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(Abstract: Two (ONO pincer)ruthenium-complex-bound nor-
valines, Boc—[Ru(pydc)(terpy)INva—OMe (1; Boc=tert-butyl-
oxycarbonyl, terpy=terpyridyl, Nva=norvaline) and Boc—
[Ru(pydc)(tBu-terpy)INva—OMe (5), were successfully synthe-
sized and their molecular structures and absolute configura-
tions were unequivocally determined by single-crystal X-ray
diffraction. The robustness of the pincer Ru complexes and
norvaline scaffolds against acidic/basic, oxidizing, and high-
temperature conditions enabled us to perform selective
transformations of the N-Boc and C—OMe termini into vari-

ous functional groups, such as alkyl amide, alkyl urea, and
polyether groups, without the loss of the Ru center or enan-
tiomeric purity. The resulting dialkylated Ru-bound norvaline,
n-C;,H,3CO—L-[Ru(pydc)(terpy)INva—NH-n-C;,H,;  (L-4)  was
found to have excellent self-assembly properties in organic
solvents, thereby affording the corresponding supramolec-
ular gels. Ru-bound norvaline -1 exhibited a higher catalytic
activity for the oxidation of alcohols by H,0, than parent
complex [Ru(pydc)(terpy)] (11a).

/

Introduction

Metalated amino acids,"” in which biologically important
amino acid derivatives are tethered to functional organometal-
lic compounds,” have attracted attention as promising bioor-
ganometallic complexes for the fabrication of molecular func-
tional materials.”! Their unique properties, which originate
from the bioorganic and organometallic moieties, provide such
complexes with interesting properties for photochemical, elec-

tronic, magnetic, and catalytic applications. The first alanine
and phenylalanine derivatives with ferrocene a-side chains
were synthesized by Schlégl in 1957 Although numerous
metalated amino acids have since been developed for various
applications, most of these derivatives were developed for use
as biomarkers and biosensors.” The self-assembly and catalytic
properties of metalated amino acids can be understood by the
combination of amino acids and transition metal complexes,
because these characteristics are inherent to both parts. How-
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Supporting information for this article, including 'H and ">*C NMR and
HRMS (ESI-FT-ICR) spectra of all of the synthesized compounds, structure
and crystallographic data of compounds -1, D-1, 11a, 11b, L-5, and 20,
and XANES spectra of L-1, can be found under http://dx.doi.org/10.1002/
asia.201600045.
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ever, few studies have investigated these properties for meta-
lated amino acids."“®” Recently, we synthesized a series of
metalated amino acids that possessed (NCN pincer)palladium
and (PCP pincer)palladium complexes and found that they ex-
hibited unique self-assembly properties and excellent catalytic
activities that were not observed in the parent complexes.’?
These results led us to design a new type of catalytically active
amino acids with (ONO pincer)ruthenium complexes. Several
pioneering studies have been reported on amino acids that
were tethered to Ru complexes. Various Ru-complex-bound
amino acids and peptides have been synthesized since
Schachschneider and Knapp reported independently the meta-
lated amino acids, in which a ruthenocene was attached cova-
lently to the a-position of glycine!®9 and a-methyl group of
alanine."® Nevertheless, the research efforts mostly focused
on amino acids and peptides in which the Ru complexes were
bound to the N- or C-terminus, owing to their facile and con-
venient preparation.®®' Contrarily, amino acids in which the
Ru complexes were bound to the a-side chain have received
little attention, despite their ability to conjugate a diverse array
of peptides and proteins. Among the reported amino acids
that have been tethered to a Ru complex through their a-side
chain, amino acids"? and peptides"® that were bound to (°-
arene)ruthenium complexes have been well-studied, owing to
their facile and flexible preparation and their stability towards
oxygen and moisture. These characteristics make such metalat-
ed amino acids and peptides potentially useful as synthetic
auxiliary for aromatic nucleophilic substitution, which is a key
macrocyclization step in the total synthesis of cyclic peptide
antibiotics.**“ 39 Strong coordination between the Ru and the
S-containing side chains of cysteine and methionine has pro-
vided various Ru-bound amino acids.™ The conjugation of
(pyridyl)ruthenium complexes has been intensively explored to
achieve Ru-bound amino acids with photoredox properties.!'™
On the basis of their excellent photochemical properties, vari-
ous molecular sensors have been developed that expanded
their use in biochemistry. Despite the diverse applications of
Ru-bound amino acids, no approach for their catalytic use was
reported until Xu and Gilbertson’s reports, in which alanine
and its peptides that were conjugated with saturated IMes
(SIMes)-type N-heterocyclic carbene (NHC)—Ru complex were
successfully synthesized and showed catalytic activity for meta-
thesis polymerization.”® Recently, histidine-">< and tyrosine-
based amino acids”® that were bound to NHC—Ru complexes
were developed and found to be catalytically active for the
transfer hydrogenation of ketones and various metathesis reac-
tions, respectively.

Ru-catalyzed oxidation reactions have attracted considerable
attention in both industry and academia, owing to their high
efficiencies and selectivities."® Although (dipyridyl)rutheni-
um®™ and (terpyridyl)ruthenium® complexes have shown ex-
cellent catalytic activity in various oxidation reactions, the cata-
lytic application of amino acid conjugates of these complexes
has remained unexplored. We envisaged that the integration
of (pyridyl)ruthenium complexes into an appropriate amino
acid would provide unique bioorganometallic compounds that
could efficiently catalyze oxidation reactions. Recent progress
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in the application of pincer-type complexes'? revealed that
(pyridine-containing pincer)ruthenium complexes showed ex-
cellent catalytic activity with significant stability under various
conditions, such as acidic/basic and high-temperature condi-
tions, and even in the presence of oxidizing agents. Among
the numerous reported pincer-type ruthenium complexes, we
chose the ruthenium complex of ONO-pincer 2,6-pyridinedicar-
boxylate (pydc)®” as the parent metal complex for tethering to
the a-side chain of the amino acids, because of its facile prepa-
ration and suitable balance of robustness and high catalytic ac-
tivity.

We successfully synthesized two (ONO pincer)ruthenium-
complex-bound norvalines, Boc—[Ru(pydc)(terpy)]INva—OMe
(1)Y and Boc—[Ru(pydc)(tBu-terpy)INva—OMe (5; Boc = tert-bu-
tyloxycarbonyl, terpy =terpyridyl, Nva=norvaline),?" in which
Ru—pydc complexes were covalently conjugated to an N,C-
termini-protected norvaline. Herein, we report the synthesis
of (ONO pincer)ruthenium-complex-bound norvalines (1-8;
Figure 1) and the single-crystal X-ray structure determination

p/L-1: R' = Boc, R? = OMe

D/L-2: R" = n-C41H23CO, RZ = OMe
D/L-3: R" = Boc, R2 = NH-n-Cy4Ha3

L-4: R = n-C11H3C0, R? = NH-n-C;Ha3

p/L-5: R" = Boc, R? = OMe

D/L-6: R" = n-C4,H,5NHCO, R2 = OMe

DIL-7: R' = Boc, R2 = NH(CH,CH,0)3CHs

L-8: R" = n-C15HpsNHCO, R2 = NH(CH,CH,0)3CHs

Figure 1. Molecular structures of a series of Ru-complex-bound norvaline de-
rivatives.

of complexes 1 and 5. The preservation of chirality of the
amino acid moiety was confirmed by chiral HPLC analysis after
both the conjugation of the Ru complexes and the transforma-
tion of the N,C-termini in complexes 1 and 5. The self-assembly
behavior of these complexes, which was attributed to the in-
herent hydrogen-bonding properties of the amino acid moiety,
was demonstrated by the formation of supramolecular organo-
gels of the derivatives of Ru-bound norvaline L-4, which con-
taines long alkyl chains at the N- and C-termini.

The combination of [Ru(pydc)(terpy)] and norvaline led us to
develop a highly active bioorganometallic catalyst. The higher
catalytic activity of Ru-bound norvaline -1 compared to the
parent [Ru(pydc)(terpy)] (11a) was confirmed for the oxidation
of various alcohols with H,0, as the terminal oxidant. The
origin of the enhanced catalysis of complex L-1 was investigat-
ed by inductively coupled plasma—optical emission spectrosco-
py (ICP-OES).

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results and Discussion

Synthesis of (ONO Pincer)Ruthenium-Complex-Bound
Norvalines

The Ru-complex-bound norvalines were designed to contain
robust and catalytically active (ONO pincer)ruthenium com-
plexes, [Ru(pydc)(terpy)]?? or [Ru(pydc)(tBu-terpy)],”® that
were bound to the a-side chain of the norvaline derivatives
through a chemically stable carbon—carbon bond. To conju-
gate the ruthenium complexes to the a-side chains of protect-
ed norvalines, we chose the Suzuki-Miyaura cross-coupling re-
action. Modification of the methods reported by the groups of
Taylor® and van Koten” and optimization of the reaction
conditions allowed the successful cross-coupling of bromo-
substituted (ONO pincer)ruthenium complexes 10a and 10b
with borylated norvalines that were prepared from protected
allylglycines p-9 and -9 (Scheme 1). Thus, in the presence of
catalytic amounts of Pd(OAc), and 2-dicyclohexylphosphino-

0
B 10a:R=H

10b: R = t-Bu
p9 _2 b
L-9
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D-1 ab
-1 —
D-5

L-5

HasCran PN OMe
H o)
D-2: 66% D-6: 74%
L-2: 89% L-6: 87%

Scheme 2. N-terminus functionalization of Ru-complex-bound norvalines b-
1, -1, p-5, and -5: a) HCl, 1,4-dioxane, RT, 2 h; b) N,N-diisopropylethyla-
mine (DIEA), DMT-MM:-PF,, 1-dodecanoic acid or 1-dodecylisocyanate, CH,Cl,,
RT, 4 h.

bound norvaline with 1-dodecanoic acid by using 4-(4,6-dime-
thoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium hexafluorophos-
phate (DMT-MM-PF¢)?®® as a coupling reagent gave
the corresponding alkylamide products (p-2 and L-2)
in 66% and 89% yield, respectively, whilst preserving
the ruthenium complex intact (Scheme 2). The N-ter-
minus of complexes p-5 and L-5 was successfully
converted into 1-dodecylurea by Boc deprotection,
followed by reaction with 1-dodecylisocyanate, there-
by affording the corresponding complexes p-6 and L-
6 in 74% and 87 % yield, respectively.

The C-terminal methyl esters of complexes b-1, L-
1, p-5, and -5 could be converted into various
amides through sequential alkaline hydrolysis and

D-1: R = H (82%)
L-1: R = H (94%)

D-5: R = t-Bu (91%)
L-5: R = t-Bu (79%)

condensation with an amine. Basic hydrolysis of the
C-terminus of complexes p-1 and -1 by using LiOH
and subsequent condensation with 1-undecylamine

Scheme 1. Synthesis of (ONO pincer)ruthenium-complex-bound norvalines 1 and 5: a) 9-
BBN, THF, 0°C, 5 min then RT, 2 h; b) complex 10a/b, Pd(OAc),, SPhos, K;PO,, THF/water/

DMF (10:1:100 v/v/v), RT, 18 h.

2',6'-dimethoxybiphenyl (SPhos), the in-situ-prepared 9-BBN
adducts of protected p- and L-allylglycine (p-9 and L-9) effi-
ciently coupled with compounds 10a and 10b to give the de-
sired functionalized amino acids (p-1, L-1, p-5, and L-5) in
good yields without the decomposition of the Ru complex or
the loss of chirality of the amino acid moiety. Retention of the
absolute configuration of the a-carbon atom of the resulting
complexes (p-1, -1, p-5, and -5) was further confirmed by
chiral HPLC analysis and single-crystal X-ray diffraction.

Modification of the N- and C-Termini

Both the N- and C-termini of complexes p-1, -1, p-5, and L-5
could be modified through a simple deprotection and conden-
sation process that was first developed for peptide synthesis.
Deprotection of the N-terminal Boc group in complexes b-
1 and -1 efficiently proceeded through treatment with HCI.
Subsequent condensation of the resulting N-terminal-free Ru-

Chem. Asian J. 2016, 11, 1076 - 1091 www.chemasianj.org

1078

afforded the corresponding C-n-undecylamides (p-3
and -3) in 72% and 81 % yield, respectively. Similarly,
the condensations of C-terminus-free ruthenium nor-
valines that were derived from complexes p-5 and L-
5 with 2-[2-(2-methoxyethoxy)ethoxy]ethylamine
gave the corresponding C-amido products (p-7 and L-7) in
71% and 88% yield, respectively (Scheme 3). Notably, no loss

D-1 ab

H
Boc\H Boc\H N{\/\ot

D-3: 72%
L-3: 81%

D-7: 71%
L-7: 88%

Scheme 3. C-terminus functionalization of Ru-complex-bound norvalines b-
1, L-1, -5, and L-5: a) LiOH-H,0, THF/water (4:1 v/v), RT, 2 h; b) 1-undecyla-
mine or 2-[2-(2-methoxyethoxy)ethoxylethylamine, DMT-MM-PF,~, Et;N,
CHCl,, RT, 12 h.

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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or undesirable change in the ruthenium complex moiety was
detected by NMR and UV/Vis spectroscopy after modification
of the N- and C-termini. This result clearly confirmed the ade-
quate robustness of (ONO pincer)ruthenium complexes, such

a) 23.6 min d) 25.7 min
- i 22.3 min
J D-1 31.8 min 1
v
b) )
31.9.min 25.7 min
/(\ = e)
’-——5
c) 23.3min )
D1 f) 22.5 min
D""]\
G ]k
0 5 10 15 20 25 30 35 40 45 5 O 5 10 15 20 25 30 35 40

Time (min) Time (min)

Figure 2. HPLC chromatograms of complexes p-1 and -1 (column: Daicel
CHIRALPAK AY-H (0.46 cm x 25 c¢cm); eluent: n-hexane/EtOH/MeOH/diethanol-
amine (DEA)/trifluoroacetic acid (TFA), 50:40:10:0.1:0.1 v/v/v/v/v; flow rate:
1.0 mLmin~"; 40°C; UV detector: 313 nm) and p-5 and L-5 (column: Daicel
CHIRALPAK ID (0.46 cm x 25 cm); eluent: 0.1 m aq. KPF4 (pH 2.0)/MeCN, 45:55
v/v; flow rate: 0.8 mLmin~"; 40°C; UV detector: 313 nm): a) racemic mixture
of b/L-1; b) L-1; ¢) b-1; d) racemic mixture of b/L-5; e) L-5; and f) b-5.

13.7 min

d) 28.2 min
30.9 min

L-3

D2 |} 15.8 min

156 min e) 28.6 min

a)
b)
L-3
L "
c) 13.6 min
o2 k 0 37"63
- |

35 40 45 50

0 5 20 25 0 5 10 15 20

10 me ey Tines (i)
Figure 3. HPLC chromatograms of complexes p-2 and L-2 (column: Daicel
CHIRALPAK ID (0.46 cm x 25 cm); eluent: 0.1 M aq. KPF¢ (pH 2.0)/MeCN, 45:55
v/v; flow rate: 1.0 mLmin~"; 25°C; UV detector: 254 nm) and p-3 and L-3
(column: Daicel CHIRALPAK ID (0.46 x25 cm); eluent: 0.1 m aq. KPF, (pH 2.0)/
MeCN, 30:70 v/v; flow rate: 0.8 mLmin~"; 25°C; UV detector: 254 nm): a) rac-
emic mixture of b/L-2; b) L-2; ¢) p-2; d) racemic mixture of o/L-3; e) L-3; and
f) o-3.
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as [Ru(pydc)(terpy)] and [Ru(pydc)(tBu-terpy)], towards acidic
and basic conditions by using fundamental peptide chemistry.

Optical Purity of the Metalated Amino Acids

Preservation of the stereochemistry at the a-carbon atom of
the amino acid moiety was verified by chiral HPLC analysis on
a chiral column, such as CHIRALPAK AY-H and CHIRALPAC ID.
Under the baseline-separation conditions for racemic mixtures
of enantiomers p/L-1 and p/L-5, we assessed the optical purity
of Ru-bound norvalines that were synthesized from the corre-
sponding b- and L-allylglycines (p-9 and L-9), as shown in
Figure 2. The almost-equal enantiomeric excesses of the start-
ing Boc—allylgly—OH:NHCy, and complexes b-1, -1, p-5, and
L-5 (>98% ee) indicated that no racemization occurred during
the Suzuki-Miyaura cross-coupling reactions for ruthenium
conjugation. Similarly, complete preservation of the enantio-
meric purity throughout the N/C-termini transformation of bp-
1 and L-1 into D-2, L-2, D-3, and L-3 was confirmed as shown
in Figure 3. These results indicated that no racemization oc-
curred under the acidic or basic deprotection conditions and
also under the condensation conditions.

Single-Crystal X-ray Analysis

The precise molecular structures of (ONO pincer)ruthenium-
complex-bound amino acids L-1, p-1, and -5 were determined
by single-crystal X-ray analysis; fully mirror-image structures of
complexes L-1 and p-1 were observed, as shown in Figure 4.
We could not grow large single crystals of the metalated
amino acids with good crystallinity, owing to the presence of
multiple intermolecular interactions; indeed, to the best of our
knowledge, only five X-ray structures of a-side-chain-metalated
amino acids have been reported: ferrocenylalanine,”” (arene)r-
uthenium-complex-bound amino acids with related dipeptide-
5134 and (NHC)ruthenium-bound histidine.”? Recently, mi-
crocrystal X-ray diffraction measurements based on synchro-
tron radiation at SPring-8 (BL02B1, BL38B1, and BL40XU"®) en-
abled us to determine the molecular structures of (pincer)palla-
dium-complex-bound norvalines from microscale (1-20 pm)
crystals.® Microcrystal analysis of a square platelet crystal (di-
mensions: 25 um x 25 um; thickness: 1 um) allowed us to con-

Figure 4. Molecular structures of ruthenium-based norvalines: a) L-1; b) p-1; ¢) L-5. Thermal ellipsoids are set at 50% probability.
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Table 2. Electrochemical properties of the Ru complexes.

Table 1. Crystallographic data for complexes L-1, p-1, and L-5.

-1 p-1 L-5
formula C35H3,NsOsRU C35H3,NsORu C,45Hs,NsOgRu
M, 772.78 772.78 897.02
[gmol~"]
crystal size  0.025x0.025%0.001 0.04x0.03x0.005 0.03x0.03x0.005
[mm?]
crystal monoclinic monoclinic monoclinic
system
space C2 (#5) C2 (#5) P2, (#4)
group
a A 24.6010 24.4882(13) 18.8290(3)
b [A] 16.0450 15.9351(9) 13.4152(3)
c[A] 17.6000 17.3743 (9) 19.7391(4)
B 91.8700 92.497(7) 116.0060(10)
VA% 6943.4258 6773.4(6) 4481.15(16)
V4 8 8 4
T[°Cl —-173.0 —173.0 —173.0
total reflns 20607 29699 77473
unique 11246 15082 14274
reflns
no. of pa- 876 925 1469
rameters
R [I>20()]/ 0.0607/0.0698 0.0584/0.0776 0.0643/0.1187
all
WR, 0.1683 0.1338 0.1781
[I>20(N]
GOF 1.065 1.021 1.001
Flack pa-  0.11(5) 0.02(2) —0.13(3)
rameter
radiation (1 synchrotron synchrotron synchrotron
[AD (0.71000) BL38B1;  (0.35540) BL02B1; (0.71069) BL40XU;

SPring-8 SPring-8 SPring-8

firm the absolute configurations of enantiomers p-1 and L-
1 from their refined Flack y parameters (y=0.11(5) for -1;
0.02(2) for p-1), with good agreement between the crystallo-
graphic parameters for complexes -1 and b-1 (Table 1). These
crystal structures revealed that the (ONO pincer)ruthenium-
complex moieties in complexes p-1 and -1 retained almost
the same bond lengths and angles as in the parent [Ru(pydc)-
(terpy)] (11a).2 Thus, the structures of these ruthenium-com-
plex moieties did not undergo any significant change upon
conjugation with the amino acid moieties, which indicated
that the chemical and physical properties in the metalated
amino acids had been retained. The similar structure of the
Ru(pydc)(tBu-terpy) moieties in compound L-5 compared to
the parent ruthenium complex (10b)*” was also confirmed by
X-ray structural analysis, along with determination of the abso-
lute configuration.

