the disub-
stituted diamine in 70 % yield, whereas four equivalents of
acrylonitrile gave tetrasubstituted diamine product in 75%
yield.

Encouraged by the versatility and effectiveness of the cat-
alyst for the aza-Michael reactions, we attempted to study
the hetero-Michael addition of a,f-unsaturated esters with
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Scheme 4. Tandem bis-aza-Michael addition of ethylene diamine and
acrylonitrile

thiols (Scheme 5). At room temperature, thiophenol was in-
troduced at the B-position of different acrylates with ease to
afford the corresponding Michael adducts in good yields

e

Scheme 5. Hetero-Michael addition of thiols to a,p-unsaturated com-
pounds

SH
=\ Si0,@Cu core-shell nanoparticles
+ ~ =
COOR R
water, 15 min, room temp.

R= CHj, C,Hs, iC3H,, 1C,H,

(Table 2). Simple and branched acrylates were equally effec-
tive for the reaction with thiophenol, and the reactions were
completed in shorter reaction times. Furthermore, the cata-
lyst was reused for five cycles with consistent activity
(Table 2, entry 1).

Table 2. Michael reaction of thiophenol with a,B-unsaturated esters using
Si0,@Cu core-shell nanoparticles.!!

Entry Acceptor Product Yield [%]®!
S .
Sy7P"coome 95
~ M
1 =x-COOMe © 9Qle!
S,
2 ==-COOEt ©/ COOEt 92
S coonsu
3 ==-COOnBu i:r 90
P
Ay S o, ;
4 =-CO0iBu U COOBu 85
=
S
N
5 -COOfBuU O/ CooBu 88

[a] Reaction conditions as exemplified in the Experimental Section.
[b] Yield of isolated product. [c] Yield of isolated product after fifth
cycle.

Conclusions

SiO,@Cu core-shell nanoparticles were synthesized, well
characterized, and employed as catalyst for the conjugate
addition of amines, diamines, and thiols to a,f-unsaturated
compounds to afford the corresponding products in excel-
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lent yields in shorter reaction times. It is remarkable that
the reaction in water makes the procedure quite simple, en-
vironmentally benign, and allows easy recyclability of the
catalyst. Furthermore, catalytic applications of SiO,@Cu
core—shell nanoparticles for addition reactions with complex
structures of biological significance are currently under in-
vestigation.

Experimental Section
General

Powder X-ray diffraction (XRD) data of the samples were obtained
using a Siemens D 5000 X-ray diffractometer with Bragg—Brentano ge-
ometry having Cug, radiation (40 kV, 30 mA), fixed slits, and a graphite
secondary monochromator. The samples were scanned for 26 values
ranging from 2° to 65°. Nanosize and morphology of the Si@Cu core—
shell nanoparticles were observed with a Philips TECNAI-FE12 trans-
mission electron microscope (120 kV). The particles were dispersed in
methanol and a drop of it was placed on a formvar-coated copper grid
followed by air drying. Atomic force microscopy (AFM) was employed
to characterize the morphology of the nanoparticles using a Digital
Nanoscope IV (Veeco Instruments, Santa Barbara, CA).The microscope
was vibration damped. Commercial phosphorous (n-)doped silica tips on
an I-tape cantilever with a length of 115-135 um and resonance frequen-
cy of about 260 kHz were used. Tapping-mode AFM allows the imaging
of the soft samples at high resolution without damaging the sample. X-
ray photoelectron spectroscopy (XPS) measurements were obtained on a
KRATOS-AXIS 165 instrument equipped with dual aluminum-magnesi-
um anodes using Mgy, radiation. The X-ray power supply was run at
15kV and 5 mA. The pressure of the analysis chamber during the scan
was 10~ Torr. The peak positions were based on calibration with respect
to the Cls peak at 284.6 eV. The obtained XPS spectra were fitted using
a nonlinear square method with the convolution of Lorentzian and Gaus-
sian functions after the polynomial background subtraction from the raw
data. UV/Vis spectra were recorded on a GBC Cintra 10e ultraviolet/visi-
ble spectrometer with diffused reflectance spectra (DRS) accessory in
the wavelength range 200-800 nm at room temperature with a scan speed
of 200 nm and slit width 1.2 nm. Thermogravimetric (TG), differential
thermal analysis (DTA), and the mass of the gas evolved during the ther-
mal decomposition of the catalyst were studied on a TGA/SDTA Mettler
Toledo 851° system coupled to a MS Balzers GSD 300 T, using open alu-
mina crucibles containing samples weighing about 8-10 mg with a linear
heating rate of 10°Cmin'. Nitrogen was used as purge gas for all these
measurements.

Tetraethylorthosilicate (TEOS), 3-aminopropyl trimethoxysilane (APS),
Cu(NO,),.3H,0, methyl acrylate, acrylonitrile, methyl vinyl ketone, and
amines were purchased from Aldrich or Fluka and used without further
purification. ACME silica gel (100-200 mesh) was used for column chro-
matography, and thin-layer chromatography was performed on Merck-
precoated silica gel 60-F254 plates. All the other chemicals and solvents
were obtained from commercial sources and purified using standard
methods.

Synthesis of Functionalized Monodispersed Silica Core Nanoparticles

Monodispersed silica core nanoparticles were synthesized according to
the procedure reported by Stober etal.® Tetraethylorthosilicate
(TEOS), ethanol, water, and ammonium hydroxide were mixed in a
1:75:31:4 molar ratio and stirred for three hours. The silica particles were
collected by centrifugation and washed three times with water. All the
particles were redispersed in 150 mL water, and 107> mol of 3-amino-
propyl trimethoxysilane (APS) was added to it. The solution was stirred
at 80°C for one hour and allowed to cool. The surface-modified silica
nanoparticles were collected by centrifugation, washed three times with
water, and dried at room temperature in air.
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Synthesis of Silica—-Copper Core-Shell Nanoparticles

Surface modified silica particles (100 mg) were re-dispersed in water
(200 mL) by stirring for 30 min and sonicated for 15 min. Copper nitrate
(0.002m) followed by hydrazine hydrate (6 mL) were added and stirred
for 3 h. Finally, the particles were washed with water and dried under
vacuum. The copper content in the catalyst was found to be 2.08% by
ICP-AES analysis.

General Procedure for the Aza-Michael Reaction of Amines with a,f3-
Unsaturated Compounds

The mixture of catalyst (0.005 g, 1.08 mol %), amine (1 mmol), and a,f-
unsaturated compound (1 mmol) in water (3 mL) was stirred at room
temperature for the appropriate time (Table 1). After completion of the
reaction, as indicated by TLC, the product was extracted with ethyl ace-
tate (3x10mL). The combined organic extracts were concentrated in
vacuum, and the resulting product was purified by column chromatogra-
phy on silica gel with ethyl acetate and n-hexane (2:8) as eluent to afford
the pure f-amino adduct. Similarly, thiols were subjected to the reaction
under identical conditions (Table 2). The aqueous layer containing the
catalyst was preserved for the next run. The products were characterized
by comparison of their NMR and mass spectra with those of authentic
Samples'[IS,l‘).Zla.ZZb]
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