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Chemoselective cyanation reaction of the aliphatic aldehyde
group in the dialdehyde 8 was performed at —78°C using 1,
H,O, Buli, 5b, and 3. LiBF, was then added to the reaction
mixture, followed by the addition of CH;NO, (10 equiv). The
mixture was stirred at —50°C for 24 h (9a) and 20 h (9b) to
afford the desired product 10. The ee values of the major
diastereomers were 93% (10a: yield 78 %, d.r.=2.6/1) and
98% (10b: yield 68 %, d.r.=3.7/1), respectively. Without a
second tuning with LiBF,, the yield (46 %:10a), d.r. (1.5/1:
10a), and ee value (88 %: 10a) decreased, which supports the
effectiveness of the catalyst tuning strategy to achieve tandem
asymmetric catalysis with a single chiral catalyst component.
Calculated ee values for the second nitroaldol reaction itself
were 55% ee (9a with LiBF,), 68 % ee (9b with LiBF,), and
25% ee (9a without LiBF,), respectively (Scheme 2).

In summary, we have developed a new, highly enantiose-
lective cyanation reaction and successfully demonstrated the
first tandem asymmetric catalysis with a single YLB catalyst
component. Tuning the chiral environment in YLB with
achiral additives such as Ar;P(O) (5) and LiBF, had a key role
in the present sequential asymmetric cyanation—nitroaldol
reactions. The strategy can be regarded as a chiral “allosteric
enzyme” model and would, in principle, lead to tandem
asymmetric catalysis to promote more than two mechanisti-
cally distinct asymmetric reactions in one pot with a single
catalyst component (Scheme 1), creating the possibility for a
more efficient and environmentally benign synthesis of
optically active, complex molecules. Efforts to improve the
second nitroaldol reaction and mechanistic investigations to
clarify the exact roles of achiral additives are currently in
progress.

Experimental Section

To tris(2,6-dimethoxyphenyl)phosphane oxide (5b) (27.6 mg, 0.06 mmol) in
a test tube was added an (S)-YLB/H,O solution (2.0 mL, 30 mm in THF,
0.06 mmol). The solution was stirred at room temperature. After com-
pletely dissolving 5b, nBuLi (0.06 mmol) was added to the mixture. This
catalyst solution was cooled down to —78 °C, dialdehyde 8a (0.6 mmol) and
ethyl cyanoformate (3) (0.66 mmol) were added and stirred at —78°C.
After stirring for 3 h, LiBF, (90 uL, 2.0m in THEF, 0.18 mmol) was added
and the mixture was stirred at —50°C for 30 min. Then, CH;NO, (325 uL,
6.0 mmol) was added and the mixture was stirred at —50°C. After stirring
for 24 h, 1m aq. HCI was added to the solution and the organic components
extracted with diethyl ether. The organic layer was washed with brine and
dried over Na,SO,. After evaporating the solvent, the residue was purified
by flash column chromatography (silica gel, hexane/ethyl acetate = 6/1) to
give 10a (156.6 mg, 0.47 mmol, yield 78 %, d.r.=2.6/1, 93% ee for major
diastereomer) as a colorless oil.
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A Trigonal-Bipyramidal Ferric Aqua Complex
with a Sterically Hindered Salen Ligand as a
Model for the Active Site of Protocatechuate
3,4-Dioxygenase**

Hiroshi Fujii* and Yasuhiro Funahashi

Protocatechurate 3,4-dioxygenase (3,4-PCD) has been
found in soil bacteria and is known to play a role in degrading
aromatic molecules in nature.[>? The enzyme is classified as
an intradiol dioxygenase and cleaves catechol analogues
bound to the iron(un) site into aliphatic products with
incorporation of both atoms of molecular oxygen. It has been
proposed that the enzyme does not activate an iron-bound
oxygen molecule, but rather induces an iron-bound catecho-
late to react with O,.”! Therefore, knowledge of the structure
and electronic state of the iron site is essential to under-
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standing the unique reaction of 3,4-PCD.23I A
previous crystal structure analysis of 3,4-PCD from
Pseudomonas putida revealed a distorted trigonal-
bipyramidal ferric iron center with four endogenous
protein ligands (Tyr408, Tyr447, His460, and
His462) and a solvent-derived water molecule
(see Figure 2).14 To understand the structure—func-
tion relationship of 3,4-PCD, attempts have been
made over several decades to prepare inorganic
model complexes of 3,4-PCD. However, no iron(1ir)
complex that reproduces the active site of 3,4-PCD
has been characterized. We report here the first
example of a distorted trigonal-bipyramidal ferric
aqua complex with a sterically hindered salen ligand
that not only duplicates the active site but also
mimics the spectral characteristics of 3,4-PCD.
The sterically hindered salen ligand bis-(3,5-
dimesitylsalicylidene)-1,2-dimesitylethylenedia-
mine (1) was prepared in 77 % yield by the reaction