Electrochemical Properties

The redox behavior of (ONO pincer)ruthenium-complex-bound
norvalines L-1 and L-5 was investigated by using cyclic voltam-
metry (CV) on the basis of the activity of the Ru(pydc)(terpy)
and Ru(pydc)(tBu-terpy) units. The corresponding (ONO pin-
cenruthenium complexes [Ru(pydc)(terpy)] (11a)*? and [Ru-
(pydo)(tBu-terpy)] (11b)* were also synthesized and their
redox properties were compared with those of complexes L-
1 and L-5 (Table 2). A reversible single-electron oxidation pro-
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Complex E,;» (V vs Fc/Fc™)

Boc—L-[Ru(pydc)(terpy)INva—OMe (L-1) +0.067 —1.974
[Ru(pydc)(terpy)] (11a) +0.079 —1.967
Boc—L-[Ru(pydc)(tBu-terpy)INva—OMe (L-5) —0.048 —-2.118
[Ru(pydc)(tBu-terpy)] (11b) +0.002 —2.058

cess was observed for each ruthenium complex and attributed
to the metal-centered redox of the Ru'/Ru" couple. The oxida-
tion potential decreased from +0.067 to —0.048 V on moving
from complex -1 to -5, and from 40.079 to +0.002 on
moving from complex 11a to 11b. The larger change in oxida-
tion potential (0.115V) between complexes -1 and L-5 com-
pared to that between complexes 11a and 11b (0.077 V) was
attributed to stabilization of the Ru" state by the electron-do-
nating tBu-terpy ligand. Similarly, the tBu-terpy ligand led to
lower reduction potentials for complexes L-1/1-5 (0.144 V) and
complexes 11a/11b (0.091 V). Notably, introducing amino acid
moieties caused small-but-evident changes in the redox prop-
erties of complexes L-1 and L-5. Negative potential shifts were
found in both the oxidation and reduction processes for the
pairs -1 and 11a (0.012 and 0.007 V, respectively) and -5 and
11b (0.050 and 0.060 V, respectively). These results indicated
that the amino-acid moiety affected the electronic state of the
ruthenium complexes, despite negligible changes in their
structure, as discussed below in the discussion of their catalytic
properties.

Self-Assembly Properties

The hydrophobic functionalization of amino acids and peptides
gives rise to their supramolecular organization in organic solu-
tions, based on their inherent hydrogen-bonding properties. In
particular, amino acids®" and peptides® with long conjugated
alkyl chains undergo efficient self-assembly to afford well-or-
dered supramolecular architectures. Recently, we reported that
N-/C-aliphatic Pd- and Pt-bound amino acids and peptides
showed excellent self-assembly properties in organic solutions
to afford supramolecular gels that possessed well-regulated
metal arrays."“®“ To investigate the self-assembly properties of
Ru-bound amino acids, aliphatic (ONO pincer)ruthenium-com-
plex-bound norvalines -4 and L-8 were synthesized by the N-/
C-terminus transformations of compounds L-2 and -6 in 65%
and 45% vyield, respectively [Eq.(1) and (2)]. The resulting
double-tailed amino acid -4 exhibited sonication-induced self-
assembly properties. Under ultrasonic irradiation (0.45 Wcm™2
at 40.0 kHz), a solution of complex L-4 in chlorobenzene/ace-
tone/EtOH (18:5:2, v/v/v; 2.4x102m) readily lost fluidity to
afford a supramolecular gel (Figure 5a,b). Similar ultrasound-
induced gelation was demonstrated in our earlier reports on
Pd- and Pt-bound glutamic acids and their peptides.”’ Impor-
tantly, the observed sol/gel transition was completely reversi-
ble upon further heating (melting)/sonication cycles, thereby
indicating that noncovalent-bonding interactions, such as hy-
drogen bonding and st—7t stacking, played a dominant role in
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Figure 5. Photograph of the solution state (a) and gel state (b) of complex L-
4 (24x107%*m) in chlorobenzene/acetone/EtOH (18:5:2); c) SEM image of
the xerogel of complex L-4. Scale bar: 5.0 pm.

the formation of the supramolecular gels.*“*< The formation
of typical belt-like supramolecular aggregates was observed in
the SEM image of the xerogel of complex -4 (Figure 5¢). Al-
though the urea moiety was commonly expected to show ex-
cellent hydrogen-bond-forming ability, complex -8 showed no
self-assembly properties in any organic or aqueous solvent or
under any external stimuli.

1. LIOH-H,0O
L2 —
2. C4qH3NH,
DMT-MM-PFg
NEt;

L-4, 65%

2. C15HsNCO
i-PrNEt
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Catalytic Properties of Ruthenium-Bound Norvaline -1

The combination of pydc and pyridyl ligands in Ru complexes
affords highly active oxidation catalysts. Bhattacharya and co-
workers reported a pioneering work on mild and selective oxi-
dation reactions, including alkene epoxidation and alcohol oxi-
dation, by using (ONO pincer)ruthenium complexes that con-
tained the bipyridine (bpy) ligand of [Ru(pydc)(bpy)].®¥ Nish-
iyama and co-workers employed a combination of bis(oxazoly-
nyl)pyridine (pybox) and N,N,N-terdentate terpyridine (terpy) li-
gands to yield a highly stable (ONO pincer)ruthenium complex,
[Ru(pybox)(terpy)], which was a highly efficient catalyst for a di-
verse range of oxidation reactions.”>*¥ Beller and co-workers
successfully demonstrated the efficiency of [Ru(pydc)(terpy)]
for the catalysis of various oxidation reactions with appropriate
terpy derivatives.®

o}
Boc\N OMe
H o
L-1 (0.01 mol%)
)O\H H,0, aq (32 wi%) JOJ\ @
_— >
R™OR R™OR
13 14

To assess the catalytic properties of (ONO pincer)ruthenium-
complex-bound norvaline L-1, oxidation reactions of alcohols
were performed with hydrogen peroxide (H,0,) as a “green”
oxidant [Eq. (3)].°¢ The catalytic activity of complex L-1 was
first demonstrated for the oxidation of cyclohexanol (13 a). The
oxidation of compound 13 a proceeded efficiently in the pres-
ence of a small amount of complex -1 (0.01 mol%) to selec-
tively afford the corresponding cyclohexanone (14a). As
shown in Table 3, the influence of reaction temperature and
the number of equivalents and addition rate of H,0, were ex-
amined. For the treatment of compound 13 a with two equiva-
lents of H,0, and 0.01 mol% of complex L-1, the yield of com-
pound 14a negligibly increased from 50% to 51% on increas-
ing the reaction temperature from 25°C to 40°C (Table 3, en-
tries 1 and 2); on further increasing the temperature to 80°C,
the yield dropped to 30% (Table 3, entry 3). When the amount
of H,0, was decreased to one equivalent, the yield decreased
to 36 %, whereas the yield increased slightly to 56 % when four
equivalents of H,0, were used (Table 3, entries 4 and 5). No im-
provement in yield was achieved by the slow addition of H,0,
(Table 3, entry 6). The lower yields at 80 °C and with one equiv-
alent of H,0, could be explained by the competitive and un-
productive decomposition of H,0,, which is a common prob-
lem in H,0,-based oxidation reactions. Based on these results,
we chose the conditions listed in Table 3, entry 1 (at 25°C with
2.0 equiv of H,0,) as our optimal conditions for the L-1-cata-
lyzed alcohol-oxidation reaction. To our delight, complex L-
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Table 3. Ru-complex-catalyzed oxidation of cyclohexanol into cyclohexa-
none.”
OH Ru-cat. o
@ H,0, (x equiv.)
—_—
R
13a 14a
Entry  Catalyst x[equivl TI[°C]  Conversion® [%] Yield™ [%]
1 L-1 20 25 51 50
2 L-1 20 40 57 51
3 L-1 2.0 80 30 30
4 L-1 1.0 25 36 36
5 L-1 4.0 25 59 56
6 L-1 2.0 40 44 36
7 1a 20 25 17 14
8 -1 2.0 25 43 41
9! 1a 2.0 25 43 42
10 -1 20 25 75 69
1o 1a 2.0 25 46 45
12 12 20 25 13 10
13 none 20 25 3 0
[a] Reaction conditions: cyclohexanol (5.0 mmol), H,0, (32 wt%, x equiv),
ruthenium catalyst (0.01 mol%), 4 h; [b] conversion of cyclohexanol;
[c] GC yield determined by using methyl nonanoate as an internal stan-
dard; [d] slow addition of H,0O, over 4 h; [e] BTBAC (0.125 mmol) was
added; [f] SDS (0.125 mmol) was added.

1 showed substantially higher catalytic activity than parent
complex 11a (Table 3, entry 7 vs entry 1). The contribution of
the amino acid moiety to the enhancement in catalytic activity
was examined by using the parent complex, [Ru(pydc)(terpy)]
(11a) as a catalyst. Under the above-optimized conditions with
compound 11a, the oxidation of cyclohexanol (13a) gave the
corresponding product in considerably lower yield (14 %) com-
pared to the L-1-catalyzed oxidation reaction (Table 3, entry 7).
This enhancement in catalytic activity of complex -1 compared
to compound 11a seemed somewhat larger than that inferred
from the small differences between their electrochemical prop-
erties (Table 2). The electronic effect of the n-alkyl side chain of
the norvaline moiety was not directly related to the increased
catalytic activity, because the redox potential of the Ru center
strongly correlated to the reactivity of high-valence Ru—oxo
species, which have been postulated to be the catalytically
active species in this oxidation reaction.'’®'® To evaluate the
electrochemical influence of the n-alkyl side chain of the nor-
valine moiety, a n-butyl-substituted complex, [Ru(nBu-pydc)-
(terpy)] (12),%” was prepared, in which the electron-donating
ability of the n-butyl group was expected to impart similar
redox properties as complex L-1. However, there was no en-
hancement in the compound-12-catalyzed oxidation of sub-
strate 13a; only 10% formation of compound 14a was ob-
served (Table 3, entry 12).

The oxidation reaction proceeded in an aqueous/organic bi-
phasic system, in which the liquid organic substrates dispersed
in the aqueous hydrogen peroxide and each phase could be
readily distinguished by the naked eye, as shown in Figure 6.
Quantification of the relative ruthenium content in the two
phases was performed by using ICP-OES analysis. The aque-
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Figure 6. Photograph of two biphasic reaction mixtures that were obtained
from the oxidation of cyclohexane catalyzed by compounds L-1 and 11a. Ru
content was determined by ICP-OES analysis.

ous/organic distribution ratio of ruthenium in the L-1-catalyzed
oxidation reaction mixture was 53:47. In contrast, in the reac-
tion mixture with compound 11a, dominant distribution in the
aqueous phase was observed (97:3). These results suggested
that a phase-transfer mechanism was involved in the rutheni-
um-bound-norvaline-catalyzed oxidation reaction. We conclud-
ed that the hydrophobic amino acid moiety and hydrophilic
high-valence ruthenium complex moiety made complex L-
1 amphiphilic; thus, complex -1 showed phase-transfer prop-
erties for facilitating the transport of alcohols into the aqueous
H,O, phase, whilst also carrying the oxidized product into the
organic phase. We anticipated that the stronger hydrophilic
nature of the high-valence ruthenium species that were de-
rived from complex 11a would contribute to this phenomen-
on. The addition of surfactants, such as benzyltributylammoni-
um chloride (BTBAC) and sodium dodecylsulfonate (SDS), en-
hanced the catalytic activity of the parent ruthenium complex
(11a), to give compound 14a in 42% and 45% yield, which
were comparable to the results with complex L-1 (Table 3, en-
tries 9 and 11 vs entry 1). These results suggested that the ob-
served enhancement in the catalytic activity of complex L-
1 compared to compound 11a could be explained by surfac-
tant effects from the hydrophobic amino acid moiety of Boc—
Nva—OMe, rather than the electron-donating effect of the alkyl
side chain.

Scope of the Alcohol-Oxidation Reaction Catalyzed by
a Ruthenium-Bound Norvaline

The catalytic activity of Ru-bound norvaline -1 was investigat-
ed for the oxidation of a variety of secondary alcohols. As
shown in Table 4, aliphatic secondary alcohols cycloheptanol
(13b) and 2-cyclohexen-1-ol (13 c¢) were oxidized into their cor-
responding cyclic ketones (14b and 14c¢) in 35% and 21%
yield, respectively (Table 4, entries 1 and 2). The efficiency of
this reaction was demonstrated by the oxidations of benzylic
secondary alcohols 1-phenylethanol (13d), 1-indanol (13e),
1,1-diphenylmethanol (13f), and fluorenol (13g), which effi-
ciently proceeded to afford acetophenone (14d), 1-indanone
(14e), benzophenone (14f), and fluorenone (14g) in 87%,
81%, 76%, and 58% yield, respectively (Table 4, entries 3-6).
Notably, the parent [Ru(pydc)(terpy)] (11a) showed lower cata-
lytic activities for all of the substrates examined under these
conditions (the yields are shown in the parentheses in Table 4
and Table 5).

The substrate scope for the oxidation of primary alcohols
was also evaluated (Table 5). In the presence of Ru-bound nor-
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Table 4. Oxidation of secondary alcohols catalyzed by Ru-bound norva-
line complexes.”
Entry  Substrate T[°Cl  t[h]  Product Yield [%]®
OH o
: O 60 2 @ 35 (6)
13b 14b
OH o
5 70 24 [ﬁj 21 (13)
13¢c 14c
OH o]
3 (j/K 25 4 87'9(19)
13d 14d
OH o]
. O r ow D ee
13e 14e
OH o
s (YD B » 76 2
13f 14f
OH o
glon Q.O 70 24 Q.O 58 (41)
139 149
[a] Reaction conditions: alcohol (5.0 mmol), H,0, (32 wt%, 2.0 equiv),
complex -1 (0.01 mol%); values in parentheses denote results with Ru
catalyst 11a. [b] Yields determined by 'H NMR spectroscopy. [c] Yield of
the isolated product. [d] CH,Cl, (1.0 mL) was used as the solvent. [e] Com-
plex -1 (0.1 mol%) in EtOAc (2.5 mL). [f] EtOAc (0.5 mL) was used as the
solvent.
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valine L-1, the oxidation of primary benzylic alcohols proceed-
ed to afford the corresponding aldehydes, carboxylic acids,
and their derivatives. The oxidation of substituted benzyl alco-
hols 15a-15d proceeded to give the corresponding aldehydes
(16a-16d), along with carboxylic acids 17a-17d as over-oxi-
dation products (Table 5, entries 1-4). Interestingly, over-oxida-
tion of the aldehydes was partly suppressed by using parent
[Ru(pydc)(terpy)] (11a) as the catalyst, with which the oxida-
tion of compound 15a gave compound 16a in 70% yield,
with a small amount of compound 17 a (11 % yield). The oxida-
tion of 2-furanylmethanol (15e) proceeded along with oxida-
tive rearrangement to give 6-hydroxy-2H-pyran-3(6 H)-one (18)
in 57 % yield (Table 5, entry 6).*® Notably, 1,2-benzenedimetha-
nol (15f) gave bis(1,3-dihydroisobenzofuran-1-yl)peroxide (20)
as the main product, with a small amount of lactone 19
(Table 5, entry 7). The formation of peroxide 20 was reasonably
ascribed to the Lewis-acid-catalyzed dehydrative etherification
of diols.B?

Conclusion

We have successfully synthesized (ONO pincer)ruthenium-com-
plex-bound norvalines through the formation of chemically
robust C—C bonds between the propyl side chains of norva-
lines and [Ru(pydc)(terpy)] or [Ru(pydc)(tBu-terpy)] complexes.
The chemically robust nature of the Ru-complex-bound norva-
lines enabled the facile installation of various functionalities at
the N- and C-termini by using common deprotection/conden-
sation protocols without metal leaching. Chiral

Table 5. Oxidation of alcohols catalyzed by Ru-bound norvaline complexes.” HPLC and single-crystal X-ray structural analyses
_ ) clarified that the a-carbon atom of the norvaline
Entry Substrate Z;C] th] Product ;'/e]'[g Product EZ'/e]I[g scaffold maintained the original chirality and op-
o 0 . . . . .
e on tical purity during both the Suzuki-Miyaura
OH 2! _ . . . _
1 ©/\ s 2600 ©/ 59 (1) cross-coupling reaction and the sequential de
protection/condensation reactions. This new
15a 16a 17a . . o .
o CHO COM class of metalated amino acids exhibited physi-
2 ﬁ 40 24 /©/ 16 /O/ 4 cally and chemically interesting properties: the
15b 16b 17b self-assembly behavior of the N- and C-modified
OH CHO COH norvaline derivatives afforded organogels, there-
3 C|/li>A 40 24 C|/©/ 71 CI/©/ 239 | py indicating that these (ONO pincer)ruthenium-
15¢ 16¢ 17¢ complex-bourwd norvalln.es had the potfent hy-
O/\OH CHO CO-H drogen-bonding properties of amino acids, de-
40 24 69 /©/ 201 i i i i -
a ON o o splte. the bulky side chains. The. (ONO pincer)ru
15d 16d 17d the:lum;]c.ohmplex-blou.nd rTZ!'v.allneZ.l\{verfe fOLIJnd
o} 0 to have higher catalytic oxidizing ability for alco-
o Q)" 25 osHo o 570 J Y 9 BT
5t — hols compared to the parent (ONO pincer)ruthe-
15e 18 nium complex. Electrochemical measurements
o o) and ICP-OES analysis revealed that the high cat-
OH alytic activity originated from the formation of
@ OH 25 24 o 9 (7) 0-0 66 (38) . .

6 phase-transfer micellar aggregates, owing to
° their self-assembly properties. High catalytic ac-
15f 19 20 tivity was demonstrated by the oxidation of vari-
[a] Reaction conditions: alcohol (5.0 mmol), H,O, (32wt%, 2.0equiv), complex L- ous Secondary alcohols and benzyl alcohols.
1 (0.01 mol%); values in parentheses denote results with Ru catalyst 11a. [b] Yields deter- These results clearly demonstrated that the con-
mined by 'H NMR spectroscopy. [c] Yield of the isolated product. [d] CH,Cl, (1.0 mL) was jugation of Ru complexes to the a-side chain of
used as the solvent. [e] Complex -1 (0.1 mol%) in EtOAc (2.5 mL). [f] EtOAc (0.5 mL) was amino acids provided a promising method for

used as the solvent. . . .
producing useful bioorganometallic molecules,
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in which the properties of the metal complex and the biomole-
cule cooperated to afford new functional materials.

Experimental Section
General

'H and "CNMR spectra were recorded on Bruker Avance 111800
and JEOL ECS400NR spectrometers by using CDCl; as a solvent
and tetramethylsilane as an internal standard. The chemical shifts
(0) were expressed in ppm downfield of tetramethylsilane. IR spec-
tra were recorded on a PerkinElmer Spectrum One FTIR spectrome-
ter. Melting points were recorded on a Yanaco MP-500D. Optical
rotations were measured on a JASCO DIP-370 digital polarimeter.
High-precision isotopic peak-intensity ratios were determined by
Fourier-transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS) coupled with electrospray ionization on a SolariX FT-ICR-
MS spectrometer (Bruker Daltonik GmbH). Elemental analysis was
performed by the Microanalytical Laboratory of the Institute for
Chemical Research, Kyoto University. GC analysis was performed on
a Shimadzu GC-17A instrument that was equipped with an FID de-
tector and a capillary column (InertCap 1MS, GL Sciences Inc.,
30 mx0.25 mm, film thickness: 0.25 um). Optical purity was deter-
mined on a JASCO-PU 2089 plus system with a JASCO CD-2095
plus circular dichroism detector and chiral columns (Daicel CHIRAL-
PAK ID and AY-H, 0.46 cm x 25 cm).

Materials

Solvents and reagents were commercially available and used with-
out further purification. [Ru(pydc)(terpy)] (11a)?? and [Ru(pydc)(t-
Bu-terpy)] (11b)? were synthesized according to literature proce-
dures. Methyl Boc—L-allylglycinate was synthesized according to
a literature procedure from Boc—L-allylglycine dicyclohexylamine
salt (Novabiochem).®? Dimethyl 4-bromopyridine-2,6-dicarboxy-
late”” and 2-[2-(2-methoxyethoxy)ethoxylethylamine®" were syn-
thesized according to literature procedures.

X-ray Crystallographic Analysis

Single crystals of complexes L-1, p-1, and -5 suitable for X-ray dif-
fraction analysis were obtained from solutions of EtOH, DMF, and
Et,O and mounted onto MicroMounts (MiTeGen, LLC) with mineral
oil. Single-crystal X-ray crystallographic analysis was performed on
a Rigaku AFC10 diffractometer with a Saturn 724 CCD detector by
using multilayer monochromated Moy, radiation (1=0.71075 A).
Synchrotron X-ray diffraction studies were performed on the
BLO2B1, BL38B1, and BL40XU beamlines at SPring-8.

Electrochemical Measurements

Cyclic voltammetry was performed on an ALS electrochemical ana-
lyzer (model 610DH). Glassy carbon, platinum wire, and Ag/AgCl
were used as the working electrode, counter electrode, and refer-
ence electrode, respectively. Electrochemical measurements were
performed in a cell that was charged with a solution of the sample
in dry degassed DMF (1.0 mm) with Bu,NPF; (0.1 m) as the support-
ing electrolyte under an argon atmosphere.

General Procedure for the Oxidation of Cyclohexanol

A solution of complex -1 (0.37 mg, 5.0x10~* mmol) in CH,Cl,
(0.50 mL) was added to a Schlenk tube (10 mL). The system was
evacuated for 30 min by using a vacuum pump to remove the sol-
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vent and then charged with argon. Cyclohexanol (501.5 mg,
5.01 mmol) was added to the reaction mixture in the Schlenk tube
at RT under vigorous stirring and aqueous H,0, (32% w/w,
0.96 mL, 9.9 mmol) was added. The reaction mixture was stirred
vigorously at RT for 4 h. After the reaction had completed, a bilayer
mixture was obtained and EtOAc (4.0 mL) and NaCl (5g) were
added. The organic layer was separated and the aqueous layer was
extracted with EtOAc (3x4.0 mL). Methyl nonanoate (635.1 mg,
3.69 mmol) was added to the combined organic layer and quanti-
tative gas chromatography (GC) analysis was performed.

(4-Bromo-2,6-pyridinedicarboxylato-xO,kN,k0’')(2,2':6',2"' - ter-
pyridine-kN,kN',kN" )ruthenium(ll) (10a)

Powders of [{Ru(p-cymene)Cl,},] (5.25 g, 8.57 mmol) and 2,2":6',2"-
terpyridine (4.20 g, 18.0 mmol) were dissolved in MeOH (200 mL)
at RT to form a dark-violet solution. An aqueous solution of NaOH
(0.4 ™, 95.7 mL, 38.3 mmol) was added to a solution of dimethyl 4-
bromopyridine-2,6-dicarboxylate (4.74g, 173 mmol) in MeOH
(200 mL) and the mixture was stirred for 30 min to give a white
precipitate. The heterogeneous solution was purged with argon
for 15 min and then added dropwise to the Ru solution through
a cannula. The reaction mixture was heated at 85°C for 24 h;
during this time, the color of the solution turned deep purple. The
dark-violet precipitate was collected by filtration and washed with
CHCI; and water to give compound 10a (9.53 g, 92% yield). M.p.>
325°C; 'HNMR (CDCl;, 392 MHz): 6=8.73 (d, J=7.7Hz, 2H;
C;H;N), 8.60 (dd, J=7.7, 1.2 Hz, 2H; CsH,N), 8.58 (s, 2H; CsH,N,Br),
8.05 (t, J/=7.7Hz, 1H; CsH;N), 7.97 (ddd, J=8.5, 7.5, 1.3 Hz, 2H;
CsH,N), 7.81 ppm (dd, J=4.9, 1.4 Hz, 2H; CH,N); IR (neat): 7=
3525, 1630, 1480, 1448, 1381, 1312, 1279, 1177, 1031, 922 cm™;
HRMS (ESI-FT-ICR): m/z calcd for C,,H,sBrN,O,RuNa: 600.90563
[M+Na]*; found: 600.90733; elemental analysis calcd (%) for
C,,H5BrN,O,Ru-2.5H,0: C42.39, H291, N899; found: C4231,
H 3.18, N 9.00.

(4-Bromo-2,6-pyridinedicarboxylato-xO,kN,x0O’')(4,4,4"-tri-tert-
butyl-2,2':6',2"-terpyridine-kN,kN,xN" )ruthenium(ll) (10b)

Powders of [Ru(p-cymene)Cl,], (3.80 g, 6.20 mmol) and 4,4',4"-tri-
tert-butyl-2,2":6’,2"-terpyridine (5.07 g, 12.6 mmol) were dissolved in
MeOH (180 mL) at RT to form a dark-violet solution. An aqueous
solution of NaOH (0.4 m, 63 mL, 25.2 mmol) was added to a solution
of dimethyl 4-bromo-2,6-pyridinedicarboxylate (3.52 g, 12.5 mmol)
in MeOH (125 mL) and the mixture was stirred for 30 min to give
a white precipitate. The heterogeneous solution was purged with
argon for 15 min and then added dropwise to the Ru solution
through a cannula. The reaction mixture was heated at 85°C for
24 h; during this time, the color of the solution turned deep
purple. The violet suspension was cooled to RT and diluted with
CHCl; and washed with water. Then, the organic layer was dried
over Na,SO, and concentrated under vacuum. The crude product
was purified by precipitation from CHCl;/n-hexane to give com-
pound 10b (9.24g, 99% vyield). M.p.>325°C; '"HNMR (CDCl,
392 MHz): 6=8.51 (s, 2H; CsH,NBr), 8.26 (s, 2H; CsH,NC(CH,)s), 8.12
(s, 2H; CsH;NC(CHs);), 7.54 (d, J=5.9 Hz, 2H; C;H;NC(CH,)3), 7.28 (d,
J=5.9 Hz, 2H; C;H;NC(CH,),), 1.63 (s, 9H; CsH,NC(CH;);), 1.40 ppm
(s, 18H; C4H;NC(CHs)); >*C NMR (CDCly, 98.5 MHz): 6=171.3 (2C;
C,H,NBr(C00),), 160.5 (2C; CsHsNC(CH;);), 159.7 (2C; CH,NC(CH,)s),
157.1 (2C; C,H,NBr(C0OO0),), 1554 (1C; CH,NC(CH,);), 152.0 (2C;
C,H,NBrC(CO0),), 1510 (2C; CH,NBr(COO),, 1309 (2C;
C,H,NBr(CO0),), 1286 (1C;  CH,NBr(COO),), 1239 (2C;
CsHsNC(CH,),), 118.7 (2C; CH;NC(CH,),), 117.7 (2C; GH,NC(CH,),),
356 (1C; CH,NC(CH)y), 35.1 (3C; CH,NC(CHs).), 312 (2C;
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CsH3;NC(CH,),), 30.6 ppm (6C; CH;NC(CH,)5); IR (neat): 7=2967,
1633, 1476, 1385, 1294, 1209, 894, 885, 803 cm™'; HRMS (ESI-FT-
ICR): m/z caled for Cy4H;,BrCIN,O,Ru: 781.07266 [M+Cl]~; found:
781.07444; elemental analysis calcd (%) for Cs,H;,BrN,O,Ru:
C54.69, H4.99, N 7.50; found: C 54.42, H 5.02, N 7.48.

(4-Butyl-2,6-pyridinedicarboxylato-x0,kN,x0’)(2,2':6',2"-
terpyridine-kN,xN', kN )ruthenium(ll) (12)

1-Butene (9.5 g, 0.169 mol) was bubbled through a solution of 9-
borabicyclo[3,3,1lnonane (9-BBN; 62.5mg, 0.51 mmol) in THF
(1.8 mL) for 15 min and the mixture was stirred for 4 h. Then, an
aqueous solution of K;PO, (3.00m, 0.180 mL, 0.54 mmol) was
added, followed by a mixture solution of compound 10a (204 mg,
0.353 mmol), Pd(OAc), (430mg, 0.0192 mmol), and SPhos
(15.2 mg, 0.0370 mmol) in DMF (10.0 mL). The reaction mixture
was stirred at RT for 24 h and the solvent was removed in vacuo.
The residue was dissolved in CHCl; and washed with water and
brine. The organic layer was dried with Na,SO, and concentrated in
vacuo to give a violet crude product. The crude product was puri-
fied by column chromatography on silica gel (MeOH/CH,Cl,, 5:95
v/v) to afford compound 12 (156 mg, 80% yield). M.p.>325°C;
'H NMR (CDCl;/CD;0D, 9:1 v/v; 600.2 MHz): 0 =834 (d, J=7.9 Hz,
2H; GsH5N), 831 (s, 2H; CsH,N(COO),), 8.25 (d, J=8.1Hz, 2H;
CsHsN), 8.17 (d, J=8.1 Hz, 2H; CsH,N), 7.78 (dd, J=7.5, 1.5 Hz, 2H;
CH.N), 7.77 (t, J=8.1Hz, 1H; CH:N), 7.59 (d, J=55Hz, 2H;
C,H,N), 7.32 (ddd, J=7.0, 5.5, 1.4 Hz, 2H; C;H,N), 3.07 (t, J=7.7 Hz,
2H; CH,CH,CH,CH,), 1.94 (m, 2H; CH,CH,CH,CH,), 1.59 (m, 2H;
CH,CH,CH,CH,), 1.09ppm (t, J=73Hz, 3H; CH,CH,CH,CH,);
BCNMR (CDCL/CD,OD, 9:1 v/v; 1509 MHz): 0=173.0 (2C;
CsH,N(COO0),), 160.2 (2C; CH,N), 157.7 (2C; GHsN), 152.2 (1C;
C;H,N(CO0),), 151.4 (2C; CH,N), 150.0 (2C; C;H,N(COO),), 135.8
(2C; CH,N), 130.2 (1C; C;HsN), 128.4 (2C; C,H,N(COO),), 126.6 (2C;
GH.,N), 1222 (2C; GH,N), 121.1 (2C; GH,N), 359 (1C;
CH,CH,CH,CH,), 327 (1C; CH,CH,CH,CH,), 226 (1C;
CH,CH,CH,CH), 14.0 ppm (1C; CH,CH,CH,CH,); IR (neat): 7= 3406,
2932, 1616, 1595, 1447, 1424, 1382, 1323, 1278, 1246, 1224, 1158,
1095, 1030, 1009, 921, 804, 767, 745 cm™'; HRMS (ESI-FT-ICR): m/z
calcd for CygHp,N,O,RUNa: 579.05837 [M+Na]*; found: 579.05898;
elemental analysis calcd (%) for CyH,,N,O,Ru-2.5H,0: C52.00,
H 4.53, N 9.33; found: C 52.03, H 4.14, N 9.47.

Boc—L-Nva[(CsH,N(CO,),)Ru(CsH;N(CsH,N),)]—OMe (L-1)

A white solid of 9-borabicyclo[3,3,1lnonane (9-BBN; 274 mg,
2.25 mmol) was added to a solution of Boc—L-AllylgGly—OMe
(257 mg, 1.12 mmol) in THF (5.5 mL) and the mixture was stirred
for 4 h. Then, an aqueous solution of K;PO, (3.00m, 0.600 mL,
1.80 mmol) was added, followed by a mixture solution of com-
pound 10a (579 mg, 1.00 mmol), Pd(OAc), (11.6 mg, 0.0516 mmol),
and SPhos (41.2 mg, 0.100 mmol) in DMF (50.0 mL). The reaction
mixture was stirred at RT for 24 h and the solvent was removed in
vacuo. The residue was dissolved in CHCl; and washed with water
and brine. The organic layer was dried with Na,SO, and concentrat-
ed in vacuo to give a violet crude product. The crude product was
purified by column chromatography on silica gel (MeOH/CHCl,,
5:95 v/v) to afford complex L-1 (689 mg, 94% vyield). M.p.>325°C;
"H NMR (CDCl,, 800.2 MHz): 6 =8.27 (s, 2H; CsH,N(COO0),), 8.26 (d,
J=8.1Hz, 2H; C,H;N), 8.17 (d, J=7.9 Hz, 2H; C;H,N), 7.72 (dd, J=
7.5, 1.5 Hz, 2H; CH,N), 7.71 (t, J=8.1 Hz, TH; C;H;N), 7.61 (d, J=
5.5 Hz, 2H; C,H,N), 7.28 (ddd, J=7.0, 5.5, 1.4 Hz, 2H; CH,N), 5.13
(brs, J=6.9 Hz, 1TH; CONH), 4.43-4.49 (m, 1H; NHCH), 3.81 (s, 3H;
COOCH,), 3.00-3.11 (m, 2H; CHCH,CH,CH,), 2.12-1.87 (m, 4H;
CHCH,CH,CH,), 1.46 ppm (s, 9H; COOC(CH;);); *CNMR (CDCl,,
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201.2 MHz): 6=172.8 (2C; CsH,N(C0O0),), 160.7 (2C; CsH,N), 158.2
(2C; GH5N), 152.1 (2C; CH,N), 151.0 (2C; CH,N(CO0),), 135.9 (2C;
CH.N), 129.7 (1C; CHsN), 128.5 (2C; CH,N(COO0),), 127.0 (2C;
CsHuN), 122.3 (2C; GH,4N), 121.3 (2C; GHsN), 80.8 (1C; OC(CH,)s),
53.8 (1C; NHCH), 53.2 (1C; COOCH,), 36.4 (1C; CHCH,CH,CH,), 33.3
(1C; CHCH,CH,CH,), 291 (3C; OC(CH,),), 27.0ppm (1C;
CHCH,CH,CH,); IR (neat): 7=3407, 2939, 1699, 1618, 1598, 1447,
1333, 1226, 1163, 1030 cm '; HRMS (ESI-FT-ICR): m/z calcd for
C;5H33NsOgRuNa: 752.12740 [M+Na]™; found: 752.12866; elemental
analysis calcd (%) for C;5H;3N;OsRu-2H,0: C51.83, H4.71, N 9.18;
found: C 51.64, H 4.71, N 9.18.

Boc—b-Nva[(CsH,N(CO,),)Ru(CsH;N(CsH,N),)]—OMe (p-1)

Compound b-1 was synthesized according to the same procedure
as compound -1, by using Boc—p-allylGly—OMe. Yield: 82%;
m.p.>325°C; 'HNMR (CDCl;, 800.2 MHz): =827 (s, 2H;
CsH,N(COO0),), 8.27 (d, J=7.9 Hz, 2H; CsH5N), 8.19 (d, J=7.9 Hz, 2H;
CH,N), 7.74 (dd, J=6.6, 1.5 Hz, 2H; C;H,N), 7.72 (t, J=8.1 Hz, 1H;
CsH;N), 7.62 (d, J=5.5Hz, 2H; C;H,N), 7.28 (ddd, J=7.0, 5.5, 1.3 Hz,
2H; CH,N), 5.14 (brs, J=7.9Hz, 1H; CONH), 441-4.51 (m, 1H;
NHCH), 3.82 (s, 3H; COOCH,), 3.01-3.11 (m, 2H; CHCH,CH,CH,),
2.12-1.87 (m, 4H; CHCH,CH,CH,), 1.46 ppm (s, 9H; COOC(CHs)s);
BCNMR (CDCl,, 201.2 MHz): 6=172.9 (2C; C,H,N(COO0),), 160.7
(2C; CH,N), 1583 (2C; GHsN), 152.1 (2C; CH,N), 151.0 (2C;
CsH,N(CO0),), 1359 (2C; GH,N), 129.8 (1C; GH;N), 1285 (2C;
CH,N(CO0),), 127.0 (2C; CH,N), 1223 (2C; GH,N), 1213 (2C;
CsH3N), 80.8 (1C; OC(CH,)5), 53.9 (1C; NHCH), 53.2 (1C; COOCH;),
364 (1C; CHCH,CH,CH,), 333 (1C; CHCH,CH,CH,), 29.1 (3C;
OC(CH,)3), 27.0 ppm (1C; CHCH,CH,CH,); IR (neat): 7=3398, 2693,
1738, 1705, 1685, 1626, 1511, 1484, 1449, 1423, 1384, 1367, 1338,
1319, 1299, 1281, 1224, 1202, 1161, 1098, 1045, 1030, 1011, 929,
908, 863, 801, 761, 745, 726 cm™'; HRMS (ESI-FT-ICR): m/z calcd for
C33H33NsOgRuNa: 752.12740 [M+Na]™; found: 752.12963; elemental
analysis calcd (%) for C33H;3N;OsRu-2H,0: C51.83, H4.71, N 9.18;
found: C 51.16, H 4.56, N 9.61.

Boc—L-Nva[CsH,N(CO,),)Ru(C,Hy—CsH;N(C,Hs—CsH,N),)]-OMe
(L-5)

A white solid of 9-borabicyclo[3,3,1lnonane (9-BBN; 27.7 mg,
0.227 mmol) was added to a solution of Boc—L-AllylgGly—OMe
(25.1 mg, 0.109 mmol) in THF (0.550 mL) and the mixture was
stirred for 2h. An aqueous solution of K;PO, (3.00Mm, 87.0 pL,
0.260 mmol) was added, followed by a mixture solution of com-
pound 10b (88.5 mg, 0.118 mmol), Pd(OAc), (1.45 mg, 6.50 umol),
and SPhos (5.40 mg, 0.0130 mmol) in DMF (2.80 mL). The reaction
mixture was stirred at RT for 15 h and the solvent was removed in
vacuo. The residue was dissolved in CHCl; and washed with water
and brine. The organic layer was dried with Na,SO, and concentrat-
ed in vacuo to give a violet crude product. The crude product was
purified by column chromatography on silica gel (MeOH/CHCI;,
5:95 v/v) to afford complex L-5 (76 mg, 79% yield). M.p.>325°C;
'HNMR (CDCl;, 800 MHz): =824 (s, 2H; CsH,NC(CH5),), 8.22 (s,
2H; C;H,N(COOH),), 8.12 (d, J=1.7 Hz, 2H; CsH;NC(CH,),), 7.51 (d,
J=6.0Hz, 2H; CH;NC(CH,);), 7.27 (dd, J=5.9, 2.1Hz, 2H;
CsHsNC(CHs),), 5.15 (d, J=7.0 Hz, TH; CONH), 4.45 (brs, 1H; NHCH),
3.82 (s, 3H; COOCH,), 3.06-2.99 (m, 2H; CHCH,CH,CH,), 2.09-1.96
(m, 2H; CHCH,CH,CH,), 1.96-1.85 (m, 2H; CHCH,CH,CH,), 1.63 (s,
9H; C.H,NC(CHs)), 149 (s, 9H; COOC(CHs)), 1.39 ppm (s, 18H;
C,H;NC(CH,)5); *C NMR (CDCl;, 201 MHz): 6=173.0 (1C; COOCH,),
1725 (2C; CH,N(COO0),), 160.0 (2C; CsHsNC(CH,);), 159.9 (2C;
CsH,NC(CH;),), 157.4 (2C; CsHyNC(CH,),), 155.4 (1C; OCONH), 154.4
(1C;  GH,NC(CH,);), 151.0 (2C; GH3NC(CH,);), 1507 (2C;
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CsH,N(CO0),), 149.1 (1C; GH,N(COO0),), 127.6 (2C; CHLN(COO),),
123.7 (2C; GH,NC(CH,);), 1184 (2C; GH;NC(CH),), 1175 (2C;
CsHNC(CHs),), 80.1 (1C; OC(CH,)y), 532 (1C; NHCH), 525 (1C;
COOCH;), 35.6 (3C; CsH,NC(CH5)), 35.5 (1C; CHCH,CH,CH,), 35.0
(3C; GsH,NC(CH,)s5), 32.5 (1C; CHCH,CH,CH,), 31.2 (3C; OC(CH,),),
30.6 (2C; GsHsNC(CH,)5), 284 (6C; CsHsNC(CH,)s), 26.3 ppm (1C;
CHCH,CH,CH,); IR (neat): #=2940, 2347, 1715, 1630, 1475, 1365,
1320, 1229, 1167, 1033, 806, 743 cm™'; HRMS (ESI-FT-ICR): m/z calcd
for C4sHsgNsOgRu: 898.33359 [M+-HIY; found: 898.33246; elemental
analysis calcd (%) for C,sHs;Ns;OgRu-H,0: C59.07, H 6.50, N 7.65;
found: C 59.34, H 6.43, N 7.66.