=N N=
{ Y oHHO D
o O

1

Figure 1. Thermal-ellipsoid plots (50 % probability) of a) 2 and b) 3. Hydrogen atoms
and solvents of crystallization have been omitted for clarity. Selected bond distances [A]
and angles [°]: 2: Fe—Cl 2.234(3), Fe—O(1) 1.881(6), Fe—O(2) 1.878(5), Fe—N(1) 2.102(6),
Fe—N(2) 2.087(6); O(1)-Fe-N(2) 154.1(3), O(2)-Fe-N(1) 143.3(3). 3: Fe—O(1) 1.863(3),
Fe—0O(2) 1.876(3), Fe—O(3) 2.009(3), Fe—N(1) 2.084(3), Fe—N(2) 2.060(3); O(1)-Fe-N(2)
166.6(1), O(2)-Fe-N(1) 137.7(1).

of 3,5-dimesityl-2-hydroxybenzaldehyde and 1,2-
dimesitylethylenediamine in hot methanol. The
ferric chloride complex 2 was obtained by treatment
of 1 with anhydrous FeCl; in hot ethanol
(Scheme 1). Figure 1a shows the X-ray crystal
structure of 2.5 The bond distances and angles of
2 are nearly identical to those of the ferric chloride complex of
salen.l) The iron(imn) site of 2 is square-pyramidal, which is
common for five-coordinate salen—iron complexes.[®7] The
absorption and 'H NMR

/_\N FeCly /ﬂ spectra of 2 are also similar
C > — <N Fe. > to those of the ferric chloride
H HO ¢ 0 complex of salen. This indi-

1 2 cates that the mesityl groups

AGCIO introduced into the salen
%ZOAj ligand do not represent a

steric hindrance in the for-

A i i
[OH Y " /H;O\N mation of the iron complex.
Fé > <N Fe > In contrast to the normal
d © H* o o square-pyramidal structure
4 3 of 2, the ferric aqua complex

3, which is obtained from 2
upon treatment with Ag-
ClO,H,0 (Scheme 1), ex-
hibits a drastic structural
change. Figure 1b shows the X-ray crystal structure of 3.0
The + 3 oxidation state of iron in 3 is proven by the presence
of the perchlorate anion. While the bond angles for O(1)-Fe-
N(2) and O(2)-Fe-N(1) in 2 are 154.1° and 143.3° (r=0.18),
those in 3 are 166.6° and 137.7° (z = 0.48), respectively.l®! The 7
value of 3 is close to that of 3,4-PCD (= 0.44).1“8 The ferric

Scheme 1. Schematic representa-
tion of the synthesis of 2—4.
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iron site of 3 exhibits a distorted trigonal-bipyramidal
structure with the phenolate O(2), imino N(1), and water
oxygen O(3) atoms serving as equatorial ligands and the
phenolate O(1) and imino N(2) atoms serving as axial ligands
(see Figure 2).