Boc—b-Nval(C;H,N(CO,),)Ru(C,H—CsH;N(C,H,—C,H,N),)]-OMe
(p-5)

Compound bp-5 was synthesized according to the same procedure
as compound -5, by using Boc—p-allylGly—OMe. Yield: 91%;
m.p.>325°C; 'HNMR (CDCl;, 800MHz): 0=825 (s, 2H;
CsH,NC(CH,)3), 8.23 (s, 2H; CsH,N(COOH),), 8.12 (d, J=1.7 Hz, 2H;
CsH;NC(CH,),), 7.51 (d, J=5.9 Hz, 2H; CHsNC(CH;);), 7.27 (dd, J=
5.9, 2.0 Hz, 2H; C;H5NC(CH,);), 5.14 (d, J=6.6 Hz, 1H; CONH), 4.46
(brs, 1H; NHCH), 3.82 (s, 3H; COOCH,), 2.99-3.06 (m, 2H;
CHCH,CH,CH,), 2.09-1.96 (m, 2H; CHCH,CH,CH,), 1.96-1.85 (m, 2H;
CHCH,CH,CH,), 1.63 (s, 9H; GCH,NC(CH;);), 148 (s, 9H;
COOC(CH;);), 1.39 ppm (s, 18H; CsH;NC(CH,);); *CNMR (CDCl,,
201 MHz): 6=172.5 (2C; C,H,N(C0O0),), 160.0 (2C; CsH;NC(CH,),),
159.9 (2C; GH,NC(CH,)s), 1574 (2C; CHsNC(CH;)5), 151.0 (2C;
CsH;NC(CH,)5), 150.7 (2C; GHLN(COO),), 127.6 (2C; CsHLN(COO),),
123.7 (2C; GH,NC(CH;)5), 1184 (2C; CGH3NC(CHs)s), 117.5 (2C;
CsH,NC(CH,);), 53.3 (1C; NHCH), 52.5 (1C; COOCH,), 35.7 (3C;
CsH,NC(CH;);), 35.5 (1C; CHCH,CH,CH,), 35.0 (3C; CH,NC(CH,)s),
326 (1C; CHCH,CH,CH,), 31.2 (3C; OC(CHi),), 306 (2C;
CHisNC(CH;);), 284  (6C;  GH;NC(CH3):), 263 ppm  (1C;
CHCH,CH,CH,); IR (neat): #=23255, 2953, 1711, 1626, 1542, 1474,
1422, 1363, 1323, 1265, 1223, 1166, 1032, 891, 835, 806, 742 cm ™ ';
HRMS (ESI-FT-ICR): m/z caled for C4Hs;,CIN;OgRu: 932.29420
[M+Cl]~; found: 932.29496; elemental analysis calcd (%) for
C,4s5Hs;NsOgRu-H,0: € 59.07, H 6.50, N 7.65; found: C59.17, H 6.49,
N 7.63.

C,,HpsNHCO—L-Nva[(CsH,N(CO,),)Ru(CsH;N(CsH,N),)]-OMe (L-2)

A powder of complex -1 (96.5 mg, 0.132 mmol) was dissolved in
HCl (4.0m in 1,4-dioxane, 5.5 mL, 22 mmol) and the mixture was
stirred at RT for 2 h. Et,O (10 mL) and n-hexane (50 mL) were
added to the reaction mixture and the slurry was left to stand for
30 min. The solvent was removed by filtration and the residue was
dried by using a vacuum pump to give a violet residue. The resi-
due was dissolved in DMF (4.4 mL) and N,N-diisopropylethylamine
(50 pL). Dodecanoic acid (60.0 mg, 0.30 mmol), Et;N (250 pL), and
DMT-MM:-PF¢ (110 mg, 0.284 mmol) were added to the solution
and the mixture was stirred at 60°C for 2 h. Et,0 (10 mL) and n-
hexane (50 mL) were added to the reaction mixture to give a violet
crude product. The crude product was collected by filtration and
purified by column chromatography on silica gel (MeOH/CHCI;,
5:95 v/v) to afford complex L-2 (96 mg, 89% vyield). M.p. 141.2-
142.5°C; '"H NMR (CD;0D, 391.8 MHz): 6=8.60 (d, J=8.1 Hz, 2H;
CsH;N), 8.50 (d, J=7.8 Hz, 2H; CsH,N), 8.33 (s, 2H; CsH,N(COO),),
7.86 (dd, J=7.6, 1.3 Hz, 2H; CsH,N), 7.86 (t, J=8.1 Hz, TH; CsH;N),
7.69 (d, J=4.9Hz, 2H; CH,N), 7.43 (ddd, J=7.2, 5.2, 1.3 Hz, 2H;
CsH,N), 4.56-4.51 (m, TH; NHCH), 3.76 (s, 3H; COOCH,), 3.21-3.11
(m, 2H; CHCH,CH,CH,), 2.28 (t, J=7.2 Hz, 2H; C,;(H,,CH,CONH),
2.11-1.90 (m, 4H; CHCH,CH,CH,), 1.68-1.59 (m, 2H;
CoH,oCH,CH,CONH), 1.41-1.19 (brs, 16H; CH,CgHye), 0.87 ppm (&,
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J=6.7 Hz, 3H; CH;C,oHy); *CNMR (CD,0D, 99.5 MHz): 6=177.4
(1C; COOCH,), 175.5 (2C; CsH,N(COO0),), 175.0 (1C; C=ONH), 162.4
(2C; GH,N), 1598, (2C; CH,N) 1535 (2C; GH,N), 1522 (2C;
CsH,N(C00),), 138.5 (2C; CH,N), 133.4 (1C; CH;N), 1305
GsH,N(CO0),), 129.0 (2C; CH,N), 124.8 (2C; CH,N), 123.8

GHsN), 544 (1C; NHCH), 536 (1C; COOCH,), 37.6
CigHyCH,CONH), 371 (1C;  CHCH,CH,CH,),  33.9
CoHyoCH,CH,CONH), 328  (1C;  CHCH,CH,CH,),

C,H;5(CH,),C,H,CONH), 31.5 (1C; CgH,5CH,CsHsCONH), 31.3
C,Ho(CH,),CsH,oCONH), 31.2 (1C; C4H,CH,C,H,,CONH), 28.7
CHCH,CH,CH,), 279 (1C; CHsCH,CH,;CONH), 24.6
CH;CH,CsH,sCONH), 15.3 ppm (1C; CH,C,oH,0CONH); IR (neat): #=
3851, 3747, 3672, 3650, 3280, 2920, 2851, 1612, 1598, 1542, 1448,
1422, 1381, 1324, 1279, 1226, 1030, 1010, 928, 764, 726, 725 cm™;
HRMS (ESI-FT-ICR):: m/z caled for C,H,,CIN;O,Ru: 846.22091
[M+CI]~; found: 846.21778; elemental analysis calcd (%) for
C.oHsNsO,Ru-H,0: C 57.96, H 5.96, N 8.45; found: C 57.76, H 6.05,
N 8.38.

(2C
(2C
(1C
(1C
316 (2G;
(2C
(1c
(1C

C,;H,sNHCO—p-Nva[(CsH,N(CO,),)Ru(CsH;N(CsH,N),)]—-OMe
(p-2)

Compound bp-2 was synthesized according to the same procedure
as compound L-2, by using complex p-1. Yield: 66%; m.p. 174.6-
176.0°C; "H NMR (CD,0D, 391.8 MHz): 6=8.52 (d, J=8.1 Hz, 2H;
CsH;N), 8.44 (d, J=7.8 Hz, 2H; CsH,N)), 8.34 (s, 2H; C;H,N(COO0),),
7.82 (dd, J=7.6, 1.3 Hz, 2H; C;H,N), 7.78 (t, J=8.1 Hz, 1H; CsHsN),
7.69 (d, J=49Hz, 2H; CH,N), 7.41 (ddd, J=7.2, 5.2, 0.9 Hz, 2H;
CsH.N), 4.56-4.51 (m, 1H; NHCH), 3.76 (s, 3H; COOCHs,), 3.21-3.11
(m, 2H; CHCH,CH,CH,), 2.28 (t, J=7.2 Hz, 2H; C,oH,CH,CONH),
211-190 (m, 4H; CHCH,CH,CH,), 1.68-1.59 (m, 2H;
CoH,oCH,CH,CONH), 1.41-1.19 (brs, 16H; CH,CeHye), 0.87 ppm (&,
J=6.7 Hz, 3H; CH;C;oH,o); CNMR (CD;0D, 99.5 MHz): 6=177.4
(1C; COOCH,), 175.6 (2C; CsH,N(COO0),), 175.0 (1C; C=ONH), 162.3
(2C; CH,N), 159.8 (2C; GHsN), 153.5 (2C; CH,N), 1523 (2C;
C.H,N(CO0),), 1385 (2C; CiH,N), 133.3 (1C; CH,N), 130.5

C.H,N(CO0),), 129.0 2C; C.H,N), 124.8 2C; C;H,N), 123.8

GHsN), 544 (1C; NHCH), 537 (1C; COOCH,), 37.6
CiHyCH,CONH), 371 (1C;  CHCH,CH,CH,),  33.9
CoHyoCH,CH,CONH), 328 (1C;  CHCH,CH,CH,),

C;H,5(CH,),C,H,CONH), 31.5, (1C; CeH,3CH,C;H,CONH), 31.4
C4Ho(CH,),CsH,,CONH), 31.2 (1C; C;H,CH,CH,,CONH), 28.7
CHCH,CH,CH,), 279 (1C; CHsCH,CeH,c.CONH), 24.6
CH;CH,CsH,sCONH), 15.3 ppm (1C; CHC,oH,0CONH); IR (neat): 7=
3447, 3072, 2925, 2851, 2385, 1727, 1626, 1450, 1435, 1385, 1324,
1276, 1247, 1230, 1159, 1096, 1029, 1009, 928, 903, 827, 803, 762,
745, 725 cm™'; HRMS (ESI-FT-ICR): m/z calcd for C,oH,,CIN;O,RuNa:
846.22091 [M+Cl]~; found: 846.21925; elemental analysis calcd (%)
for CuH,N;O,Ru-H,0: C57.96, H5.96, N845; found: C57.55,
H 5.85, N 8.29.

(2C
(2C
(1C
(1C
316 (2G;
(2C
(1c
(1C

Boc—L-Nva[(CsH,N(CO,),)Ru(CsH;N(CsH,N) )I—NHC j;H,s (L-3)

An aqueous solution of LIOH (0.27m, 400 uL, 0.11 mmol) was
added to a suspension of complex -1 (39.6 mg, 0.054 mmol) and
THF (1.62 mL) and the mixture was stirred at RT for 2 h. An aque-
ous solution of HCI (0.50 M, 200 pL, 0.10 mmol) was added and the
system was evacuated for 30 min by using a vacuum pump to
remove the solvent. The violet residue was charged with argon
and dissolved in DMF (2.0 mL) and Et;N (110 uL). Undecyl amine
(28 pL, 20.4 mg, 0.12 mmol) and DMT-MM-PF¢ (63.2 mg, 0.16 mmol)
were added and the mixture was stirred at 60°C for 2 h. Et,0
(10 mL) and n-hexane (50 mL) were added to the mixture to give
a violet crude product. The crude product was collected by filtra-
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tion and purified by column chromatography on silica gel (MeOH/
CHCI;, 5:95 v/v) to afford complex L-3 (38 mg, 81% yield). M.p.
150.9-152.0°C; '"H NMR (CD,0D, 391.8 MHz): 6=8.59 (d, J=8.1 Hz,
2H; CH;N), 850 (d, J=8.1Hz, 2H; CH,N), 834 (s, 2H;
C,H,N(COO0),), 7.86 (dd, J=82, 13 Hz, 2H; CH,N), 7.85 (t, J=
7.9 Hz, 1H; CH;N), 7.69 (d, J=4.9 Hz, 2H; C;H,N), 7.45 (ddd, J=7.0,
5.3, 1.4 Hz, 2H; CsH,N), 4.17-4.12 (m, 1H; NHCH), 3.29-3.18 (m, 2H;
NHCH,CyoH,1), 3.18-3.13 (m, 2H; CHCH,CH,CH,), 2.11-1.79 (m, 4H;
CHCH,CH,CH,), 1.59-1.51 (m, 2H; NHCH,CH,CiH,o), 1.48 (s, 9H;
COOC(CH,);), 1.40-1.25 (brs, 16H; CgH,(CH;), 0.89 ppm (t, J=
6.7 Hz, 3H; C,H,sCH;); *C NMR (CD,0D, 99.5 MHz): 6=175.8 (1C;
CONHC,H,), 175.6 (2C; C,H,N(CO0),), 162.4 (2C; C;H,N), 159.9 (2C;
CsH;N), 158.8 (1C; OCONH), 153.8 (1C; CH,N(CO0),), 153.5 (2C;
GH,N), 152.2 (2C; GH,N(COO0),), 1385 (2C; CH,N), 1334 (1C;
CsHsN), 1305 (2C; GH,N(CO0),), 129.0 (2C; CH,N), 1248 (2C;
CH.N), 123.7 (2C; CiH,N), 81.5 (1C; OC(CH,);), 56.8 (1C; NHCH),
413 (1C; NHCH,), 372 (1C; CHCH,CH,CH,), 339 (2C;
NHCH,CH,CoHys, CHCH,CH,CH,), 31.6 (3C; NHC,H,(CH,);CeH;5), 31.4
(3C; NHGsH,o(CH,);CH,), 29.6 (3C; 3C, OC(CHs);), 290 (1C;
NHCgH,(CH,C,Hs), 288 (1C; CHCH,CH,CH,), 246 (1C;
NHC4H,4CH,CH,), 15.3 ppm (1C; NHC,H,0CH,); IR (neat): 7= 3286,
3068, 2924, 2854, 1615, 1598, 1485, 1449, 1384, 1365, 1324, 1380,
1247, 1229, 1163, 1049, 1030, 1011, 928, 763, 745, 726 cm™'; HRMS
(ESI-FT-ICR): m/z calcd for C,;Hs,CINGO,Ru: 903.27891 [M+Cl";
found: 903.27310; elemental analysis caled (%) for
CsHsN;O,Ru-2H,0: C 57.13, H 6.47, N 9.30; found: C 56.82, H 6.57,
N 9.04.

—_~ e~~~

Boc—b-Nva[(CsH,N(CO,),)Ru(CsHsN(CsH,N))]-NHC ,H,; (D-3)

Compound bp-3 was synthesized according to the same procedure
as compound -3, by using complex p-1. Yield: 81%; m.p. 150.3-
151.2°C; '"HNMR (CD;0D, 391.8 MHz): 6=8.62 (d, J=8.1 Hz, 2H;
CsHsN), 8.52 (d, J=8.1 Hz, 2H; CH,N), 8.34 (s, 2H; CsH,N(COO),),
7.82 (dd, J=8.2, 1.3 Hz, 2H; CsH,N), 7.89 (t, J=7.9 Hz, 1H; CH;N),
771 (d, J=49Hz, 2H; CH,N), 7.45 (ddd, J=7.0, 5.3, 1.4 Hz, 2H;
CsHuN), 4.17-4.12 (m, 1H; NHCH), 3.29-3.18 (m, 2H; NHCH,C,(H,,),
3.18-3.13 (m, 2H; CHCH,CH,CH,), 2.11-1.79 (m, 4H; CHCH,CH,CH,),
1.59-1.51 (m, 2H; NHCH,CH,CgH,,), 1.48 (s, 9H; COOC(CH;);), 1.40-
1.25 (brs, 16H; CgH,sCH,), 0.89 ppm (t, J=6.7 Hz, 3H; C,oH,,CH:);
3C NMR (CD,0D, 99.5 MHz): =175.8 (1C; CONHC,H,), 175.6 (2C;
CsH,N(COO0),), 1624 (2C; CH,N), 159.9 (2C; CGHsN), 158.8 (1C;
CsH,N(COO0),), 153.7 (1C; OCONH), 153.5 (2C; CH4N), 152.2 (2C;
CH,N(COO0),), 1385 (2C; GH4N), 1334 (1C; GH;N), 1305 (2C;
CsH,N(CO0),), 129.0 (2C; CGH4N), 124.8 (2C; CH4N), 123.7 (2C;
CHsN), 81.5 (1C; OC(CH,)s), 56.9 (1C; NHCH), 41.3 (1C; NHCH,),
37.2 (1C; CHCH,CH,CH,), 33.9 (2C; NHCH,CH,CH,,, CHCH,CH,CH,),
31.6 (3C; NHC,H,(CH,);CeH13), 31.4 (3C; NHCsH,(CH,);C5H,), 29.6
(3C; 3C, OC(CHs)3), 289 (1C; NHCgH,(CH,CHs), 288 (1C;
CHCH,CH,CH,), 246 (1C; NHC.H,,CH,CH;), 153 ppm (1C;
NHC,oH,CHs); IR (neat): 7=3421, 2926, 2854, 1615, 1598, 1449,
1383, 1365, 1324, 1380, 1247, 1230, 1247, 1229, 1164, 1050, 1011,
1030, 929, 865, 804, 763, 46, 726 cm '; HRMS (ESI-FT-ICR): m/z
calcd for Cy5H5,CINGO,Ru: 903.27882 [M+Cl]~; found: 903.27581; el-
emental analysis calcd (%) for C,3Hs,NgO,Ru-H,0: C 58.29, H 6.37,
N 9.49; found: C 58.01, H 6.59, N 9.54.

C,;H,sNHCO—L-Nva[(CsH,N(CO,),)Ru(CsH;N(CsH,N),)]—NHC ;H,;
(L-4)

An aqueous solution of LiOH (0.27wm, 660 pL, 0.175 mmol) was
added to a suspension of complex -2 (71.7 mg, 0.088 mmol) and
THF (2,65 mL) and the mixture was stirred at RT for 2 h. An aque-
ous solution of HCl (0.50m, 350 pL, 0.175 mmol) was added and
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the system was evacuated for 30 min by using a vacuum pump to
remove the solvent. The violet residue was charged with argon
and the residue was dissolved in DMF (3.0 mL) and Et;N (185 pL).
Undecyl amine (54 pL, 39.23 mg, 0.23 mmol) and DMT-MM:-PF
(67.8 mg, 0.098 mmol) were added and the mixture was stirred at
60°C for 2 h. Et,0 (10 mL) and n-hexane (50 mL) were added to
the mixture to give a violet crude product. The crude product was
collected by filtration and purified by column chromatography on
silica gel (MeOH/CHCI;, 5:95 v/v) to afford complex -4 (61 mg,
73% yield). M.p. 95.8-96.4°C; 'H NMR (CDCl,, 391.8 MHz): 6 =8.28
(d, J=8.1Hz, 2H; CsH5N), 8.27 (s, 2H; CsH,N(COO),), 8.19 (d, J=
7.9 Hz, 2H; C,H,N), 7.74 (dd, J=7.5, 1.5 Hz, 2H; C;H,N), 7.73 (t, J=
8.1 Hz, 1H; CsH;N), 7.64 (d, J=5.5 Hz, 2H; C;H,N), 7.31 (ddd, J=7.0,
55, 14Hz, 2H; GHN), 6.16-623 (m, 2H; CONHC,H,s
C;;H,sCONH), 4.45-456 (m, 1H; NHCH), 3.00-3.11 (m, 2H;
CHCH,CH,CH,), 3.16 (td, J=13.4, 7.2 Hz, 2H; NHCOCH,C,oH,,), 2.22
(tt J=76Hz, 2H; CONHCH,C,oH,), 2.12-179 (m, 4H;
CHCH,CH,CH,), 1.58-1.49 (m, 2H; CONHCH,CH,CoH;o), 1.35-1.20

(m, 34H; CONHCH,CH,CeH,CHs, NHCOCH,CoHsCH,),  0.90—
0.80 ppm (m, 6H; NHCOC,oHyCH; CONHC,oH,CHs); *C NMR
(CDCl,, 98.5MHz): 0=1730 (1C; CONHC,H,y), 1728 (2C;

CsH,N(COO0),), 171.7 (1C; NHCOC,H,s), 160.6 (2C; CH,N), 158.2
(2C; GH;N), 152.2 (2C; GHLN), 151.1 (1C; CH,N(COO0),), 150.1 (2C;
CH,N(CO0),), 1359 (2C; C:H.N), 129.8 (1C; C:HsN), 1285 (2C;
CH,N(CO0),), 127.0 (2C; CH,N), 1224 (2C; CH,N), 1213 (2C;
CH;N), 53.8 (1C; NHCH), 404 (1C; NHCOCH,CioH,), 37.4(1C;
CONHCH,C,Hy), 365  (1C;  CHCH,CH,CH,), 328 (1C;
CH,CH,CH,CH,), 32.6 (2C; CONHCH,CH,CoHyo, NHCOCH,CH,CoH1o),
302-304  (6C;  CONHGH,GH,CH,),  299-30.1  (6C;
NHCOG,H,C,H,,CsH,), 27.6 (1C; CONHCgH,,CH,CHs), 27.0 (1C;

CHCH,CH,CH,), 269 (1C; CONHGCgH(CH,G,Hs), 263  (1C;
NHCOCgH,4CH,C,Hs), 234 2C; CONHC,H,CH,CH,,
NHCOC,H,4CH,CHS,), 14.8 ppm C; CONHC,H,oCHs,

NHCOC,4H,,CH,); IR (neat): #=3286, 3068, 2924, 2854, 1615, 1598,
1485, 1449, 1384, 1365, 1324, 1380, 1247, 1229, 1163, 1049, 1030,
1011, 928, 763, 745, 726 cm™'; HRMS (ESI-FT-ICR): m/z calcd for
CosoHeoNgORU: 951.43304 [M+H]*; found: 951.43372; elemental
analysis calcd (%) for CsoHggNgOgRuU-4H,0: C 58.75, H7.49, N 8.22;
found: C 58.86, H 7.11, N 8.08.

C,,H,sNHCO—L-Nva[(C;H,N(CO,) )Ru(C,Hy—CsH;N(C,Hy—
CsH,N),)]—OMe (L-6)

A mixture of complex L-5 (26.01 mg, 0.029 mmol) and a solution of
HCl (4.0m in 1,4-dioxane, 1.01 mL, 4.04 mmol) was stirred at RT for
1 h. Et,0 (1 mL) and n-hexane (5 mL) were added to the reaction
mixture and the slurry was left to stand for 30 min. The solvent
was removed by filtration and the system was evacuated for
30 min by using a vacuum pump to give a violet residue. The resi-
due was charged with argon and dissolved in CH,Cl,. N,N-Diisopro-
pylethylamine (16 pL, 0.093 mmol) and dodecyl isocyanate (13 L,
11.4 mg, 0.054 mmol) were added to the solution and the mixture
was stirred at RT for 4 h. Et,0 (1 mL) and n-hexane (5 mL) were
added to give a violet crude product. The crude product was col-
lected by filtration and purified by column chromatography on
silica gel (MeOH/CHCl;, 3:97 v/v) to afford complex L-6 (25.4 mg,
87 % vyield). M.p. 97.5-98.8°C; 'H NMR (CDCls, 392 MHz): 6 =8.25 (s,
2H; CH,NC(CH,),), 8.24 (s, 2H; C,H,N(COOH),), 8.1 (d, J=1.8 Hz,
2H; CHsNC(CHs),), 7.51 (d, J=5.9 Hz, 2H; CsH;NC(CH,),), 7.27 (dd,
J=5.9, 1.8 Hz, 2H; C,H,NC(CH;),), 5.20 (d, J=8.1 Hz, 1H; CONHCH),
4.79 (brs, TH; NHCONH), 4.60 (brs, TH; NHCH), 3.78 (s, 3H;
COOCH;), 3.13-3.00 (m, 2H; CHCH,CH,CH,), 298 (brs, 2H;
CH,NHCO), 2.05-1.78 (m, 2H; CHCH,CH,CH,), 2.05-1.78 (m, 2H;
CHCH,CH,CH,), 1.61 (s, 9H; GCsH,NC(CH,);), 138 (s, 18H;
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C4HNC(CHs),), 1.23 (s, 20H; CH5(CH,),,CH,NH), 0.87 ppm (t, 3H; J=
6.4 Hz, CH;(CH,),4CH,NH); "*C NMR (CDCl,, 98.5 MHz): 6 =174.0 (1C;
COOCH,), 172.7 (2C; C,H,N(CO0),) 156.0 (2C; C;H;NC(CH,);), 159.8
(2C; CH,NC(CHs),), 157.6 (1C; NHCONH), 157.4 (2C; C;H;NC(CH,),),
1545 (1C; GH,NC(CH,),), 151.0 (2C; CsH;NC(CHs),), 1504 (2C;
CsH,N(CO0),), 149.3 (1C; GH,N(COO0),), 127.7 (2C; CH,N(COO0),),
1238 (2C; GH,NC(CH,),), 1185 (2C; GH,NC(CHy),), 1176 (2C;
CsH,NC(CH,),), 52.8 (1C; NHCH), 52.7 (1C; COOCH,), 40.6 (1C;
CH,NHCO), 35.6 (1C; CGH,NC(CH,)s), 35.5 (1C; CHCH,CH,CH,), 35.0
(3C; GCH,NC(CHy)y), 326, (1C; CHCH,CH,CH,), 325 (1C;
CH;(CH,);0CH,NH), 31.9(2C; CGH3;NC(CH3)5), 30.6 (6C; CsH3NC(CH,),),
30.2 (1C; CH5(CH,),,CH,NH), 29.7 (3C; CH5(CH,),;CH,NH), 29.6 (3C;
CH4(CH,),oCH,NH), 269 (1C;  CH5(CH,),,CH,NH), 262 (1C;
CHCH,CH,CH,), 22.7 (1C; CHs(CH,),CH,NH), 142 ppm (1C;
CH5(CH,);CH,NH); IR (neat): #=2924, 1743, 1633, 1568, 1476, 1264,
1034, 835 805cm™'; HRMS (ESI-FT-ICR): m/z caled for
CssH,,CIN,O,Ru: 1043.43624 [M+Cl]"; found: 1043.43587; elemen-
tal analysis calcd (%) for Cs3H;4NgO,Ru-2H,0: C60.96, H7.53,
N 8.05; found: C 61.20, H 7.47, N 7.98.

C,,H,sNHCO—D-Nva[(CsH,N(CO,),)Ru(C,Hy—CsH;N(C,Hy—
CsH,N),)]—OMe (p-6)

Compound p-6 was synthesized according to the same procedure
as L6, by using complex b-5. Yield: 87%; m.p. 98.1-99.1°C;
'H NMR (CDCl,, 391.8 MHz): 6=8.26 (s, 2H; CsH,NC(CH,);), 8.26 (s,
2H; C;H,N(COOH),), 8.13 (d, J=1.8 Hz, 2H; CsHsNC(CH,);), 7.53 (d,
J=59Hz, 2H; CH;NC(CH;);), 7.29 (dd, J=59, 18Hz, 2H;
CsHsNC(CH5);), 541 (d, J=8.1Hz, 1H; CONHCH), 498 (brs, 1H;
NHCONH), 4.60 (brs, 1H; NHCH), 3.78 (s, 3H; COOCH,), 3.14-3.04
(m, 2H; CHCH,CH,CH,), 2.98 (brs, 2H; CH,NHCO), 2.05-1.78 (m,
2H; CHCH,CH,CH,), 2.05-1.78 (m, 2H; CHCH,CH,CH,), 1.71 (s, 9H;
CsHNC(CH5);), 139 (s, 18H; CsH;NC(CHs);), 1.23 (s, 20H;
CH4(CH,);oCH,NH), 0.87 ppm (t, J=6.4 Hz, 3H; CH5(CH,),;CH,NH);
BCNMR (CDCl;, 98.5 MHz): 6=174.9 (1C; COOCH,), 1734 (2C;
C,H,N(CO0),) 160.7 (2C; CsHsNC(CHs)s), 160.5 (2C; CsH,NC(CH,)s),
158.5 (1C; NHCONH), 158.1 (2C; GH,NC(CHJ),), 1552 (1C;
CsH,NC(CH,)s), 151.8 (2C; GH3NC(CH,)s), 151.1 (2C; GH,LN(COO0),),
150.0 (1C; GH,N(COO0),), 1284 (2C; CH,N(COO0),), 1245 (2C;
CsHsNC(CH,)s), 119.2 (2C; GH3NC(CH,)s), 118.3 (2C; CH,NC(CH,)s),
53.4 (1C; NHCH), 53.0 (1C; COOCH,), 41.1 (1C; CH,NHCO), 36.3
(1C;  GH,NC(CH,);), 362 (1C; CHCH,CH,CH,), 357 (3C;
GHLNC(CH3)s), 3341 (1C;  CHCH,CH,CH,, 326 (1C;
CH;(CH,),oCH,NH), 31.9 (2C; CsHsNC(CH,)5), 31.3 (6C; CsH3NC(CH5)s),

30.9 (1C; CH4(CH,);oCH,NH), 30.3 (6C; CH,(CH,);oCH,NH), 30.1 (1C
CH,(CH,),gCHoNH), 300 (1C;  CH4(CH,)oCHNH),  27.6 (1C;
CH,(CH)gCH,NH), 268 (1C;  CHCH,CH,CH,), 234 (1€

CH;(CH,),oCH,NH), 14.8 ppm (1C; CH;(CH,),(CH,NH); IR (neat): 7=
3317, 2924, 2853, 1728, 1627, 1559, 1463, 1899, 1367, 1321, 1265,
1226, 1128, 1034, 921, 833, 805, 742 cm™'; HRMS (ESI-FT-ICR): m/z
caled for Cy;H,,CIN,O,Ru: 1043.43624 [M+CI]™; found: 1043.43465;
elemental analysis calcd (%) for Cg4H;,NgOgRu-H,0: C 62.03, H 7.46,
N 8.19; found: C 61.55, H 7.57, N 7.85.

Boc—L-Nva[(CsH,N(CO,),)Ru(C,Hy—CsH;N(C,Hy—CsH,N),) -
NHTEG (L-7; TEG =triethyleneglycol)

An aqueous solution of LIOH (0.27wm, 1.7 mL, 0.45 mmol) was
added to a suspension of complex -5 (210 mg, 0.233 mmol) in
THF (6.8 mL) and the mixture was stirred at RT for 2 h. The solution
was diluted with CHCl; and washed with 0.1 m HCl and brine. The
organic layer was dried with Na,SO, and concentrated in vacuo to
give a violet residue. The residue was dissolved in DMF (6.0 mL)
and triethylamine (0.6 mL). 2-[2-(2-Methoxyethoxy)ethoxylethyla-

Chem. Asian J. 2016, 11, 1076 - 1091 www.chemasianj.org

1088

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

mine (176 mg, 1.08 mmol) and DMT-MM:-PF, (262 mg, 0.68 mmol)
were added to the solution and the mixture was stirred at RT for
24 h. Et,0 (20 mL) and n-hexane (100 mL) were added to give
a violet crude residue. The residue was collected by filtration and
purified by column chromatography on silica gel (MeOH/CHCl;,
3:97 v/v) to afford complex L-7 (208 mg, 88% yield). M.p. 89.5-
90.8°C; 'HNMR (CDCl;, 392 MHz): 6=8.24 (s, 2H; CsH,NC(CH,)3),
8.23 (s, 2H; C;H,N(COOH),), 8.11 (d, J=1.8 Hz, 2H; CsHsNC(CH,)3),
7.52 (d, J=5.9 Hz, 2H; CH5NC(CH,),), 7.28 (dd, J=5.9, 1.8 Hz, 2H;
C,HsNC(CHs),), 6.70 (brs, 1H; NHCH,CH,O(CH,CH,0),CH,), 5.34 (d,
J=7.6Hz, 1H; CONH), 4.25 (brs, 1H; NHCH), 3.72-3.61 (m, 10H;
NHCH,CH,O(CH,CH,0),CH,), 3.42 (s, 3H; COOCH,), 3.13-3.00 (m,
2H; CHCH,CH,CH,), 2.11-1.94 (m, 2H; CHCH,CH,CH,), 2.01-1.80 (m,
2H; CHCH,CH,CH,), 1.55 (s, 9H; CiH,NC(CHs),), 1.48 (s, 9H;
COOC(CH,);), 1.39 ppm (s, 18H; CH;NC(CHs)s); CNMR (CDCl,,
98.5 MHz): 6 =172.6 (1C; COOCH,), 171.8 (2C; C,H,N(C0O0),), 160.1
(2C; GH,NC(CH,),), 1600 (2C; GH,NC(CHy),), 1575 (2C;
CsH;NC(CH,),), 155.7 (1C; OCONH), 154.4 (1C; CH,NC(CH,),), 151.2
(2C;  GH3NC(CH,);), 1506 (2C; GH,N(COO0),), 1495 (1C;
CsH,N(COO0),), 127.8 (2C; CH,N(COO0),), 123.9 (2C; CsH;NC(CH,),),
118.6 (2C; CH;NC(CH,),), 117.6 (2C; CGH,NC(CH5);), 80.1 (1C;
OC(CH,);), 721 (1C; NHCH,CH,O(CH,CH,0),CH,), 706 (1C;
NHCH,CH,0(CH,CH,0),CH;), 70.5 (1C; NHCH,CH,0(CH,CH,0),CH,),
70.3 (1¢; NHCH,CH,0(CH,CH,0),CHs), 69.7 (1¢;
NHCH,CH,O(CH,CH,0),CH;), 59.1 (1C; NHCH,CH,0(CH,CH,0),CH5),
544 (1C; NHCH), 39.4 (1C; NHCH,CH,O(CH,CH,0),CH,), 36.0 (1C;
CHCH,CH,CH,), 35.6 (1C; GH,NC(CH,)s), 35.1 (3C; CsH,NC(CH;),),
329 (1C; CHCH,CH,CH,), 31.1 (2C; GCsH;NC(CH5);), 305 (6C;
C,HiNC(CH,)s), 28.3 (3C; OC(CHs);), 26.3 ppm (1C; CHCH,CH,CH,);
IR (neat): 7=3263, 2956, 1710, 1630, 1475, 1365, 1320, 1260, 1166,
1104, 1033, 920, 836, 805 cm™'; HRMS (ESI-FT-ICR): m/z calcd for
Cs;H,,CINgO;,Ru: 1063.38909 [M+CI]~; found: 1063.39084; elemen-
tal analysis calcd (%) for CgH,NgO;Ru-2H,0: C57.56, H 6.99,
N 7.90; found: C 57.51, H 6.86, N 7.90.

Boc—b-Nva[(CsH,N(CO,) ,)Ru(C,Hy—CsH;N(C,Hy—CsH,N),)—
NHTEG (p-7)

Compound b-7 was synthesized according to the same procedure
as compound L-7, by using complex p-5. Yield: 62%; m.p. 89.5-
90.8°C; "H NMR (CDCl;, 391.8 MHz2): 6=8.25 (s, 2H; C;H,NC(CH,)s),
8.24 (s, 2H; CH,N(COOH),), 8.12 (d, J=1.8 Hz, 2H; CsH;NC(CH,),),
7.54 (d, J=5.9Hz, 2H; CH;NC(CH,),), 7.30 (dd, J=5.9, 1.8 Hz, 2H;
CsHsNC(CH,),), 7.0 (brs, 1H; NHCH,CH,O(CH,CH,0),CH,), 5.42 (d,
J=7.6Hz, 1H; CONH), 4.28 (brs, TH; NHCH), 3.72-3.46 (m, 10H;
NHCH,CH,O(CH,CH,0),CH;), 3.43 (s, 3H; COOCH,), 3.12-2.98 (m,
2H; CHCH,CH,CH,), 2.11-1.94 (m, 2H; CHCH,CH,CH,), 2.01-1.80 (m,
2H; CHCH,CH,CH,), 1.64 (s, 9H; GCH,NC(CHs);), 1.49 (s, 9H;
COOC(CH,);), 1.40 ppm (s, 18H; CH;NC(CH,);); CNMR (CDCl,,
98.5 MHz): 6 =173.3 (1C; COOCH,), 172.5 (2C; C,H,N(CO0),), 160.7

2C; GH,NC(CH,)), 1605 (2C; GH,NC(CHs)), 1581 (2C;
CHsNC(CHS),), 156.2 (1C; OCONH), 155.1 (1C; CH,NC(CHs),), 151.8
2C; GH,NC(CHy),), 1512 (2C; GH,N(COO),), 1501 (1C;

CH,N(CO0),), 1284 (2C; CH,N(COO0),), 124.5 (2C; C;H;NC(CH,),),
119.1 (2C; GH;NC(CHs);), 1182 (2C; CH,NC(CHs);), 80.6 (1C;
OC(CHs);), 727 (1C; NHCH,CH,0(CH,CH,0),CH,), 712 (1C;
NHCH,CH,O(CH,CH,0),CH;), 71.1 (1C; NHCH,CH,0(CH,CH,0),CH;),
70.9 ag NHCH,CH,0(CH,CH,0),CH,), 70.4 g
NHCH,CH,O(CH,CH,0),CH;), 59.7 (1C; NHCH,CH,0(CH,CH,0),CH,),
54.9 (1C; NHCH), 40.0 (1C; NHCH,CH,O(CH,CH,0),CH,), 36.4 (1C;
CHCH,CH,CH,), 36.2 (1C; CH,NC(CH,);), 35.9 (3C; CsH,NC(CH5),),
33.5 (1C; CHCH,CH,CH,), 319 (2C; GCH;NC(CHy);), 31.5 (6C;
GHsNC(CH3)4), 29.0 (3C; OC(CH3),), 27.1 ppm (1C; CHCH,CH,CH);
IR (neat): #=3321, 2925, 2854, 1626, 1555, 1463, 1422, 1399, 1367,
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1322, 1291, 1261, 1228, 1103, 1032, 925, 901, 834, 806, 742 cm ';
HRMS (ESI-FT-ICR): m/z caled for CsH,CINgO,(Ru: 1063.38909
[M+ClI~; found: 1063.38793; elemental analysis calcd (%) for
Cs;H,oN;O oRU-2.5H,0: C57.07, H7.04, N7.83; found: C57.28,
H7.11, N 7.35.