Complex 3 is the first example of a structurally defined
ferric complex with the same coordination mode as the active
site of 3,4-PCD (Figure 2). Interestingly, the structural change
is induced by the replacement of the external chloride ligand
in 2 with water. As reported for 3,4-PCD, the axial Fe—O(1)

@ 0(Y447)

O(Wat)

%3 O(Phe)

0(Y408)

@ N(H462)

3 3,4-PCD

Figure 2. Comparison of the coordination sphere of 3 to that of the
structurally characterized 3,4-PCD (data from PDB accession code 2PCD).
Imi =imino, Phe = phenolate, Wat = water.
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bond is longer than the equatorial Fe—O(2) bond, but the
difference of 0.013 A is smaller than that seen for 3,4-PCD
(0.09 A). The Fe—N bond distances of 3 are shorter than those
of 3,4-PCD.Hl The O(1)-Fe-N(2) angle of 166.6° in 3 is nearly
identical to that in 3,4-PCD (167°).1 The Fe—O(3) bond
distance in 3 is 2.016 A and thus longer than the value of
1.90 A found in 3,4-PCD; the iron-bound water in 3,4-PCD is
thought to coordinate as a hydroxide group under physio-
logical conditions.)

The spectroscopic characteristics of 3 in solution are also
similar to those of 3,4-PCD. The absorption spectrum of 3
shows absorption peaks at A, (¢; mM~'cm™)=313 nm
(15.3), 433 nm (4.5), and 535 nm (4.6) in THF/H,O (7/3)
(Figure 3). The two bands in the visible region are LMCT
bands from two distinct phenolate ligands. As found for 3,4-
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Figure 3. Changes in the absorption spectrum as a result of the pH-
dependent reversible alternation between the aqua complex 3 and the
hydroxide complex 4 in THF/H,O (7/3). 0.1m HCIO, and NaOH were used
to change the pH value, /=0.1, NaClO, was the supporting electrolyte.
Measurements were made at pH 3.9, 6.5, 7.1, 7.5, 8.0, and 10.3. Inset: EPR
spectra of the chloride complex 2 in CH,Cl, at 4 K and the hydroxide
complex 4 in THF/H,O (7/3) at 2 K.

PCD,>319 this is supported by the excitation profiles of
resonance Raman bands for 3, which show two 7, bands
from two distinct phenolate ligands at 1304 and 1338 cm~.
The absorption spectrum of 3 shows a reversible acid-base
transition with formation of the hydroxide complex 4 (see
Scheme 1), with isosbestic points depending on the proton
concentration (Figure 3). The absorption spectrum of 4 is very
similar to that of 3,4-PCD, except for a blue shift of the
absorption peak (4: 370 nm, 3,4-PCD: ca. 460 nm).'] From
the change in the absorption spectrum, the pK, value of the
iron-bound water molecule is estimated to be about 7.0 in
THF/water (7/3), suggesting that the Lewis acidity of the iron
center in 3 and 4 is close to that seen for 3,4-PCD.['Z
Because of the steric hindrance of the mesityl groups in the
salen ligand, the monomeric hydroxide complex 4 is obtained
without formation of the u-oxo dimer.[®! The monomeric
structures of 3 and 4 are further confirmed by 'H NMR and
EPR spectroscopy. The 'H NMR spectra of 3 and 4 in CD,Cl,
show large downfield shifts of the signals for the 4- and 6-
protons in the salicylidene group.l' While the EPR spectrum
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of 2 exhibits signals at g = 8.1, 3.5, and ca. 1.8,[" those of 3 and
4 show signals at g=9.19, 4.26 and g =9.38, 4.26, respectively
(inset of Figure 3). These EPR spectra indicate that, even in
solution, 3 (E/D ~0.21) and 4 (E/D ~0.25) have much more
rhombic iron centers than 2 (E/D=0.10). The zero-field
splitting parameters, that is, the D values, of 3 and 4 were
determined to be about 2.1 cm™ and 1.1 cm~!, respectively.
The g values and zero-field splitting parameters of 4 are also
nearly identical to those of 3,4-PCD (g=9.35 and 4.3, E/D =
~0.28, D =1.6 cm!).['l All of the spectral characteristics of 3
and 4, which are similar to those of 3,4-PCD but different
from those of 2, suggest that the trigonal-bipyramidal
structure is retained in solution.

In conclusion, by using a sterically hindered salen ligand, we
have obtained a distorted trigonal-bipyramidal ferric aqua
complex that duplicates the structural and spectral character-
istics of 3,4-PCD. The present results imply that the iron-
bound water ligand is essential to the trigonal-bipyramidal
structure in 3,4-PCD; the effect of this water ligand is being
investigated in our group.