C,,H,sNHCO—L-Nva[(CsH,N(CO,),)Ru(C,Hy—CsHsN(C,Ho—
CsH,N),)]—NHTEG (L-8)

A mixture of compound L-7 (40.0 mg, 0.039 mmol) and a solution
of HCl (4.0m in 1,4-dioxane, 1.46 mL, 5.83 mmol) was stirred at RT
for 2 h. The solvent was removed in vacuo to give a violet residue
and the residue was dissolved in CH,Cl,. N,N-Diisopropylethylamine
(15 uL, 0.087 mmol) and dodecyl isocyanate (20 uL,16.39 mg,
0.077 mmol) were added to the solution and the mixture was
stirred at RT for 24 h. Et,0 (10 mL) and n-hexane (50 mL) were
added to give a violet crude residue. The residue was collected by
filtration and purified by column chromatography on silica gel
(MeOH/CHCl;, 3:97 v/v) to afford complex L-8 (38.5 mg, 87 % yield).
M.p. 55.8-56.9°C; 'HNMR (CDCl;, 400 MHz): 6=8.25 (s, 2H;
C,H,NC(CH,),), 8.21 (s, 2H; C;H,N(COOH),), 8.12 (d, J=1.8 Hz, 2H;
CsH;NC(CH,)3), 7.53 (d, J=6.0 Hz, 2H; CsHsNC(CH;);), 7.29 (dd, J=
60, 18Hz, 2H;  GCH;NC(CH);), 693  (brs, 1H;
NHCH,CH,O(CH,CH,0),CH,), 5.60 (d, J=8.2Hz, 1H; CONH), 5.17
(brs, 1H; NHCONH), 440 (m, 1H; NHCH), 3.68-3.58 (m, 10H;
NHCH,CH,0(CH,CH,0),CH;), 3.54 (m, 2H;
NHCH,CH,O(CH,CH,0),CH,), 3.42 (s, 3H; COOCH,), 3.05 (m, 2H;
CHCH,CH,CH,), 2.95 (m, 2H; CH,NHCO), 2.04-1.72 (m, 2H;
CHCH,CH,CH,), 1.62 (s, 9H; CH,NC(CH;);), 138 (s, 18H;
C,H;NC(CH,),), 1.23 (s, 20H; CH,(CH,);qCH,NH), 0.86 ppm (t, 3H; J=
6.9 Hz, CH,(CH,),,CH,NH); *C NMR (CDCl;, 99.5 MHz): 6 =172.9 (1C;
CHCONHCH,), 172.6 (2C; C,H,N(COO0),), 160.0 (2C; CsH;NC(CH,),),
159.8 (2C; CH,NC(CH);), 158.1 (1C; NHCONH), 1574 (2C;
CsH;NC(CH,),), 154.4 (1C; GH,NC(CH,);), 151.0 (2C; CGsH3NC(CH,),),
150.3 (2C; GH,N(COO0),), 149.6 (1C; CH,N(COO),), 127.7 (2C;
CsH,N(CO0),), 123.9 (2C; CH;NC(CH,),), 118.5 (2C; CsH;NC(CH,),),
117.6 (2C; GH,NC(CH,);), 72.0 (1C; NHCH,CH,0(CH,CH,0),CH,),
70.6 (1¢; NHCH,CH,O(CH,CH,0),CHs), 703 (1¢;
NHCH,CH,0(CH,CH,0),CH;), 70.3 (1C; NHCH,CH,0(CH,CH,0),CH,),

69.6 ¢; NHCH,CH,O(CH,CH,0),CHs), 59.0 (¢;
NHCH,CH,O(CH,CH,0),CH;), 536 (1C; NHCH), 405 (1C;
NHCH,CH,O(CH,CH,0),CH,), 392 (1C; CH,NHCO), 357 (1C;

CHCH,CH,CH,), 35.5 (1C; CH,NC(CHs)3), 35.0 3C; CsH,NC(CH5)),
32.5, (1C; CHCH,CH,CH,), 31.9 (1C; CH;(CH,),,CH,NH), 31.2 (2C;
CsH3NC(CHs)s), 30.6 (6 C; CsHsNC(CH,)5), 30.2 (1 C; CH3(CH,),,CH,NH),
29.7 (3C; CH5(CH,);oCH,NH), 29.4 (3C; CH4(CH,)1oCH,NH), 27.0 (1C;
CH5(CH,)1oCH,NH), 264  (1C;  CHCH,CH,CH,), 227 (1C;
CH5(CH,)1oCH,NH), 14.2 ppm (1 C; CH5(CH,),,CH,NH); HRMS (ESI-FT-
ICR): m/z calcd for CsHg,CIN,OoRu: 1174.53048 [M+Cl]~; found:
1174.52799; elemental analysis calcd (%) for CsoHg;N;OqRuU-2H,0:
C60.29, H 7.80, N 8.34; found: C 60.53, H 7.90, N 8.33.

1-Indanone (14e)

535 mg (81% yield); "H NMR (400 MHz, CDCl,): 6 =7.78-7.74 (d, J=
8.0 Hz, 1H), 7.62-7.55 (t, J=7.6 Hz, 1H), 7.50-7.45 (d, J=8.0 Hz,
1H), 7.40-7.33 (t, J=7.6 Hz, 1H), 3.20-3.10 (d, J=5.7 Hz, 2H), 2.72-
2.66 ppm (m, 1H); CNMR (100 MHz, CDCly): 6=207.2, 155.3,
137.2, 134.7, 127.4, 126.8, 123.8, 36.3, 25.9 ppm.

4-Chlorobenzaldehyde (16 c)

488 mg (69% yield); 'HNMR (400 MHz, CDCl;) 6=9.99 (s, 1H;
CHO), 7.83 (d, J=82Hz, 2H; ArH), 7.52 ppm (d, J=8.2Hz, 2H;
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ArH); *CNMR (100 MHz, CDCly): 6=190.9, 141.0, 134.7, 130.9,
129.5 ppm.

4-Chlorobenzoic Acid (17 c)

169 mg (22% yield); "H NMR (400 MHz, (CD,),CO): 6 =8.04 (d, J=
86Hz, 2H; ArH), 7.56 ppm (d, J=8.6Hz, 2H; ArH); CNMR
(100 MHz, (CD5),CO) 6 =166.7, 139.5, 132.2, 130.3, 129.6 ppm.

4-Nitrobenzaldehyde (16d)

488 mg (69% yield); '"H NMR (400 MHz, CDCls): 6=10.17 (s, 1H;
CHO), 8.41 (d, J=8.6 Hz, 2H; ArH), 8.09 ppm (d, J=8.6 Hz, 2H;
ArH); *CNMR (100 MHz, CDCl;): 6=190.3, 151.1, 140.0, 130.5,
124.3 ppm.

4-Nitrobenzoic Acid (17d)

169 mg (22% yield); 'H NMR (400 MHz, (CD,),CO): 5=8.38 (d, J=
8.6 Hz, 2H; ArH), 829ppm (d, J=86Hz, 2H; ArH); *CNMR
(100 MHz, (CD5),CO): d=166.1, 151.5, 137.0, 131.8, 124.4 ppm.

6-Hydroxy-2,3-dihydro-6 H-pyrano-3-one (18)

328 mg (57% yield); 'H NMR (400 MHz, CDCL,): 6 =6.99-6.94 (dd,
J=10.4Hz, 3.0 Hz, 1H), 6.20-6.14 (d, J=10.4 Hz, 1H), 5.66-5.61 (d,
J=32Hz, 1H), 462-455 (d, J=168Hz, 1H), 418-4.11 (d, J=
16.4 Hz, 1H), 3.56-3.23 ppm (brs, 1H); *C NMR (100 MHz, CDCL,):
5=194.6, 145.8, 128.0, 88.3, 66.7 ppm.

Bis-(1,3-dihydro-isobenzofuran-1-yl)-peroxide (20)

401 mg (59% yield); '"HNMR (400 MHz, CDCl,): 6=7.45-7.21 (m,
8H), 6.74-6.71 (d, J=2.1 Hz, 2H), 5.22-5.14 (d, J=13.0 Hz, 2H),
5.07-5.00 ppm (d, J=12.6 Hz, 2H); "*C NMR (100 MHz, CDCl,): 6 =
141.0, 134.2, 129.8, 127.6, 123.8, 121.0, 109.8, 72.8 ppm.

Acknowledgements

This work was supported by Grants-in-Aid for Scientific Re-
search (22550099 and 26288036) and a Grant-in-Aid for Scien-
tific Research on Innovative Areas “The Coordination Program-
ming-Science of Super-molecular Structure and Creation of
Chemical Elements” (24108719) from the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), the CREST
program (11103784 and 1102545) of the Japan Science and
Technology Agency (JST), and the “Funding Program for Next
Generation World-Leading Researchers” (Next Program) of the
Council for Science and Technology Policy (CSTP). Synchrotron
single-crystal X-ray analysis was performed at SPring-8 on
beam-lines BLO2B1, BL14B2, BL27SU, BL38B1, BL40B2, and
BL40XU with the approval of JASRI (BL02B1: 2015B0114 and
2015A0114; BL14B2: 2015B0121, 2015A0121, and 2013A1798;
BL27SU: 2015B0122, 2015A0122, 2015A1916, 2014B1300,
2014A1740, 2013B1115, 2013A1685, and 2012B1797; BL38B1:
2010B1488 and 2010A1455; BL40B2: 2011A1614; BL40XU:
2015B0123, 2015A0123, 2015A1388, 2014B1815, 2014A1717,
2013B1736, 2013A1705, and 2012B1815). FT-ICR-MS and NMR
spectroscopy (800 MHz) were performed by the Joint Usage/
Research Center (JURC) at the ICR, Kyoto University. The au-
thors thank Ms. Toshiko Hirano (ICR, Kyoto University) for per-

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemasianj.org

C:

Editorial Society

forming the elemental analysis and Ms. Ayaka Maeno (ICR,
Kyoto University) for performing the NMR analysis. K.O. ex-
presses special thanks to the Global COE program “Internation-
al Center for Integrated Research and Advanced Education in
Materials Science” for financial support. K.I. expresses special
thanks to the MEXT project “Integrated Research on Chemical
Synthesis”.

Keywords: amino acids -

gels - ruthenium - self-assembly -

supramolecular chemistry

[1] For reviews of metalated amino acids, see: a) K. Severin, R. Bergs, W.

[2

[4]

[5

Chem. Asian J. 2016, 11, 1076 - 1091

1

Beck, Angew. Chem. Int. Ed. 1998, 37, 1634-1654; Angew. Chem. 1998,
110, 1722-1743; also see the pioneering paper by Beck and co-work-
ers: b) B. Kayser, H. No6th, M. Schmidt, W. Steglich, W. Beck, Chem. Ber.
1996, 129, 1617-1620; ) H. Takaya in Briefs in Molecular Science Series,
Vol. 26:  Metal-Molecular Assembly for Functional Materials (Ed.: Y.
Matsuo), Springer, New York, 2013, Chapter 6, pp. 49-60.

a) N. Metzler-Nolte, M. Salmain in Ferrocenes: Ligand, Materials and Bio-
molecules (Ed.: P. Stepnicka), John Wiley & Sons, West Sussex, 2008,
pp. 499-639; b) N. Metzler-Nolte in Bioorganometallics (Ed.: G. Jaouen),
Wiley-VCH, Weinheim, 2006, pp.125-179; c)D.R. van Staveren, N.
Metzler-Nolte, Chem. Rev. 2004, 104, 5931 -5985.

For reviews of metalated DNA, see: a) Y. Takezawa, M. Shionoya, Acc.
Chem. Res. 2012, 45, 2066 -2076; b) K. Huang, A. A. Marti, Anal. Bioanal.
Chem. 2012, 402, 3091-3102; c) C. K. McLaughlin, G. D. Hamblin, H.F.
Sleiman, Chem. Soc. Rev. 2011, 40, 5647 -5656; d) A. Ono, H. Torigoe, Y.
Tanaka, I. Okamoto, Chem. Soc. Rev. 2011, 40, 5855-5866; e) S. Park, H.
Sugiyama, Angew. Chem. Int. Ed. 2010, 49, 3870-3878; Angew. Chem.
2010, 7122, 3960-3969; for reviews of metalated sugar, see: f) M. Gott-
schaldt, U. S. Schubert, Chem. Eur. J. 2009, 15, 1548-1557; g) S. Yano, Y.
Mikata, Bull. Chem. Soc. Jpn. 2002, 75, 2097-2113; h)K.H. Détz, C.
Jékel, W.-C. Haase, J. Organomet. Chem. 2001, 617-618, 119-132; i) D.
Steinborn, H. Junicke, Chem. Rev. 2000, 700, 4283-4317; j) D. M. Whit-
field, S. Stojkovski, B. Sarker, Coord. Chem. Rev. 1993, 122, 171-225; for
reviews of metal-incorporated proteins, see: k) M. T. Reetz, Chem. Rec.
2012, 72, 391-406; |) P. J. Deuss, R. den Heeten, W. Laan, P.C. J. Kamer,
Chem. Eur. J. 2011, 17, 4680-4698; m) M. R. Ringenberg, T.R. Ward,
Chem. Commun. 2011, 47, 8470-8476; n)F. Rosati, G. Roelfes, Chem-
CatChem 2010, 2, 916-927; o) J. Steinreiber, T. R. Ward, Coord. Chem.
Rev. 2008, 252, 751-766; p)T. Ueno, S. Abe, N. Yokoi, Y. Watanabe,
Coord. Chem. Rev. 2007, 251, 2717 -2731.

K. Schloégl, Monatsh. Chem. 1957, 88, 601 -621.

a) S. Marti¢, M. Labib, P. O. Shipman, H.-B. Kraatz, Dalton Trans. 2011, 40,
7264—7290; b) N. Metzler-Nolte, Top. Organomet. Chem. 2010, 32, 195-
217; ¢) M. Bartholoma, J. Valliant, K. P. Maresca, J. Babich, J. Zubieta,
Chem. Commun. 2009, 493-512; d) G. Dirscherl, B. Kénig, Eur. J. Org.
Chem. 2008, 597 -634; e) M. Albrecht, P. Stortz, Chem. Soc. Rev. 2005,
34, 496-506; f) M. Albrecht, P. Stortz, R. Nolting, Synthesis 2003, 1307 -
1320.

For the self-assembly of metalated amino acids, see: a) T. Moriuchi, T.
Hirao, Acc. Chem. Res. 2010, 43, 1040-1051; b) T. Moriuchi, A. Nomoto,
K. Yoshida, A. Ogawa, T. Hirao, J. Am. Chem. Soc. 2001, 123, 68-75.

For the catalysis of metalated amino acids, see: a) G. Xu, S.R. Gilbert-
son, Org. Lett. 2005, 7, 4605-4608; b) A. Monney, G. Venkatachalam, M.
Albrecht, Dalton Trans. 2011, 40, 2716-2719; c) C. Mayer, D. G. Gilling-
ham, T.R. Ward, D. Hilvert, Chem. Commun. 2011, 47, 12068-12070;
d) E. C. Gleeson, Z.J. Wang, W.R. Jackson, A. J. Robinson, J. Org. Chem.
2015, 80, 7205-7211.

a) K. Ogata, D. Sasano, K. Isozaki, H. Seike, N. Yasuda, T. Ogawa, H.
Kurata, H. Takaya, M. Nakamura, Chem. Lett. 2012, 41, 194-196; b) K.
Ogata, D. Sasano, T. Yokoi, K. Isozaki, H. Seike, H. Takaya, M. Nakamura,
Chem. Lett. 2012, 41, 498-500; ¢) K. Ogata, D. Sasano, T. Yokoi, K. Isoza-
ki, H. Seike, T. Ogawa, H. Kurata, N. Yasuda, H. Takaya, M. Nakamura,
Chem. Eur. J. 2013, 19, 12356-12375; d) H. Takaya, T. Iwaya, K. Ogata, K.
Isozaki, T. Yokoi, R. Yoshida, N. Yasuda, H. Seike, T. Takenaka, M. Naka-
mura, Synlett 2013, 24, 1910-1914.

www.chemasianj.org

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

1090

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

For complexes of amino acids and peptides with (NC half-pincer)transi-
tion-metal complexes, see: a)K. Isozaki, H. Takaya, T. Naota, Angew.
Chem. Int. Ed. 2007, 46, 2855-2857; Angew. Chem. 2007, 119, 2913 -
2915; b) K. Isozaki, K. Ogata, Y. Haga, D. Sasano, T. Ogawa, H. Kurata, M.
Nakamura, T. Naota, H. Takaya, Chem. Commun. 2012, 48, 3936-3938;
o) K. Isozaki, Y, Haga, K. Ogata, T. Naota, H. Takaya, Dalton Trans. 2013,
42, 15953-15966; d) H. Takaya, K. Isozaki, Y. Haga, K. Ogata, T. Naota,
Chem. Lett. 2014, 43, 1167 -1169.

a) M. Wenzel, G. Schachschneider, Z. Naturforsch. 1983, 38c, 806-811;
b) W. H. Soine, C. E. Guyer, F. F. Knapp, Jr., J. Med. Chem. 1984, 27, 803 -
806; also see N-/C-bound ruthenocenyl glycine: c) M. Wenzel, G.
Schachschneider, Ger. Offen. DE3244886, 1984.

For representative examples, see: a) F. Barragan, P. Lépez-Senin, L. Salas-
sa, S. Betanzos-Lara, A. Habtemariam, V. Moreno, P. J. Sadler, V. Marchan,
J. Am. Chem. Soc. 2011, 133, 14098—14108; b) T. Joshi, G. J. Barbante,
P.S. Francis, C. F. Hogan, A. M. Bond, L. Spiccia, Inorg. Chem. 2011, 50,
12172-12183; c)J. Lee, D. G. Udugamasooriya, H.-S. Lim, T. Kodadek,
Nat. Chem. Biol. 2010, 6, 258-260; d) L. Cosgrave, M. Devocelle, R.J.
Forster, T. E. Keyes, Chem. Commun. 2010, 46, 103-105; e) K. Heinze, K.
Hempel, Chem. Eur. J. 2009, 15, 1346-1358; f) K. Triantafillidi, K. Karidi,
J. Malina, A. Garoufis, Dalton Trans. 2009, 6403 -6415; g) J. Zagermann,
M. C. Kuchta, K. Merz, N. Metzler-Nolte, J. Organomet. Chem. 2009, 694,
862-867; h) J. Lemke, N. Metzler-Nolte, Eur. J. Inorg. Chem. 2008, 3359 -
3366; i) A. Myari, N. Hadjiliadis, A. Garoufis, J. Inorg. Biochem. 2005, 99,
616-626; j) K. Karidi, A. Garoufis, N. Hadjiliadis, J. Reedijk, Dalton Trans.
2005, 728-734; k) M. Staffilani, E. Hoss, U. Giesen, E. Schneider, F. Hartl,
H.-P. Josel, L. De Cola, Inorg. Chem. 2003, 42, 7789-7798; |) K. D. Cope-
land, A.M.K. Lueras, E.D.A. Stemp, J.K. Barton, Biohem. 2002, 41,
12785-12797.

a) R. M. Moriarty, Y--Y. Ku, U. S. Gill, J. Chem. Soc. Chem. Commun. 1987,
1837-1838; b) A. J. Pearson, J. G. Park, J. Org. Chem. 1992, 57, 1744 -
1752; c) A. J. Pearson, K. Lee, J. Org. Chem. 1994, 59, 2304-2313.

a) A. J. Gleichmann, J. M. Wolff, W.S. Sheldrick, J. Chem. Soc. Dalton
Trans. 1995, 1549-1554; b) J. W. Janetka, D. H. Rich, J. Am. Chem. Soc.
1995, 117, 10585-10586; c)J. M. Wolff, W. S. Sheldrick, J. Organomet.
Chem. 1997, 531, 141-149; d) D. S. Perekalin, E. E. Karslyan, P. V. Petrov-
skii, Y. V. Nelyubina, K. A. Lyssenko, A. S. Kononikhin, E. N. Nikolaev, A. R.
Kudinov, Chem. Eur. J. 2010, 16, 8466-8470.

a) D. B. Grotjahn, C. Joubran, D. Combs, D. C. Brune, J. Am. Chem. Soc.
1998, 120, 11814-11815; b)D.J. Hurley, J.R. Roppe, Y. Tor, Chem.
Commun. 1999, 993-994; c) F. Wang, H. Chen, J. A. Parkinson, P. S. Mur-
doch, P.J. Sadler, Inorg. Chem. 2002, 41, 4509-4523; d) S. Bonnet, WO
12052821, 2012.

For compounds with bound (dipyridyl)ruthenium complexes, see:
a) S. L. Mecklenburg, B. M. Peek, B. W. Erickson, T. J. Meyer, J. Am. Chem.
Soc. 1991, 113, 8540-8542; b) B. M. Peek, G. T. Ross, S. W. Edwards, G. J.
Meyer, T.J. Meyer, B. W. Erickson, Int. J. Peptide Protein Res. 1991, 38,
114-123; c) B. Geisser, A. Ponce, R. Alsfasser, Inorg. Chem. 1999, 38,
2030-2037; d) B. GeiRer, R. Alsfasser, Eur. J. Inorg. Chem. 1998, 957 -
963; for compounds with bound (terpyridyl)ruthenium complexes, see:
e) A. Khatyr, R. Ziessel, Synthesis 2001, 1665-1670; f) P. Vairaprakash, H.
Ueki, K. Tashiro, O. M. Yaghi, J. Am. Chem. Soc. 2011, 133, 759-761;
g) D. J. Wilger, S.E. Bettis, C. K. Materese, M. Minakova, G. A. Papoian,
J. M. Papanikolas, M. L. Waters, Inorg. Chem. 2012, 51, 11324-11338; for
compounds with bound (phenanthroline)ruthenium complexes, see:
h) R. A. Kramer, W. Bannwarth, Helv. Chim. Acta 2009, 92, 1046 -1055.
For reviews of ruthenium-catalyzed oxidation reactions, see: a) T. Naota,
H. Takaya, S.-l. Murahashi, Chem. Rev. 1998, 98, 2599 -2660; b) W. P. Grif-
fith in Ruthenium Oxidation Complexes (Eds.: C. Bianchini, D.J. Cole-
Hamilton, P. W. N. M. van Leeuwen), Springer, Berlin-Heidelberg, 2004;
c) Ruthenium Catalysts and Fine Chemistry (Ed.: C. Bruneau, P.H. Dix-
neuf), Springer, Berlin-Heidelberg, 2004; d)S.-l. Murahashi, D. Zhang,
Chem. Soc. Rev. 2008, 37, 1490-1501; e) S.-l. Murahashi, N. Komiya in
Modern Oxidation Methods, 2nd ed. (Ed.: J.-E. Béckvall), Wiley-VCH,
Weinheim, 2010, Chapter 7, pp. 241-275.

For oxidation reactions of water catalyzed by (bipyridyl)ruthenium com-
plexes, see: a) M. D. Karkas, E. V. Johnston, O. Verho, B. Akermark, Acc.
Chem. Res. 2014, 47, 100-111; b)W. Song, A. Ito, R.A. Binstead, K.
Hanson, H. Luo, M. K. Brennaman, J.J. Concepcion, T.J. Meyer, J. Am.
Chem. Soc. 2013, 135, 11587 -11594; c) J. J. Concepcion, J. W. Jurss, J. L.
Templeton, T.J. Meyer, Proc. Natl. Acad. Sci. USA 2008, 105, 17632-

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/(SICI)1521-3773(19980703)37:12%3C1634::AID-ANIE1634%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19980703)37:12%3C1634::AID-ANIE1634%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19980703)37:12%3C1634::AID-ANIE1634%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1722::AID-ANGE1722%3E3.0.CO;2-N
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1722::AID-ANGE1722%3E3.0.CO;2-N
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1722::AID-ANGE1722%3E3.0.CO;2-N
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1722::AID-ANGE1722%3E3.0.CO;2-N
http://dx.doi.org/10.1002/cber.19961291231
http://dx.doi.org/10.1002/cber.19961291231
http://dx.doi.org/10.1002/cber.19961291231
http://dx.doi.org/10.1002/cber.19961291231
http://dx.doi.org/10.1021/cr0101510
http://dx.doi.org/10.1021/cr0101510
http://dx.doi.org/10.1021/cr0101510
http://dx.doi.org/10.1021/ar200313h
http://dx.doi.org/10.1021/ar200313h
http://dx.doi.org/10.1021/ar200313h
http://dx.doi.org/10.1021/ar200313h
http://dx.doi.org/10.1007/s00216-011-5570-6
http://dx.doi.org/10.1007/s00216-011-5570-6
http://dx.doi.org/10.1007/s00216-011-5570-6
http://dx.doi.org/10.1007/s00216-011-5570-6
http://dx.doi.org/10.1039/c1cs15253j
http://dx.doi.org/10.1039/c1cs15253j
http://dx.doi.org/10.1039/c1cs15253j
http://dx.doi.org/10.1039/c1cs15149e
http://dx.doi.org/10.1039/c1cs15149e
http://dx.doi.org/10.1039/c1cs15149e
http://dx.doi.org/10.1002/anie.200905382
http://dx.doi.org/10.1002/anie.200905382
http://dx.doi.org/10.1002/anie.200905382
http://dx.doi.org/10.1002/ange.200905382
http://dx.doi.org/10.1002/ange.200905382
http://dx.doi.org/10.1002/ange.200905382
http://dx.doi.org/10.1002/ange.200905382
http://dx.doi.org/10.1002/chem.200802013
http://dx.doi.org/10.1002/chem.200802013
http://dx.doi.org/10.1002/chem.200802013
http://dx.doi.org/10.1246/bcsj.75.2097
http://dx.doi.org/10.1246/bcsj.75.2097
http://dx.doi.org/10.1246/bcsj.75.2097
http://dx.doi.org/10.1016/S0022-328X(00)00650-1
http://dx.doi.org/10.1016/S0022-328X(00)00650-1
http://dx.doi.org/10.1016/S0022-328X(00)00650-1
http://dx.doi.org/10.1016/S0022-328X(00)00650-1
http://dx.doi.org/10.1016/S0022-328X(00)00650-1
http://dx.doi.org/10.1021/cr9903050
http://dx.doi.org/10.1021/cr9903050
http://dx.doi.org/10.1021/cr9903050
http://dx.doi.org/10.1016/0010-8545(93)80045-7
http://dx.doi.org/10.1016/0010-8545(93)80045-7
http://dx.doi.org/10.1016/0010-8545(93)80045-7
http://dx.doi.org/10.1002/tcr.201100043
http://dx.doi.org/10.1002/tcr.201100043
http://dx.doi.org/10.1002/tcr.201100043
http://dx.doi.org/10.1002/tcr.201100043
http://dx.doi.org/10.1002/chem.201003646
http://dx.doi.org/10.1002/chem.201003646
http://dx.doi.org/10.1002/chem.201003646
http://dx.doi.org/10.1039/c1cc11592h
http://dx.doi.org/10.1039/c1cc11592h
http://dx.doi.org/10.1039/c1cc11592h
http://dx.doi.org/10.1002/cctc.201000011
http://dx.doi.org/10.1002/cctc.201000011
http://dx.doi.org/10.1002/cctc.201000011
http://dx.doi.org/10.1002/cctc.201000011
http://dx.doi.org/10.1016/j.ccr.2007.09.016
http://dx.doi.org/10.1016/j.ccr.2007.09.016
http://dx.doi.org/10.1016/j.ccr.2007.09.016
http://dx.doi.org/10.1016/j.ccr.2007.09.016
http://dx.doi.org/10.1016/j.ccr.2007.04.007
http://dx.doi.org/10.1016/j.ccr.2007.04.007
http://dx.doi.org/10.1016/j.ccr.2007.04.007
http://dx.doi.org/10.1007/BF00901345
http://dx.doi.org/10.1007/BF00901345
http://dx.doi.org/10.1007/BF00901345
http://dx.doi.org/10.1039/B814903H
http://dx.doi.org/10.1039/B814903H
http://dx.doi.org/10.1039/B814903H
http://dx.doi.org/10.1002/ejoc.200700787
http://dx.doi.org/10.1002/ejoc.200700787
http://dx.doi.org/10.1002/ejoc.200700787
http://dx.doi.org/10.1002/ejoc.200700787
http://dx.doi.org/10.1039/b405660d
http://dx.doi.org/10.1039/b405660d
http://dx.doi.org/10.1039/b405660d
http://dx.doi.org/10.1039/b405660d
http://dx.doi.org/10.1055/s-2003-40197
http://dx.doi.org/10.1055/s-2003-40197
http://dx.doi.org/10.1055/s-2003-40197
http://dx.doi.org/10.1021/ar100022n
http://dx.doi.org/10.1021/ar100022n
http://dx.doi.org/10.1021/ar100022n
http://dx.doi.org/10.1021/ja002869n
http://dx.doi.org/10.1021/ja002869n
http://dx.doi.org/10.1021/ja002869n
http://dx.doi.org/10.1021/ol0516521
http://dx.doi.org/10.1021/ol0516521
http://dx.doi.org/10.1021/ol0516521
http://dx.doi.org/10.1039/c0dt01768j
http://dx.doi.org/10.1039/c0dt01768j
http://dx.doi.org/10.1039/c0dt01768j
http://dx.doi.org/10.1039/c1cc15005g
http://dx.doi.org/10.1039/c1cc15005g
http://dx.doi.org/10.1039/c1cc15005g
http://dx.doi.org/10.1021/acs.joc.5b01091
http://dx.doi.org/10.1021/acs.joc.5b01091
http://dx.doi.org/10.1021/acs.joc.5b01091
http://dx.doi.org/10.1021/acs.joc.5b01091
http://dx.doi.org/10.1246/cl.2012.194
http://dx.doi.org/10.1246/cl.2012.194
http://dx.doi.org/10.1246/cl.2012.194
http://dx.doi.org/10.1246/cl.2012.498
http://dx.doi.org/10.1246/cl.2012.498
http://dx.doi.org/10.1246/cl.2012.498
http://dx.doi.org/10.1002/chem.201301513
http://dx.doi.org/10.1002/chem.201301513
http://dx.doi.org/10.1002/chem.201301513
http://dx.doi.org/10.1002/anie.200605067
http://dx.doi.org/10.1002/anie.200605067
http://dx.doi.org/10.1002/anie.200605067
http://dx.doi.org/10.1002/anie.200605067
http://dx.doi.org/10.1002/ange.200605067
http://dx.doi.org/10.1002/ange.200605067
http://dx.doi.org/10.1002/ange.200605067
http://dx.doi.org/10.1039/c2cc17530d
http://dx.doi.org/10.1039/c2cc17530d
http://dx.doi.org/10.1039/c2cc17530d
http://dx.doi.org/10.1039/c3dt51696b
http://dx.doi.org/10.1039/c3dt51696b
http://dx.doi.org/10.1039/c3dt51696b
http://dx.doi.org/10.1039/c3dt51696b
http://dx.doi.org/10.1246/cl.140259
http://dx.doi.org/10.1246/cl.140259
http://dx.doi.org/10.1246/cl.140259
http://dx.doi.org/10.1021/jm00372a018
http://dx.doi.org/10.1021/jm00372a018
http://dx.doi.org/10.1021/jm00372a018
http://dx.doi.org/10.1021/ic201911f
http://dx.doi.org/10.1021/ic201911f
http://dx.doi.org/10.1021/ic201911f
http://dx.doi.org/10.1021/ic201911f
http://dx.doi.org/10.1038/nchembio.333
http://dx.doi.org/10.1038/nchembio.333
http://dx.doi.org/10.1038/nchembio.333
http://dx.doi.org/10.1039/B918611E
http://dx.doi.org/10.1039/B918611E
http://dx.doi.org/10.1039/B918611E
http://dx.doi.org/10.1002/chem.200801864
http://dx.doi.org/10.1002/chem.200801864
http://dx.doi.org/10.1002/chem.200801864
http://dx.doi.org/10.1039/b904951g
http://dx.doi.org/10.1039/b904951g
http://dx.doi.org/10.1039/b904951g
http://dx.doi.org/10.1016/j.jorganchem.2008.09.023
http://dx.doi.org/10.1016/j.jorganchem.2008.09.023
http://dx.doi.org/10.1016/j.jorganchem.2008.09.023
http://dx.doi.org/10.1016/j.jorganchem.2008.09.023
http://dx.doi.org/10.1002/ejic.200800366
http://dx.doi.org/10.1002/ejic.200800366
http://dx.doi.org/10.1002/ejic.200800366
http://dx.doi.org/10.1016/j.jinorgbio.2004.11.010
http://dx.doi.org/10.1016/j.jinorgbio.2004.11.010
http://dx.doi.org/10.1016/j.jinorgbio.2004.11.010
http://dx.doi.org/10.1016/j.jinorgbio.2004.11.010
http://dx.doi.org/10.1039/b410402a
http://dx.doi.org/10.1039/b410402a
http://dx.doi.org/10.1039/b410402a
http://dx.doi.org/10.1039/b410402a
http://dx.doi.org/10.1021/ic034435+
http://dx.doi.org/10.1021/ic034435+
http://dx.doi.org/10.1021/ic034435+
http://dx.doi.org/10.1039/c39870001837
http://dx.doi.org/10.1039/c39870001837
http://dx.doi.org/10.1039/c39870001837
http://dx.doi.org/10.1039/c39870001837
http://dx.doi.org/10.1021/jo00032a028
http://dx.doi.org/10.1021/jo00032a028
http://dx.doi.org/10.1021/jo00032a028
http://dx.doi.org/10.1021/jo00088a009
http://dx.doi.org/10.1021/jo00088a009
http://dx.doi.org/10.1021/jo00088a009
http://dx.doi.org/10.1039/DT9950001549
http://dx.doi.org/10.1039/DT9950001549
http://dx.doi.org/10.1039/DT9950001549
http://dx.doi.org/10.1039/DT9950001549
http://dx.doi.org/10.1021/ja00147a026
http://dx.doi.org/10.1021/ja00147a026
http://dx.doi.org/10.1021/ja00147a026
http://dx.doi.org/10.1021/ja00147a026
http://dx.doi.org/10.1016/S0022-328X(96)06708-3
http://dx.doi.org/10.1016/S0022-328X(96)06708-3
http://dx.doi.org/10.1016/S0022-328X(96)06708-3
http://dx.doi.org/10.1016/S0022-328X(96)06708-3
http://dx.doi.org/10.1002/chem.201000520
http://dx.doi.org/10.1002/chem.201000520
http://dx.doi.org/10.1002/chem.201000520
http://dx.doi.org/10.1021/ja982602c
http://dx.doi.org/10.1021/ja982602c
http://dx.doi.org/10.1021/ja982602c
http://dx.doi.org/10.1021/ja982602c
http://dx.doi.org/10.1039/a901272i
http://dx.doi.org/10.1039/a901272i
http://dx.doi.org/10.1039/a901272i
http://dx.doi.org/10.1039/a901272i
http://dx.doi.org/10.1021/ic025538f
http://dx.doi.org/10.1021/ic025538f
http://dx.doi.org/10.1021/ic025538f
http://dx.doi.org/10.1021/ja00022a062
http://dx.doi.org/10.1021/ja00022a062
http://dx.doi.org/10.1021/ja00022a062
http://dx.doi.org/10.1021/ja00022a062
http://dx.doi.org/10.1021/ic980896x
http://dx.doi.org/10.1021/ic980896x
http://dx.doi.org/10.1021/ic980896x
http://dx.doi.org/10.1021/ic980896x
http://dx.doi.org/10.1055/s-2001-16766
http://dx.doi.org/10.1055/s-2001-16766
http://dx.doi.org/10.1055/s-2001-16766
http://dx.doi.org/10.1021/ja1097644
http://dx.doi.org/10.1021/ja1097644
http://dx.doi.org/10.1021/ja1097644
http://dx.doi.org/10.1021/ic300669t
http://dx.doi.org/10.1021/ic300669t
http://dx.doi.org/10.1021/ic300669t
http://dx.doi.org/10.1002/hlca.200800409
http://dx.doi.org/10.1002/hlca.200800409
http://dx.doi.org/10.1002/hlca.200800409
http://dx.doi.org/10.1021/cr9403695
http://dx.doi.org/10.1021/cr9403695
http://dx.doi.org/10.1021/cr9403695
http://dx.doi.org/10.1039/b706709g
http://dx.doi.org/10.1039/b706709g
http://dx.doi.org/10.1039/b706709g
http://dx.doi.org/10.1021/ar400076j
http://dx.doi.org/10.1021/ar400076j
http://dx.doi.org/10.1021/ar400076j
http://dx.doi.org/10.1021/ar400076j
http://dx.doi.org/10.1021/ja4032538
http://dx.doi.org/10.1021/ja4032538
http://dx.doi.org/10.1021/ja4032538
http://dx.doi.org/10.1021/ja4032538
http://dx.doi.org/10.1073/pnas.0807153105
http://dx.doi.org/10.1073/pnas.0807153105
http://www.chemasianj.org

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Chem. Asian J. 2016, 11, 1076 - 1091

o

Asia emica
Editorial Society

17635; for the oxidation of alkenes, see: d) W.-C. Chenga, W.-Y. Yu, J.
Zhua, K-K. Cheunga, S.-M. Peng, C.-K. Poona, C.-M. Che, Inorg. Chim.
Acta 1996, 242, 105-113, and the references therein.

For oxidation reactions of water catalyzed by (terpyridyl)ruthenium
complexes, see: a) M. Yoshida, M. Kondo, S. Torii, K. Sakai, S. Masaoka,
Angew. Chem. Int. Ed. 2015, 54, 7981-7984; Angew. Chem. 2015, 127,
8092-8095; b) Y. Mulyana, F. R. Keene, L. Spiccia, Dalton Trans. 2014, 43,
6819-6827; c)J. T. Muckerman, D. E. Polyansky, T. Wada, K. Tanaka, E.
Fujita, Inorg. Chem. 2008, 47, 1787 -1802; for oxidation reactions of al-
kenes, see: d) W. Yu, W. Cheng, C.-M. Che, Polyhedron 1994, 13, 2963 -
2969, and the references therein.

For reviews of pincer-ligand-based ruthenium complexes, see: a) C. Gu-
nanathan, D. Milstein, Chem. Rev. 2014, 114, 12024-12087; b)H. A.
Younus, N. Ahmad, W. Su, F. Verpoort, Coord. Chem. Rev. 2014, 276,
112-152; ¢) H. A. Younus, W. Su, N. Ahmad, S. Chen, F. Verpoort, Adv.
Synth. Catal. 2015, 357, 283 -330.

For representative examples of pydc complexes and their synthetic di-
versity and thermal stability properties, see: a)P. Espinet, E. Garcia-
Orodea, J. A. Miguel, Inorg. Chem. 2000, 39, 3645-3651; for their stabili-
ty under acidic conditions, see: b) A. Conde, R. Fandos, A. Otero, A. Ro-
driguez, Organometallics 2009, 28, 5505-5513; for their thermal stabili-
ty at 100°C under catalytic conditions, see: ¢) D. H. Nguyen, J. J. Pérez-
Torrente, L. Lomba, M. V. Jiménez, F.J. Lahoz, L. A. Oro, Dalton Trans.
2011, 40, 8429-8435; for their stability toward anion-ligand exchange,
see: d) L. Cattalini, G. Chessa, G. Marangoni, B. Pitteri, E. Celon, Inorg.
Chem. 1989, 28, 1944-1947; for their biological activity, see: e)D. C.
Crans, A. M. Trujillo, P. S. Pharazyn, M. D. Cohen, Coord. Chem. Rev. 2011,
255, 2178-2192; f) G. R. Willsky, L.-H. Chi, M. Godzala lll, P. J. Kostyniak,
J.J. Smee, A. M. Trujillo, J. A. Alfano, W. Ding, Z. Hu, D. C. Crans, Coord.
Chem. Rev. 2011, 255, 2258 -22609.