Experimental Section

2: Ligand 1 (2.446 g, 2.5 mmol) in hot ethanol (75 mL) was added to
anhydrous FeCl; (0.406 g, 2.5 mmol) in ethanol (25mL). After being
heated at 80°C for 5 min, the resulting dark red solution was allowed to
stand at room temperature to give a dark brown precipitate. The precipitate
was isolated by filtration and dried. A crystal suitable for X-ray structure
analysis was obtained by recrystallization from acetonitrile. Yield: 1.474 g
(53 %); elemental analysis calcd for [C,,H;,N,O,CIFe](C,H;OH): C 77.72,
H 725, N 2.52; found: C 77.56, H 7.14, N 2.53.

3: Complex 2 (55.6 mg, 0.050 mmol) was dissolved in THF, and 1 equiv of
AgClO,4H,0 (12.3 mg, 0.055 mmol) was added. After the precipitated
AgCl was removed by filtration, the solvent was removed by evaporation.
The residue was dissolved in CH,Cl, and the solution was filtered. Slow
diffusion of hexane to the filtrate gave a deep purple crystalline product.
Yield: 353 mg (62%); elemental analysis caled for [C;H;N,O,Cl-
Fe](CH,CL,),(H,0),4: C 65.23, H 6.14, N 2.11; found: C 65.54, H 6.33, N
2.20.
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Micro/Nanoengineering of the Self-Organized
Three-Dimensional Fibrous Structure of
Functional Materials

Xiang Y. Liu* and Prashant D. Sawant

Supramolecular functional materials!! with 3D fibrous
network structures formed by interconnecting nanosized
fibrils have important applications in, for example, drug
delivery, coatings, lithography, catalyst supporters, scaffolds
for tissue engineering, the engineering of nanostructural and
self-supporting porous materials, and novel separation for
macromolecules.'”) Macroscopic properties, in particular, the
rheological properties of supramolecular functional materials
are determined by the microstructure of fibrous networks.
The fibrous networks with permanent interconnections will
effectively entrap and immobilize liquid in the meshes and
promote the formation of self-supporting rigid gels, which
possess the elastic properties of ideal solids and the viscosity
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properties of a Newtonian liquid.?*° In contrast, systems
consisting of nonpermanent or transient interconnecting
(such as entangled) fibrils or needles reveal only viscous
weak gels at low concentrations.?

Significant efforts have been devoted to the identification
of novel systems with a desirable microscopic structural
organization that can enable formation of such functional
materials.>*% One such route includes the screening of a large
number of potential gelator/solvent systems capable of
forming 3D self-organized interconnecting fibrous net-
works.>+71 However, through the lack of suitable of materials,
screening is very difficult. Thus for a given system, it would be
extremely desirable to construct or engineer interconnecting
3D fiber networks at the micro- or nanolevel with such
organization that materials with the expected functionalities
can be created. We aim to illustrate a completely new
approach to engineering such materials by constructing
permanent 3D interconnecting nanofibrous networks from a
system consisting of separate fibers.

The materials to be examined were obtained by dissolving
lanosta-8,24-dien-3-01:24,25-dihydrolanosterol ~ (L/DHL),
56:44 molar ratio, Sigma) in diisooctylphthalate (DIOP,
99% purity, Aldrich) at approximately 125°C, and then
cooling the sample to approximately room temperature.

H3C

CH3"‘«/\/Y

CH3

CH3

HO” )
H3C\\ CH3

Lanosterol

0
l 0
0

(|) 7/\/\
DIOP

Scanning electronic microscopy (SEM) coupled with a CO,
super-critical fluid-extraction technique (Thar Design) was
applied to examine the micro- and nanostructure of the
fibrous networks. The latter technique is used to remove the
liquid captured in the networks without disturbing their
overall structure.®

An opaque and viscous paste was obtained on cooling the
aforementioned system (10 wt% L/DHL) to room temper-
ature (Figure 1a, inset). The system consists of only non-
branched fibers or needles, which are in temporary contact
with each other (Figure 1a).

Our strategy is to create networks with permanent inter-
linking from such a system. An additive, ethylene/vinyl
acetate copolymer (EVACP, (CH(O,CH,),, My=
ca. 100000, 40 % in vinyl acetate), is introduced to achieve
the microstructured architecture. Surprisingly, under identical
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