[Ru(pydc)terpy] and [Ru(pydc)(tBu-terpy)] correspond to (2,6-pyridinedi-
carboxylato-kO,kN,kO’)(terpyridyl-kN,kN',xN")ruthenium(ll) and (2,6-pyr-
idinedicarboxylato-xO,kN,k0’)(4,4',4"-tri-tert-butyl-2,2":6",2"-terpyridyl-
KN, kN, xN")ruthenium(ll), respectively.

H. Nishiyama, T. Shimada, H. Itoh, H. Sugiyama, Y. Motoyama, Chem.
Commun. 1997, 1863 -1864.

M. K. Tse, M. Klawonn, S. Bhor, C. Débler, G. Anikumar, H. Hugl, W. M&-
gerlein, M. Beller, Org. Lett. 2005, 7, 987 —990.

a) P.N. Collier, A.D. Campbell, I. Patel, R.J. K. Taylor, Tetrahedron Lett.
2000, 41, 7115-7119; b) P. N. Collier, A. D. Campbell, I. Patel, T. M. Rayn-
ham, R. J. K. Taylor, J. Org. Chem. 2002, 67, 1802-1815.

a) G. Guillena, C. A. Kruithof, M. A. Casado, M. R. Egmond, G. van Koten,
J. Organomet. Chem. 2003, 668, 3-7; b) G. Guillena, G. Rodriguez, M. Al-
brecht, G. van Koten, Chem. Eur. J. 2002, 8, 5368-5376.

a) S. A. Raw, Tetrahedron Lett. 2009, 50, 946-948; b) M. Kunishima, C.
Kawachi, F. lwasaki, K. Terao, S. Tani, Tetrahedron Lett. 1999, 40, 5327 -
5330; ¢) Z.J. Kaminski, P. Paneth, J. Rudzinski, J. Org. Chem. 1998, 63,
4248 -4255.

H. Brunner, W. Konig, B. Nuber, Tetrahedron: Asymmetry 1993, 4, 699 -
707.

a) N. Yasuda, H. Murayama, Y. Fukuyama, J. Kim, S. Kimura, K. Toriumi, Y.
Tanaka, Y. Moritomo, Y. Kuroiwa, K. Kato, H. Tanaka, M. Takata, J. Syn-
chrotron Radiat. 2009, 16, 352-357; b) N. Yasuda, Y. Fukuyama, K. Toriu-
mi, S. Kimura, M. Takata, AIP Conf. Proc. 2010, 1234, 147 -150.

S.M. Couchman, J. M. Dominguez-Vera, J.C. Jeffery, C. A. McKee, S.
Nevitt, M. Pohlman, C.M. White, M.D. Ward, Polyhedron 1998, 17,
3541-3550.

[30]

31]

[32]

[33]

[34]

[35]

[36]

371
[38]
[39]
[40]

[41]

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

For the X-ray structure of [Ru(pydc-Br)(tBu-terpy)], see the Supporting
Information, Figure S3.

For reviews of amino acid-based gelators, see: a) L. Frkanec, M. Zini,
Chem. Commun. 2010, 46, 522-537; b) M. Suzuki, K. Hanabusa, Chem.
Soc. Rev. 2009, 38, 967 -975; c) P. Terech, R. G. Weiss, Chem. Rev. 1997,
97,3133-3159.

For reviews for peptide-based gelators, see: a)D.J. Adams, P.D.
Topham, Soft Matter 2010, 6, 3707-3721; b) Y. Gao, Z. Yang, Y. Kuang,
M.-L. Ma, J. Li, F. Zhao, B. Xu, Pept. Sci. 2010, 94, 19-31; c)R.P.W.
Davies, A. Aggeli, A. J. Beevers, N. Boden, L. M. Carrick, C. W. G. Fishwick,
T. C. B. McLeish, I. Nyrkova, A.N. Semenov, Supramol. Chem. 2006, 18,
435-443.

M. J. Upadhyay, P.K. Bhattacharya, P. A. Ganeshpure, S. Satish, J. Mol.
Catal. 1993, 80, 1-9.

a)S. Iwasa, A. Fakhruddin, H.S. Widagdo, H. Nishiyama, Adv. Synth.
Catal. 2005, 347, 517-520; b) S. Iwasa, K. Morita, K. Tajima, A. Fakhrud-
din, H. Nishiyama, Chem. Lett. 2002, 284-285; c)S. lwasa, K. Tajima, S.
Tsushima, H. Nishiyama, Tetrahedron Lett. 2001, 42, 5897 —5899.

For [Ru(pydc)(terpy)], see: a) G. Wienhofer, K. Schroder, K. Moller, K.
Junge, M. Beller, Adv. Synth. Catal. 2010, 352, 1615-1620; b) F. Shi, M. K.
Tse, M. Beller, Adv. Synth. Catal. 2007, 349, 303-308; c) F. Shi, M. K. Tse,
M. Beller, J. Mol. Catal. A 2007, 270, 68-75; d) F. Shi, M. K. Tse, M. Beller,
Chem. Asian J. 2007, 2, 411-415; e) M. K. Tse, H. Jiao, G. Anilkumar, B.
Bitterlich, F. G. Gelalcha, M. Beller, J. Organomet. Chem. 2006, 691,
4419-4433; for [Ru(pydc)(pybox)], see: f) M. K. Tse, S. Bhor, M. Klawonn,
G, Anilkumar, H. Jiao, C. Dobler, A. Spannenberg, W. Magerlein, H.
Hugl, M. Beller, Chem. Eur. J. 2006, 12, 1855-1874; g) M. K. Tse, S. Bhor,
M. Klawonn, G. Anilkumar, H. Jiao, A. Spannenberg, C. Débler, W. Méger-
lein, H. Hugl, M. Beller, Chem. Eur. J. 2006, 12, 1875-1888; h) M. K. Tse,
C. Dobler, S. Bhor, M. Klawonn, W. Médgerlein, H. Hugl, M. Beller, Angew.
Chem. Int. Ed. 2004, 43, 5255-5260; Angew. Chem. 2004, 116, 5367 -
5372; for [Ru(pydc)(pybox)], see: ) S. Bhor, M.K. Tse, M. Klawonn, C.
Débler, W. Mégerlein, M. Beller, Adv. Synth. Catal. 2004, 346, 263 -267;
j) M. K. Tse, S. Bhor, M. Klawonn, C. Débler, M. Beller, Tetrahedron Lett.
2003, 44, 7479-7483; for [Ru(pydc)(pybim)] (pybim = pyridinebisimida-
zoline), see: k) S. Bhor, G. Anilkumar, M. K. Tse, M. Klawonn, C. Débler, B.
Bitterlich, A. Grotevendt, M. Beller, Org. Lett. 2005, 7, 3393-3396; |) G.
Anilkumar, S. Bhor, M. K. Tse, M. Klawonn, B. Bitterlich, M. Beller, Tetrahe-
dron: Asymmetry 2005, 16, 3536-3561.

For H,0, see: a)N. Mizuno, K. Kamata, S. Uchida, K. Yamaguchi in
Modern Heterogeneous Oxidation Catalysis: Design, Reactions and Char-
acterization (Ed.: N. Mizuno), Wiley-VCH, Weinheim, 2009, pp. 185-216;
b) T. Matsumoto, M. Ueno, N. Wang, S. Kobayashi, Chem. Asian J. 2008,
3, 196-214; c) R. Noyori, M. Aoki, K. Sato, Chem. Commun. 2003, 1977 -
1986.

[Ru(terpy)(pydc-nBu)] corresponds to (4-butylpyridine-2,6-dicarboxylato-
«kO,kN,kO)(terpyridyl-kN,kN,kN)ruthenium(ll).

Y. Lefebvre, Telerahedron Lett. 1972, 13, 133-136.

J. Entel, C. H. Ruof, H. C. Howard, J. Am. Chem. Soc. 1952, 74, 441-444.
J. B. Lamture, Z. H. Zhou, A.S. Kumar, T. G. Wensel, Inorg. Chem. 1995,
34, 864-869.

J. Riggs-Sauthier, W. Zhang, T.X. Viegas, M. D. Bentley, WO 08112257,
2008.

Manuscript received: January 12, 2016
Accepted Article published: February 16, 2016
Final Article published: March 7, 2016

www.chemasianj.org

1091

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1073/pnas.0807153105
http://dx.doi.org/10.1016/0020-1693(95)04855-3
http://dx.doi.org/10.1016/0020-1693(95)04855-3
http://dx.doi.org/10.1016/0020-1693(95)04855-3
http://dx.doi.org/10.1016/0020-1693(95)04855-3
http://dx.doi.org/10.1002/anie.201503365
http://dx.doi.org/10.1002/anie.201503365
http://dx.doi.org/10.1002/anie.201503365
http://dx.doi.org/10.1002/ange.201503365
http://dx.doi.org/10.1002/ange.201503365
http://dx.doi.org/10.1002/ange.201503365
http://dx.doi.org/10.1002/ange.201503365
http://dx.doi.org/10.1039/C4DT00629A
http://dx.doi.org/10.1039/C4DT00629A
http://dx.doi.org/10.1039/C4DT00629A
http://dx.doi.org/10.1039/C4DT00629A
http://dx.doi.org/10.1021/ic701892v
http://dx.doi.org/10.1021/ic701892v
http://dx.doi.org/10.1021/ic701892v
http://dx.doi.org/10.1016/S0277-5387(00)83415-4
http://dx.doi.org/10.1016/S0277-5387(00)83415-4
http://dx.doi.org/10.1016/S0277-5387(00)83415-4
http://dx.doi.org/10.1021/cr5002782
http://dx.doi.org/10.1021/cr5002782
http://dx.doi.org/10.1021/cr5002782
http://dx.doi.org/10.1016/j.ccr.2014.06.016
http://dx.doi.org/10.1016/j.ccr.2014.06.016
http://dx.doi.org/10.1016/j.ccr.2014.06.016
http://dx.doi.org/10.1016/j.ccr.2014.06.016
http://dx.doi.org/10.1002/adsc.201400777
http://dx.doi.org/10.1002/adsc.201400777
http://dx.doi.org/10.1002/adsc.201400777
http://dx.doi.org/10.1002/adsc.201400777
http://dx.doi.org/10.1021/ic0001457
http://dx.doi.org/10.1021/ic0001457
http://dx.doi.org/10.1021/ic0001457
http://dx.doi.org/10.1021/om900643c
http://dx.doi.org/10.1021/om900643c
http://dx.doi.org/10.1021/om900643c
http://dx.doi.org/10.1021/ic00309a034
http://dx.doi.org/10.1021/ic00309a034
http://dx.doi.org/10.1021/ic00309a034
http://dx.doi.org/10.1021/ic00309a034
http://dx.doi.org/10.1016/j.ccr.2011.01.032
http://dx.doi.org/10.1016/j.ccr.2011.01.032
http://dx.doi.org/10.1016/j.ccr.2011.01.032
http://dx.doi.org/10.1016/j.ccr.2011.01.032
http://dx.doi.org/10.1016/j.ccr.2011.06.015
http://dx.doi.org/10.1016/j.ccr.2011.06.015
http://dx.doi.org/10.1016/j.ccr.2011.06.015
http://dx.doi.org/10.1016/j.ccr.2011.06.015
http://dx.doi.org/10.1039/a705109c
http://dx.doi.org/10.1039/a705109c
http://dx.doi.org/10.1039/a705109c
http://dx.doi.org/10.1039/a705109c
http://dx.doi.org/10.1021/ol047604i
http://dx.doi.org/10.1021/ol047604i
http://dx.doi.org/10.1021/ol047604i
http://dx.doi.org/10.1016/S0040-4039(00)01174-6
http://dx.doi.org/10.1016/S0040-4039(00)01174-6
http://dx.doi.org/10.1016/S0040-4039(00)01174-6
http://dx.doi.org/10.1016/S0040-4039(00)01174-6
http://dx.doi.org/10.1021/jo010865a
http://dx.doi.org/10.1021/jo010865a
http://dx.doi.org/10.1021/jo010865a
http://dx.doi.org/10.1016/S0022-328X(02)02099-5
http://dx.doi.org/10.1016/S0022-328X(02)02099-5
http://dx.doi.org/10.1016/S0022-328X(02)02099-5
http://dx.doi.org/10.1002/1521-3765(20021202)8:23%3C5368::AID-CHEM5368%3E3.0.CO;2-D
http://dx.doi.org/10.1002/1521-3765(20021202)8:23%3C5368::AID-CHEM5368%3E3.0.CO;2-D
http://dx.doi.org/10.1002/1521-3765(20021202)8:23%3C5368::AID-CHEM5368%3E3.0.CO;2-D
http://dx.doi.org/10.1016/j.tetlet.2008.12.047
http://dx.doi.org/10.1016/j.tetlet.2008.12.047
http://dx.doi.org/10.1016/j.tetlet.2008.12.047
http://dx.doi.org/10.1016/S0040-4039(99)00968-5
http://dx.doi.org/10.1016/S0040-4039(99)00968-5
http://dx.doi.org/10.1016/S0040-4039(99)00968-5
http://dx.doi.org/10.1016/S0957-4166(00)80178-0
http://dx.doi.org/10.1016/S0957-4166(00)80178-0
http://dx.doi.org/10.1016/S0957-4166(00)80178-0
http://dx.doi.org/10.1107/S090904950900675X
http://dx.doi.org/10.1107/S090904950900675X
http://dx.doi.org/10.1107/S090904950900675X
http://dx.doi.org/10.1107/S090904950900675X
http://dx.doi.org/10.1016/S0277-5387(98)00145-4
http://dx.doi.org/10.1016/S0277-5387(98)00145-4
http://dx.doi.org/10.1016/S0277-5387(98)00145-4
http://dx.doi.org/10.1016/S0277-5387(98)00145-4
http://dx.doi.org/10.1039/B920353M
http://dx.doi.org/10.1039/B920353M
http://dx.doi.org/10.1039/B920353M
http://dx.doi.org/10.1039/b816192e
http://dx.doi.org/10.1039/b816192e
http://dx.doi.org/10.1039/b816192e
http://dx.doi.org/10.1039/b816192e
http://dx.doi.org/10.1021/cr9700282
http://dx.doi.org/10.1021/cr9700282
http://dx.doi.org/10.1021/cr9700282
http://dx.doi.org/10.1021/cr9700282
http://dx.doi.org/10.1039/c000813c
http://dx.doi.org/10.1039/c000813c
http://dx.doi.org/10.1039/c000813c
http://dx.doi.org/10.1002/bip.21321
http://dx.doi.org/10.1002/bip.21321
http://dx.doi.org/10.1002/bip.21321
http://dx.doi.org/10.1080/10610270600665855
http://dx.doi.org/10.1080/10610270600665855
http://dx.doi.org/10.1080/10610270600665855
http://dx.doi.org/10.1080/10610270600665855
http://dx.doi.org/10.1016/0304-5102(93)87104-G
http://dx.doi.org/10.1016/0304-5102(93)87104-G
http://dx.doi.org/10.1016/0304-5102(93)87104-G
http://dx.doi.org/10.1016/0304-5102(93)87104-G
http://dx.doi.org/10.1002/adsc.200404287
http://dx.doi.org/10.1002/adsc.200404287
http://dx.doi.org/10.1002/adsc.200404287
http://dx.doi.org/10.1002/adsc.200404287
http://dx.doi.org/10.1246/cl.2002.284
http://dx.doi.org/10.1246/cl.2002.284
http://dx.doi.org/10.1246/cl.2002.284
http://dx.doi.org/10.1016/S0040-4039(01)01119-4
http://dx.doi.org/10.1016/S0040-4039(01)01119-4
http://dx.doi.org/10.1016/S0040-4039(01)01119-4
http://dx.doi.org/10.1002/adsc.201000137
http://dx.doi.org/10.1002/adsc.201000137
http://dx.doi.org/10.1002/adsc.201000137
http://dx.doi.org/10.1002/adsc.200600395
http://dx.doi.org/10.1002/adsc.200600395
http://dx.doi.org/10.1002/adsc.200600395
http://dx.doi.org/10.1016/j.molcata.2006.12.047
http://dx.doi.org/10.1016/j.molcata.2006.12.047
http://dx.doi.org/10.1016/j.molcata.2006.12.047
http://dx.doi.org/10.1002/asia.200600383
http://dx.doi.org/10.1002/asia.200600383
http://dx.doi.org/10.1002/asia.200600383
http://dx.doi.org/10.1016/j.jorganchem.2005.12.069
http://dx.doi.org/10.1016/j.jorganchem.2005.12.069
http://dx.doi.org/10.1016/j.jorganchem.2005.12.069
http://dx.doi.org/10.1016/j.jorganchem.2005.12.069
http://dx.doi.org/10.1002/chem.200501261
http://dx.doi.org/10.1002/chem.200501261
http://dx.doi.org/10.1002/chem.200501261
http://dx.doi.org/10.1002/chem.200501262
http://dx.doi.org/10.1002/chem.200501262
http://dx.doi.org/10.1002/chem.200501262
http://dx.doi.org/10.1002/anie.200460528
http://dx.doi.org/10.1002/anie.200460528
http://dx.doi.org/10.1002/anie.200460528
http://dx.doi.org/10.1002/anie.200460528
http://dx.doi.org/10.1002/ange.200460528
http://dx.doi.org/10.1002/ange.200460528
http://dx.doi.org/10.1002/ange.200460528
http://dx.doi.org/10.1002/adsc.200303142
http://dx.doi.org/10.1002/adsc.200303142
http://dx.doi.org/10.1002/adsc.200303142
http://dx.doi.org/10.1016/j.tetlet.2003.08.016
http://dx.doi.org/10.1016/j.tetlet.2003.08.016
http://dx.doi.org/10.1016/j.tetlet.2003.08.016
http://dx.doi.org/10.1016/j.tetlet.2003.08.016
http://dx.doi.org/10.1021/ol050821e
http://dx.doi.org/10.1021/ol050821e
http://dx.doi.org/10.1021/ol050821e
http://dx.doi.org/10.1016/j.tetasy.2005.08.060
http://dx.doi.org/10.1016/j.tetasy.2005.08.060
http://dx.doi.org/10.1016/j.tetasy.2005.08.060
http://dx.doi.org/10.1016/j.tetasy.2005.08.060
http://dx.doi.org/10.1002/asia.200700359
http://dx.doi.org/10.1002/asia.200700359
http://dx.doi.org/10.1002/asia.200700359
http://dx.doi.org/10.1002/asia.200700359
http://dx.doi.org/10.1039/b303160h
http://dx.doi.org/10.1039/b303160h
http://dx.doi.org/10.1039/b303160h
http://dx.doi.org/10.1016/S0040-4039(01)84259-3
http://dx.doi.org/10.1016/S0040-4039(01)84259-3
http://dx.doi.org/10.1016/S0040-4039(01)84259-3
http://dx.doi.org/10.1021/ja01122a048
http://dx.doi.org/10.1021/ja01122a048
http://dx.doi.org/10.1021/ja01122a048
http://dx.doi.org/10.1021/ic00108a017
http://dx.doi.org/10.1021/ic00108a017
http://dx.doi.org/10.1021/ic00108a017
http://dx.doi.org/10.1021/ic00108a017
http://www.chemasianj.org

